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a b s t r a c t

Herein, improvement of the mechanical properties of epoxy resin by compositing with citric acid
modified cellulose (CAC) was reported. CAC were prepared from carboxyl functionalization with citric
acid to increase the adhesion between cellulose and epoxy resin. The epoxy resin composites were
prepared using 2,2-bis (4-glycidyloxyphenyl) propane (BADGE) as component, 4-methylcyclohexane-1,2-
dicarboxylic anhydride (MHHPA) as curing agent, and cellulose or CAC as filler. The tensile strength of
cellulose/epoxy resin composites were decreased with the content of cellulose increased. On the other
hand, the tensile strength of CAC/epoxy resin composites were effectively increased with the content of
CAC increased. Moreover, compared with pure epoxy resins and cellulose/epoxy resin composites, the
Young's modulus and the toughness of CAC/epoxy resin composites significantly increased with the
presence of 10 wt% CAC. SEM images showed that cellulose agglomerated in epoxy resins, in contrast,
CAC dispersed uniformly in epoxy resins, determined that the adhesion between CAC and epoxy resins
were improved after introduced carboxyl groups to cellulose lead to the mechanical properties improved.
CAC was also used to partly replace MHHPA to decrease the usage of toxic curing agent, and the me-
chanical properties of CAC/epoxy resin composites increased with lower MHHPA content. These results
indicated that CAC can partially take place of the conventional curing agent in composite preparation,
which may further decrease the production cost and improve the mechanical properties of product.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Epoxy resins are among the most versatile thermoset polymers,
and use as matrixes for high strength composites, corrosion resis-
tant coatings, structural adhesives, such as electronic materials and
wind turbines materials, printed circuit boards [1e3]. Bisphenol-A
is a generic precursor of epoxy resins due to its high abilities to
impart desirable physical and thermal properties [1]. However, its
brittleness inhibits further application of the epoxy resins to
various industry. Anhydride is one of the general curing agent used
to cure epoxy resins with highly cross-linking and three-
dimensional network [4,5]. Compared with epoxy resins cured by
other curing agents, the anhydride-cure epoxy resins possess lower
cure exothermal and smaller cure shrinkage. Moreover, the vis-
cosity of anhydride-cured epoxy resins can be reduced dramatically
with the ratio of anhydride increased [2]. This feature makes
anhydride-cured epoxy resins suitable for use as matrix in
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composites fabrication. Therefore, anhydride-cured epoxy resins
have received much attention in the manufacture of epoxy resin
composites.

Recently, nanomaterials [3,6,7], liquid-derived resin [8], core-
shell nanoparticles [9] have been developed to improve the
toughness of epoxy resins. Shibata et al. reported a bio-based epoxy
resins composited with chitin- and chitosan-nanofibers. Compared
with the original bio-based epoxy resin, bio-based epoxy resins
composited with chitin- and chitosan-nanofibers showed higher
toughness and modulus. The improvement of toughness and
modulus was attained by the fiber-reinforcement effect of chitin-
and chitosan-nanofibers [3]. Maiorana et al. reported bio-based
epoxy resin toughening with cashew nut shell liquid-derived
resin. With the combinations of diglycidyl ether diphenolate
methyl ester, a rigid high-viscosity bio-based epoxy resin and a
flexible lower viscosity epoxy resin from cashew nut shell liquid,
resin viscosity was controlled and important improvements were
realized in cured epoxy resin toughness relative to the neat resins
[8]. Although these studies improve the toughness of the epoxy
resins, many of them adversely affect the glass transition

mailto:uyama@chem.eng.osaka-u.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymdegradstab.2020.109213&domain=pdf
www.sciencedirect.com/science/journal/01413910
http://www.elsevier.com/locate/polydegstab
https://doi.org/10.1016/j.polymdegradstab.2020.109213
https://doi.org/10.1016/j.polymdegradstab.2020.109213


Y.-I. Hsu et al. / Polymer Degradation and Stability 178 (2020) 1092132
temperature (Tg) and tensile strength of the cured epoxy resins.
Thus, increasing the toughness of epoxy resins with maintaining its
mechanical strength and other properties is still a big challenge.

