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Thermoset nanocomposites were prepared from a waterborne terpene-maleic ester type epoxy resin
(WTME) and cellulose nanowhiskers (CNWs). The curing behaviors of WTME/CNWs nanocompos-
ites were measured with rotational rheometer. The results show that the storage modulus (G') of
WTME/CNWSs nanocomposites increased with the increase of CNWs content. Observations by scan-
ning electron microscopy (SEM) demonstrate that the incorporation of CNWs in WTME matrix caused
microphase separation and destroyed the compactness of the matrix. This effect leads to the glass tran-
sition temperatures (Tg) of WTME/CNWs nanocomposites slightly decrease with the increase of CNWs
content, which were confirmed by both DSC and DMA tests. The mechanical properties of WTME/CNWs
nanocomposites were investigated by tensile testing. The Yong’s modulus (E) and tensile strength (o)
of the nanocomposites were significantly reinforced by the addition of CNWs. These results indicate that
CNWs exhibit excellent reinforcement effect on WTME matrix, due to the formation and increase of
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interfacial interaction by hydrogen bonds between CNWs nano-filler and the WTME matrix.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Since commercial debut in 1947, epoxy resins are widely used
in coatings and adhesives because of their good adhesion for
a number various materials, e.g., textiles, metals, plastics, and
wood (Clayton, 1988; Sylwia, Klaudia, Ewa, Marta, & Izabela, 2013;
Conradi, Kocijan, Kek-Merl, Zorko, & Verpoest, 2014; Glaris, Coulon,
Dorget, & Poncin-Epaillard, 2014). Nowadays, most epoxy resin
coatings are solvent based coatings. Along with the heightening
sense of environment protection, coatings with low volatile organic
compounds (VOCs) or without VOCs are increased rapidly. Water-
borne epoxy resin coatings which offer the advantages of lower
VOCs, reduced odor, decreased flammability, improved safety, and
easier clean-up with water, have attracted much attention over the
last several years (Li, Dai, Wan, & Zhu, 2012; Liu, Mao, Zhu, Lin, &
Wang, 2013; Wan, Zang, Zhang, & Sun, 2012; Yu, Pan, & Zhou, 2014).
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However, unlike the homogeneous film formation of solvent-based
epoxy resin coatings, the film formation of waterborne systems
is a heterogeneous process among water-dispersed particles. The
mechanical properties of the film of waterborne epoxy resins are
not as good as that of solvent-based epoxy resin systems. It is neces-
sary to strengthen the mechanical properties of waterborne epoxy
resin coatings at the molecular level by chemical or composite mod-
ification methods.

Recently, natural fibers have been widely used as reinforce-
ment materials in polymeric nanocomposites. CNWs also have
attracted much attention as environmentally friendly nanofillers
for polymer composite enhancement (Favier, Chanzy, & Cavaille,
1995; Jacob & Thomas, 2008; Eichorn et al., 2010; Klemm et al.,
2011). Because of their high specific strength, modulus and aspect
ratio, CNWs can significantly improve the mechanical proper-
ties of the composites at loading level as low as 5% by weight.
Moreover, the advantages of CNWs stem from low density, renew-
able nature, biodegradability and non-toxicity. Oksman’s group
has performed extensive research on the production of CNWs
and the processing of various polymer/CNWs nanocomposites
(Bondeson, Mathew, & Oksman, 2006; Kvien, Tanem, & Oksman,
2005; Oksman, Mathew, Bondeson, & Kvien, 2006; Bondeson, Syre,
& Oksman, 2007; Bondeson & Oksman, 2007a,b; Petersson, Kvien, &
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Oksman, 2007). To realize property improvements, CNWs must be
homogeneously dispersed in the polymeric matrix. However, given
the high surface area, hydrophilic nature and agglomeration of
the whiskers, homogeneous dispersion of the whiskers posed a
great challenge in CNWs nanocomposite processing. One method to
overcome this problem would be to chemically modify the surface
of the CNWs by appropriate functions to enhance their interaction
with the matrix (Cetin et al., 2009; Stenstad, Andresen, Tanem, &
Stenius, 2008; Siqueira, Bras, & Dufresne, 2010). But the chemical
strategies of surface modification of CNWs are quite inefficient. An
efficient strategy for the utilization of CNWs to prepare nanocom-
posites without modification is to incorporate CNWs in waterborne
polymers, since stable suspensions of CNWs can be easily prepared
in water. So far, CNWs have been reported to be filled into ther-
moplastic waterborne polyurethanes, polyoxyethylenes, resulting
in a significant increase of strength and Yong’s modulus (Zou et al.,
2011; Lee & Kim, 2012; Oliveira Patricio et al., 2013).