Several studies reported that using cellulose as an excellent filler
for composites due to its superior mechanical properties, low
density, biodegradability, renewability and low cost [10e12].
Therefore, cellulose is expected to offer significant potential in
generating new materials when well dispersed in polymers. How-
ever, due to the hydrophilic surface of cellulose, it is hard to be
dispersed in resins. Therefore, easy and effective surface modifi-
cationmethod for cellulose has been studied. Recently, we reported
an effective water-based method to render the cellulose surface
with high carboxyl content through the esterification of hydroxyl
groups with citric acid in a solid phase reaction without the use of
noxious solvents [13]. The modified cellulose was then hydro-
phobilized by grafting magnesium stearate to the surface. Conse-
quently, the flexural properties of PP composites reinforced by the
hydrophobilized cellulose fillers were greatly improved compared
to those of composites containing hydrophilic cellulose and pure PP
resin. These results considered that modified cellulose has
immense potential as a sustainable and cost-effective reinforcing
filler for resins.

In this study, to improve toughness of epoxy resins with main-
taining its mechanical and thermal properties for using as a hyper
branched polymer, cellulose modified with citric acid (CAC) was
synthesized and used as a filler. CAC with high hydrophobic prop-
erties is expected to improve the dispersion in the epoxy resin
composite, and use as a curing agent for epoxy-anhydride system.
The effects of adding CAC as a filler on the thermal, mechanical and
thermomechanical properties of epoxy resin composites were
investigated. Moreover, the effects of the carboxyl groups on the
dispersibility in epoxy resin were investigated by compared the
CAC/epoxy resin composites with cellulose/epoxy resin composites.
2. Material and methods

2.1. Materials

2,2-bis(4-glycidyloxyphenyl) propane diglyceryl ether (BADGE),
4-methylcyclohexane-1,2-dicarboxylic anhydride (MHHPA) and
citric acid were purchased from Tokyo Chemical Industry (Tokyo,
Japan). Acetone, methanol and 0.1 mol/L sodium hydroxide (NaOH)
were purchased from Fuji Film Wako Industry (Tokyo, Japan). The
cellulose were purchased from Nacalai Tesuque Industry (Kyoto,
Japan). All the reagents were used as received without further
purification.
2.2. Modification and characterization of cellulose

CAC was prepared based on the conventional method [13e16].
Cellulose was dispersed in deionized-water (DI water) with con-
centration of 0.2 wt/vol%, then 0.1 mol/L NaOH was added into the
dispersion with concentration of 0.001 vol%. The dispersion was
stirred with magnetic stirring at room temperature for 1 h. Citric
acid (3 times equivalent of cellulose) was then added to the
Fig. 1. Structure of citric acid modified cellulose.
dispersionwith magnetic stirring, and the mixture was reacted in a
high temperature chamber (ST-110, ESPEC CORP., Osaka, Japan) at
145 �C for 7 h (Fig. 1). Condensation reaction of hydroxyl groups on
cellulose and carboxyl groups on citric acid was achieved while
evaporating water at 145 �C, and yellow powder obtained. The
obtained powder was washed with DI water until the pH changed
to 7 to 8, then washed by acetone (200 ml) and methanol (300 ml),
continuously, to remove unreacted citric acid. The final product of
CAC was dried in vacuum at room temperature. To fibrillate cellu-
lose to nanofiber, CAC dispersion was prepared with DI water with
concentration of 0.015 wt/vol%, and fibrillated 10 times using ultra-
fine friction grinder (Supermasscolloider, MKCA6-2J, MASUKO
SANGYO CO.,LTD., Saitama, Japan), subsequently. The fibrillated CAC
dispersion was then freeze-dried to obtain fibrillated CAC powder.

The introduced carboxyl groups were confirmed by Nicolet iS 5
Spectrometer with an iD5 ATR instrument (ATR-IR; Thermo Sci-
entific, MA, USA) at room temperature with the wavenumber range
of 450e4000 cm�1. No baseline correction or other data manipu-
lation techniques were employed. The carboxyl group content of
the cellulose was evaluated via conductometric titration (LAQUA F-
74, HORIBA, Ltd., Kyoto, Japan) using 0.05 mol/L NaOH. Thermog-
ravimetric and differential thermal analysis (TG/DTA) of cellulose,
CAC were performed using a simultaneous thermogravimetric
analyser (STA7200RV, Hitachi High-Technologies Co., Tokyo, Japan).
The samples weighted approximately 8 mg and were scanned from
100 �C to 500 �C under nitrogen atmosphere with heating rate of
10 �C/min. The fractured surfaces of epoxy resin composites were
observed through scanning electron microscopy (SEM; SU8000,
Hitachi High-Technologies Co., Tokyo, Japan), operating at 5.0 kV
with 3 nm platinum sputter coating.

2.3. Preparation and characterization of CAC/epoxy resin
composites

Expo resins were prepared based on the conventional method
(Scheme 1) [17e20]. To prepare CAC/epoxy resin composite, CAC
wasmixedwith BAGDEwith contents of 5, 7,10,15 and 20wt%with
magnetic stirring at room temperature for 3 h. Then, anhydride
curing agent, MHHPA, was added to the mixture with same molar
equivalent to BAGDE. The mixture was casted into molds and cured
by heating at 80 �C for 3 h and 150 �C for 3hrs. Pure epoxy resin and
unmodified cellulose/epoxy resin composites were also prepared.

CAC/epoxy resin compositewas also preparedwith lower curing
agent content. CAC was mixed with BAGDE with contents 10 wt%
with magnetic stirring at room temperature for 3 h. Then, anhy-
dride curing agent, MHHPA, was added to the mixture with 0.9
molar equivalent to BAGDE. The mixture was casted into molds and
cured by heating at 80 �C for 3 h and 150 �C for 3hrs.

Tensile properties of epoxy resin composites were measured by
a table-top material tester (EZ Graph, Shimadzu Corporation, Kyoto,
Japan), the compression was also measured at room temperature
and the measurement was performed following JIS K 7181 (ISO
604) regulations. The compressing speed is 5 mm/min, the size of
the film is 15 mm of length and 1 mm of diameter. The dynamic
mechanical properties of epoxy resin composites were performed
using dynamic mechanical analysis (DMA; TA Q800, TA In-
struments Japan Inc., Tokyo, Japan). A dual cantilever mode with an
amplitude of 10 mmwas used to determine the storagemodulus (E0)
and glass transition temperature from 0 �C to 200 �C with scanning
rate of 2 �C/min. The thermal properties of epoxy resin composites
were performed using differential scanning calorimetry (DSC;
EXSTAR 6000, Seiko Instruments Inc., Chiba, Japan) with Tzero
aluminum pans (TA Instruments Japan Inc., Tokyo, Japan) from
40 �C to 200 under nitrogen atmosphere with scanning rate of
10 �C/min.



Scheme 1. Curing reaction of the 2,2-bis(4-glycidyloxyphenyl) propane (BADGE) by 4-methylcyclohexane-1,2-dicarboxylic anhydride (MHHPA).
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3. Results

3.1. Modification and characterization of cellulose

The surface modification of cellulose was confirmed by ATR-IR.
Compared with the characteristic spectrum of cellulose, CAC and
fibrillated CAC showed a new absorption peaks around 1720 cm�1

assigned to eCOO stretching vibration (data not shown). The
carboxyl group content of CAC was determined by electric con-
ductivity titration method. The carboxyl groups were introduced to
the cellulose surface with a concentration of 2.1 mmol/g. These
results demonstrated that carboxyl groups were introduced suc-
cessfully to the cellulose.

Decomposition temperature of cellulose and CACwasmeasured.
It was showed that the decomposition temperature of cellulose
started at 263 �C, and that of CAC started at 220 �C. After modified
cellulose by citric acid, the stable hydroxyl groups of cellulose are
replaced by carboxyl groups, lead the decomposition temperature
became lower. Addition, the preparation temperature of epoxy
resin is 150 �C, therefore, both of cellulose and CAC will not
decompose during the curing process of epoxy resin.