Waterborne epoxy resin is an ideal waterborne matrix. It has
high level of compatibility with water-dispersible CNWs, and
therefore reduces or eliminates the need for chemical modification
of CNWs. Only two studies have been conducted for CNWs compos-
ites with a waterborne epoxy resin, using waterborne epoxy resin
derived from bisphenol-A (BPA) (Matos Ruiz, Cavaille, Dufresne,
Gerard, & Graillat, 2000; Xu, Girouard, Schueneman, Shofner, &
Carson Meredith, 2013). However, BPA is a fossil oil based chemical
and may mimic the body’s own hormones and may lead to several
negative health effects (Gore, 2007; Vandenberg, Hunt, Myers, &
Vom Saal, 2013; Okada et al., 2008; Vom Saal, Nagel, Coe, Angle,
& Taylor, 2012). The negative impact of BPA on human health
necessarily implies the elimination of BPA, especially since some
countries, such as Canada or France, have recently banned the use
of BPA in food contact materials (Guo, 2012). In our previous work,
a biomass based epoxy resin (denoted as TME) and a waterborne
dispersion of TME (denoted as WTME) were prepared from the raw
material turpentine which is a common biomass material in China
(Wu, Kong, Huang, Chen, & Chu, 2007; Liu, Huang, Kong, Wu, &
Chen, 2009a,b). TME and WTME are non-toxic alicyclic structure
epoxy resins without BPA. But the mechanical properties of cured
products of them were not as good as those of BPA based epoxy
resin. In this work, we incorporated with CNWs suspension, which
were hydrolyzed from microcrystalline cellulose (MCC), into the
above WTME to prepare novel biomass based thermoset nanocom-
posites. The curing reaction, structure and properties of resultant
nanocomposites were investigated by rotational rheometer, trans-
mission electron microscopy (TEM), scanning electron microscopy
(SEM), differential scanning calorimetry (DSC), thermogravmetric
analysis (TGA), dynamic mechanical analysis (DMA), and tensile
tests.

2. Experimental
2.1. Materials

Terpene-maleic ester type epoxy resin (TME) with endocyclic
structure (Fig. 1) and epoxy value of 3.5mmolg-! was synthe-
sized from turpentine (Wu et al., 2007). TME based emulsifier
(Fig. 1) was prepared with TME and polyethylene glycol (PEG) (Liu
etal., 2009a,b). Polyethylene glycol (M, =4000) was obtained from
Guangdong Xilong Chemical Co., Ltd., China. Microcrystalline cel-
lulose (MCC) was purchased from Aladdin Industrial Co., China.
Sulfuric acid (H,SO4) was purchased from Sinopharm Chemical
Reagent Co., Ltd., China. The hydrophilically modified aliphatic
amine curing agent (Fig. 1) with amine value of 115 mg g~! and solid
content of 45 wt%, was supplied by Zhejiang Anbang New Material
Development Co., Ltd., China.
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Fig. 1. Chemical structures of TME, TME based emulsifier and the aliphatic amine.

2.2. Preparation of TME based emulsifier

TME based emulsifier was prepared according to our previous
work (Liu et al., 2009a,b). A 500 ml four-necked flask equipped with
stirrer, dropping funnel, thermometer and condenser was charged
with 15 g TME and 216 g polyethylene glycol (M;, =4000). After TME
and polyethylene glycol were mixed homogeneously by constant
stirring at 90 °C, 1.15 g boron fluoride ethyl ether was added to the
reaction system as catalyst. The reaction was continued for 1h at
110°C, and a yellow transparent product (TME based emulsifier)
was obtained.

2.3. Preparation of WTME

The preparation of WTME was described in our previous work
(Liu et al., 2009a,b). A 1000 ml four-necked flask equipped with
stirrer, dropping funnel, thermometer and condenser was charged
with 200g TME and 40g TME based emulsifier. After TME and
TME based emulsifier were mixed homogeneously by constant
stirring at 60°C and a stirring speed of 800rmin~! for 30 min,
the system was cooled to ambient temperature (25 °C). Then dis-
tilled water was continuously added to drive the phase inversion
at ambient temperature. When the conductivity of the system
increased abruptly, phase inversion occurred and the concentrated
WTME dispersion was prepared. Water was further added in order
to dilute the concentrated dispersion. Then a milk-white disper-
sion (WTME dispersion) with 40 wt.% solid content was obtained.
The micro-morphology of the particles of WTME dispersion col-
lected with a transmission electron microscopy (TEM) is shown
in Fig. 2(a). The diameters of WTME particles range from 50 nm
to 200 nm.
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Fig. 2. TEM images of WTME and CNWs.