When the CAC was composited with reins as a filler, the hy-
drophobicity and reactive groups of CAC is important, addition, the
morphology of the filler is also an important factor. As shown in
Fig. 2a and Fig. 2b, themorphologies of cellulose and CACwere both
flat, and the diameters of cellulose and CAC fibers are 17.3 ± 6.4 mm
and 15.8 ± 4.6 mm, respectively. There is no significant differences
between untreated cellulose and CAC. After CAC fibrillated by
Supermasscolloider, the fibers became smaller significantly and the
diameters greatly decreased to 1.8 ± 1.0 mm (Fig. 2c). Some studies
reported that by decreasing the size of the filler, dispersibility of
filler to matrix became higher and the mechanical properties of the
composites improved [21e23]. Therefore, the fibrillated CAC was
used as a filler to prepare the CAC/epoxy resin composites in sub-
sequent experiments.
3.2. Mechanical properties of CAC/epoxy resin composites

The mechanical properties of the prepared pure epoxy resin,
cellulose/epoxy resin composites and CAC/epoxy resin composites
Fig. 2. SEM of the a) cellulose, b) CAC, c) fibrillated CAC. The average diameter of cellulose,
with different contents of cellulose or CAC were determined by
uniaxial tensile tests, and the results are shown in Fig. 3. The strain-
stress curves show a small deformation at initial elastic region and
a large region of plastic deformation until failure (Fig. 3a).
Compared to pure epoxy resin and 10 wt% cellulose/epoxy resin
composites, 10 wt% CAC/epoxy resin composites showed higher
tensile strength and tensile strain. The maximum strength of pure
epoxy resin and composites were summarized in Fig. 3b and
Table 1. The maximum strength of pure epoxy resins was 59.7 MPa,
and that of cellulose/epoxy resin composites were decreased to
52.3 MPa with the content of cellulose increased. In contrast, the
maximum strength of CAC/epoxy resin composites increased
significantly with the content of CAC increased. When the content
of CAC was 10 wt%, the maximum strength of the CAC/epoxy resin
composite was increased to 76.2 MPa.

Fig. 5 shows the optical microscopy images of the fracture sur-
faces of pure epoxy resin, 10 wt% cellulose/epoxy resin composite
and 10 wt% CAC/epoxy resin composite after tensile test. The
fracture surface of the pure epoxy resin is smooth (Fig. 4a), indi-
cating that pure epoxy resin is brittle and without ductility. In the
contrast, the fracture surfaces of the cellulose/epoxy resin com-
posite and CAC/epoxy resin composite are rough (Fig. 4b and c) and
both cellulose and CAC showed similar short rod-like features
(Fig. 4d and e). The cellulose was agglomerated in the composite
lead the tensile strength of the cellulose/epoxy resin composite
decreased. In contrast, CAC was dispersed homogeneously in the
composite, indicating no phase separated occurred lead the tensile
strength of the CAC/epoxy resin composite increased.

Fig. 5a shows the results of compression test of pure epoxy resin
and each composites contained 10 wt% cellulose or CAC. Compared
to pure epoxy resin and cellulose/epoxy resin composite, the
compression stress of CAC/epoxy resin composite significantly
increased. The Young's modulus and toughness of pure epoxy resin,
10 wt% cellulose/epoxy resin composite and 10 wt% CAC/epoxy
resin composite are summarized in Table 2. The Young's modulus of
pure epoxy resin is 10.7 MPa, and.

CAC/epoxy resin composite shows higher Young's modulus
(12.1 MPa) than pure epoxy resin. However, the Young's modulus of
the cellulose/epoxy resin composites clearly decreased to 6.6 MPa.
Similarly, the toughness of pure epoxy resin is 39.3 MJ/m3, and that
CAC and fibrillated CAC is 17.3 ± 6.4 mm, 15.8 ± 4.6 mm and 1.8 ± 1.0 mm, respectively.



Fig. 3. a) Strain-strength curves of pure epoxy resin (black), 10 wt% cellulose/epoxy resin composite (green) and 10 wt% CAC/epoxy resin composite (red), b) maximum tensile
strength of pure epoxy resins (C) and epoxy resins compounded with different contents of CAC (-) and cellulose (:). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Table 1
Maximum strength of pure epoxy resin, cellulose/epoxy resins, CAC/epoxy resins by tensile test with different cellulose or CAC content.

Pure epoxy resin cellulose/epoxy resins (wt %) CAC/epoxy resins (wt %)

5 7 10 5 7 10

Tensile strength (MPa) 59.7 ± 4.0 55.1 ± 2.9 54.4 ± 3.7 52.3 ± 2.6 61.1 ± 6.9 70.4 ± 3.6 76.2 ± 5.1

Fig. 4. Optical microscopy images of the fracture surfaces observed by SEM. a) pure epoxy resin, b, d) 10 wt% cellulose/epoxy resin composite and c, e) 10 wt% CAC/epoxy resin
composite.
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of 10 wt% CAC/epoxy resin composite increased to 58.3 MJ/m3. In
contrast, the toughness of the 10 wt% cellulose/epoxy resin com-
posites decreased to 16.9 MJ/m3. Consequently, CAC/epoxy resin
composites with the optimized mechanical properties showed
obvious enhancement in both strength and toughness, compared to
pure epoxy resins and cellulose/epoxy resin composites.

Fig. 5b shows the storage modulus of pure epoxy resin, 10 wt%
cellulose/epoxy resin composite and 10 wt% CAC/epoxy resin



Fig. 5. (a) Strain-stress curve, determined by compression test and (b) storage modulus, determined by DMA of pure epoxy resin (black), 10 wt% cellulose/epoxy resin composite
(green) and 10 wt% CAC/epoxy resin composite (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Young's modulus and toughness of pure epoxy, 10 wt% cellulose/epoxy resin com-
posite, 10 wt% CAC/epoxy resin composite.

Sample Young's modulus (MPa) Toughness (MJ/m3)

Pure epoxy resin 10.7 ± 0.7 39.3 ± 9.5
10 wt% cellulose/epoxy resin 6.6 ± 0.9 16.9 ± 2.6
10 wt% CAC/epoxy resin 12.1 ± 1.5 58.3 ± 3.0

Table 3
Storage modulus (E’) at 50 �C and glass transition temperature (Tg) of pure epoxy
resin, 10 wt% cellulose/epoxy resin composite, 10 wt% CAC/epoxy resin composite.

Sample E0 at 50 �C (GPa) Tg (�C)

Pure epoxy resin 3.66 ± 0.16 105
10 wt% cellulose/epoxy resin 3.49 ± 0.14 106
10 wt% CAC/epoxy resin 4.43 ± 0.50 116

Fig. 6. DSC curves of (a) pure epoxy resin, CAC/epoxy resin composites with CAC
content (b) 5 wt%, (c) 7 wt%, (d) 10 wt%.
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composite, measured by DMA. The storagemodulus at 50 �C of pure
epoxy resin and each composites contained 10 wt% cellulose or CAC
are summarized in Table 3. The storage modulus of pure epoxy
resins is 3.66 GPa, and that of CAC/epoxy resin composites increase
to 4.43 GPa. In contrast, the storage modulus of cellulose/epoxy
resin composites decreases slightly to 3.49 GPa. To evaluate the
interface between filler (cellulose or CAC) and epoxy resin, glass
transition temperature (Tg) determined by DMA is a significantly
important factor [24]. Both of pure epoxy resin and cellulose/epoxy
resin composite showed a value close to 105 �C. In contrast, the
storage modulus of CAC/epoxy resin composite was 116 �C, which
was significantly higher than that of pure epoxy resin and cellulose/
epoxy resin composite. These results indicated that the presence of
the carboxyl groups on modified CAC lead an increment of the af-
finity between filler and the epoxy resin to improve the mechanical
properties of composites. The effect of the content of CAC to epoxy
resin was confirmed by DSC. As shown in Fig. 6, the Tg of the CAC/
epoxy resin composite is higher than that of pure epoxy resin.
Moreover, Tg increased slightly with the content of CAC increased,
indicating that the incorporation of CAC into epoxy resin had a
positive influence on the curing reaction of epoxy resin system.
Therefore, CAC contains abundant terminal carboxyl groups can act
as a hardener and react with the epoxy groups. On the other hand,
the carboxyl groups could result in an acceleration of the curing
process for epoxy-anhydride system.
3.3. Mechanical properties of CAC/epoxy resin composites