2.4. Preparation of CNWs

According to the previous report (Bondeson et al., 2006), 10.0g
MCC and 110 ml sulfuric acid solution (63.5 wt%) were put into a
500 ml three-necked flask and stirred vigorously for 2 h at 44°C.
A water/CNWs suspension was obtained after diluted with 500¢g
distilled water to stop the reaction. The suspension was then cen-
trifuged and washed with distilled water repeatedly. The last wash
was conducted using dialysis with distilled water. After concen-
trated under vacuum and adjusted with distilled water, a stable
suspension with CNWs content of 3.0 wt% was obtained through
30 min ultrasonic treatment. The stereoscopic information of the
CNWs collected with TEM is shown in Fig. 2(b). The rod-like CNWs
were observed having the width of 20-40 nm and the length of
200-400 nm.

2.5. Preparation of WTME/CNWSs nanocomposite films

The WTME dispersion was mixed with CNWs suspension under
the condition of sonication for 10 min. Then the mixture was fur-
ther blended with the hydrophilically modified aliphatic amine
curing agent in the molar ratio of epoxy group to active hydrogen
group 1:1. The resulting blend called WTME/CNWs dispersion was
diluted with distilled water to the solid content of 30 wt%, and then
degassed under vacuum at ambient temperature. Subsequently, the
WTME/CNWs dispersion was cast in a square Teflon molds and

dried at 30°C for 1 week. By altering the content of CNWs in the
range of 0, 0.5, 1, 2, 4, 8wt% in relation to solid resin (WTME and
aliphatic amine curing agent), a series of nanocomposite films with
a thickness of approximately 0.5 mm were obtained, and denoted
as 0wt%, 0.5 wt%, 1 wt%, 2 wts, 4 wt%, and 8 wt%, respectively.

2.6. Characterizations

A few drops of diluted WTEM dispersion or CNWs suspension
were dripped on a C-coated Cu grid, and dried under vacuum for
12 h for transmission electron microscopy (TEM) measurement. A
Tecnai G2 20 S-TWIN transmission electron microscopy (FEI, USA)
was used to observe the particle size and morphology of WTEM
dispersion and CNWs.

The curing behaviors of WTME/CNWs were performed with the
Haake Mars-III rotational rheometer (Thermo Scientific, Germany)
with a cone-plate geometry (diameter of 25 mm, gap of 0.5 mm).
Oscillatory measurement which allowed for the monitoring of vis-
coelastic properties during the curing process of WTME/CNWs was
performed with a temperature sweep range of 20°C to 150°C at a
rate of 2Kmin~! and at 150 °C for 30 min. The oscillation frequency
was 2 Hz.

A Hitach S3400N scanning electron microscopy (Japan) was
used to observe the cross-section micrographs of the nanocom-
posite films at 15 kV. The films were frozen in liquid nitrogen and
snapped immediately.

A PerkinElmer Diamond differential scanning calorimeter (USA)
was used to perform DSC analysis of the nanocomposite films at
heating rate of 20 K min~! and nitrogen gas flow of 20 mI min~'.The
specimens were crimple-sealed in aluminum crucibles and scanned
from —50°C to 150°C.

A NETZSCH STA 409 PC/PG thermogravimetric analyzer
(Germany) was used to determine the thermal stability of the
nanocomposite films. The samples were placed in an aluminum pan
and heated in nitrogen atmosphere from 25°C to 600 °C at heating
rate of 10 Kmin~—1.

DMA was carried out on a Q800 dynamic mechanical analyzer
(TA instrument, USA) at a frequency of 1 Hz, temperature range of
—50°Cto 150°C, and heating rate of 2 Kmin~". The size of the spec-
imens cut from the nanocomposite films was 40 x 6.5 x 0.5 mm?3.

A universal testing machine (CMT4304, Shenzhen SANS, China)
was used to measure the tensile properties of the nanocomposite
films at loading rate of 100mmmin~! according to the standard
ASTM D412 at room temperature. An average value of five repli-
cates for each specimen was taken.

3. Results and discussion
3.1. Curing process of WTME/CNWs dispersions

Fig. 3 shows the storage modulus (G’) variation during the cur-
ing process of WTME/CNWs with different CNWs contents. At
the beginning of the temperature-rise period, the viscosities of
WTME/CNWs decrease with the temperature increase, leading to
a fall of G’. With the increase of temperature, the curing reaction
between epoxy groups and amine groups takes place, leading to
a fast increase of G'. During the period of constant temperature
at 150°C, G’ increases slowly and some G’ values keep roughly
stable afterwards, indicating the curing of the reactions is almost
accomplished. When the temperature decreases, the WTME/CNWs
nanocomposite gradually changes from a rubbery state to a glassy
state, leading to a rapidly growth of G’. Compared to neat WTME
(0Owt%), all the WTME/CNWs nanocomposites show significant
enhancement of G'. At the end of the reaction, the increase of G’
is proportional to the CNWs loading level in the range of 0-8 wt%.
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Fig. 3. Variation of the storage modulus (G') during the curing process of
WTME/CNWs.