Fig. 7a shows the storagemodulus of pure epoxy resin and 10 wt
% CAC/epoxy resin composites with different content of MHHPA,
and the storage modulus at 50 �C are summarized in Table 4. Even.

MHHPA/BADGE molar ratio was decreased to 0.9, 10 wt% CAC/
epoxy resin composites showed higher storage modulus (4.36 GPa)
at 50 �C than pure epoxy resin (3.66 GPa), and was similar with that
of 10 wt% CAC/epoxy resin composites with MHHPA/BADGE molar
ratio of 1 (4.43 GPa). As mentioned in the previous paragraph, the
significant improvement of storage modulus attributed to the well
dispersed CAC into epoxy resin, lead the reinforcement of CAC/
epoxy resin composites.

Fig. 7b shows thestrength-straincurvesofpureepoxyresins,10wt
% CAC/epoxy resin composites with MHHPA/BADGE molar ratio of 1,
and 10 wt% CAC/epoxy resin composites with MHHPA/BADGE molar
ratio of 0.9, determined by compression test. After reduced MHHPA/
BADGE molar ratio to 0.9, the compression stress increased to
217 MPa, and the compression strain was higher than pure epoxy
resin and 10 wt% CAC/epoxy resin composites with MHHPA/BADGE
molar ratio of 1. The toughness of each samples were summarized in



Fig. 7. (a) Storage modulus, determined by DMA and (b) strain-stress curve, determined by compression test of pure epoxy resin (black), 10 wt% CAC/epoxy resin composite with
MHHPA/BADGE molar ratio of 1 (red) and 10 wt% CAC/epoxy resin composite with MHHPA/BADGE molar ratio of 0.9 (blue). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Table 4
Toughness and Storage modulus Storage modulus (E’) at 50 �C of pure epoxy resin,
10 wt% CAC/epoxy resin composites with different MHHPA content.

Pure epoxy resin MHHPA/BADGE

1 0.9

Toughness (MJ/m3) a 39.3 ± 9.5 58.3 ± 3.0 69.7 ± 7.6
E0 at 50 �C (GPa) b 3.66 ± 0.16 4.43 ± 0.50 4.36 ± 0.36

a Determined by compression test.
b Determined by DMA.
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Table 4. The toughness of 10 wt% CAC/epoxy resin composite with
MHHPA/BADGEmolar ratioof 0.9 increased to 69.7MJ/m3,whichwas
higher than that of 10 wt% CAC/epoxy resin composite withMHHPA/
BADGEmolar ratio of 1 (58.3MJ/m3). These results indicated that the
decrease of the content of MHHPA make the reactivity between CAC
and epoxy groups became higher, and filler-to-matrix contact area
became larger to improve the mechanical properties.

4. Conclusion

An approach to introduce carboxyl groups onto the cellulose
surface by citric acid was presented. The obtained CAC was
composited with anhydride cured epoxy resins as filler. Owing to the
terminal carboxyl group of CAC, CAC could slightly promote the
curing process and avoid phase separation. Compared with pure
epoxy resins and cellulose/epoxy resin composites, CAC/epoxy resin
composites significantly improved the tensile strength and
compression stress with enhancements in maximum strength and
the elongation at break. Moreover, CAC/epoxy resin composites
showed higher storage modulus and Tg than pure epoxy resins and
cellulose/epoxy resin composites. The enhancements in toughness
and strength are because of the incorporation of carboxyl groups
having highly reactivity with epoxy resins. After replace 10 wt%
MHHPA to CAC, compressing stress, toughness and storage modulus
were increased, demonstrated that CAC can not only be used as a
filler, but also acted as a curing agent in the epoxy-anhydride system.
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