As shown in Fig. 3, for the WTME/CNWs nanocomposite containing
2wt% and 8 wt%, G’ is about 150% and 438%, respectively, higher
than that of the neat WTME (0 wt%) at the same temperature 70°C.
The simultaneous enhancement of G’ can be attributed to the well
homodispersion of the CNWs in nano-scale (Chen et al., 2008) as
well as the formation and increase of physical interaction by hydro-
gen bonds between CNWs nano-filler and the WTME matrix.

3.2. Morphology of WITME/CNWSs nanocomposite films

The micromorphologies of the fractured surfaces of WTME/
CNWs nanocomposite films are shown in Fig. 4. Compared to
the micrograph of the neat WTME (0wt%), the fractured sur-
faces of WTME/CNWs nanocomposite films become more rough,
and more “sea-island structure” appear in the micromorphology
of WTME/CNWSs nanocomposite films with the increase of CNWs

83400 15.0kV 12.3mm x2.00k SE 09:08

Table 1

Thermal properties of WTME/CNWSs nanocomposite films.
Sample (CNWs content) (wt%) Ty (°C) Tsy (°C)
0 47.8 242.3
0.5 46.7 245.7
1 45.5 246.0
2 44.8 244.9
4 43.8 2434
8 43.1 2403

content. The formation of “sea-island structure” could correspond
to the microphase separation between the CNWs nano-filler and
the WTME matrix, which indicates a more complicated energy dis-
sipating mechanism with the interfaces between CNWs and the
WTME matrix (Gao et al., 2012), and results in the variation of the
properties of the nanocomposite films. The “sea-island structure”
uniformdistribution all over the fractured surface indicates the well
dispersion of CNWs in the WTME. The compatibility of the inter-
faces between the nano-fillers and matrix can be enhanced by the
interactions from hydrogen bonds between the surface hydroxyl
groups of CNWs and the polar groups of WTME matrix. However,
as shown in Fig. 4, adding CNWs to WTME polymer would destroy
the compactness of the matrix.

3.3. DSC analysis of WTME/CNWs nanocomposite films

The glass transition temperatures (Tg) of the WTME/CNWs
nanocomposite films were measured by DSC analysis. Fig. 5 shows
the DSC thermograms of WTME/CNWs nanocomposites with dif-
ferent CNWs contents. The data showing Fig. 5 are listed in Table 1.
The Ty of the nanocomposites shifts toward lower temperature
with the increase of CNWs content. Change of CNWs contents from
0 to 8wt% results in the decrease of Ty from 48.3°C to 43.1°C.
This result is opposite to our previous research about incorpo-
rating CNWs into the biomass-based two-component waterborne
polyurethanes (2K-WPU) (Wu, Chen, Huo, Liu, & Kong, 2014). In the
2K-WPU/CNWs system, the active hydroxyl groups on the surface
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Fig. 4. SEM images of WTME/CNWs nanocomposite films with different CNWs contents (a) 0 wt%; (b) 2 wt%; (c) 4 wt%; (d) 8 wt% (scale bar: 20 pwm).
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Fig. 5. DSC thermograms of WTME/CNWs nanocomposite films with different
CNWs loading level.

of CNWs can take part in the crosslinking reaction with isocyanate
groups of 2K-WPU, resulting in strong interfacial adhesion between
the 2K-WPU matrix and CNWs. A rigid CNWs nano-phase plays a
role as another type of crosslinking points in the 2K-WPU matrix.
As a result, the motion of polymer chains can be suppressed by the
rigid CNWs nano-phase, which leads to Tg shift to high tempera-
ture. However, in the WTME/CNWs nanocomposite, there are only
hydrogen bonds formed between CNWs and the WTME matrix. The
interfacial adhesion of hydrogen bonds is not as strong as that of
chemical grafting. Moreover, as shown in Fig. 4, adding CNWs into
WTME polymer expands the free volume of the nanocomposite at
the interface between CNWs and the matrix, which can also result
in the shift of Tg toward lower values.

3.4. Thermogravmetric analysis of WTME/CNWs nanocomposite
films

The TGA and the DTG curves of neat WTME (0wt%),
WTME/CNWs nanocomposites with different CNWs contents, and
CNWs powder are shown in Fig. 6. There are two weight loss stages
observed in the TGA curve of neat WTME. The first weight loss
peak occurs at about 300°C, corresponding to the degradation of
aliphatic amine curing agent due to its low breaking energy of
C—N bond. The second peak at about 405°C is attributed to the
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Fig. 6. TGA and DTG curves of WTME/CNWs nanocomposites with different CNWs
contents and CNWs.
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Fig. 7. DMA curves of WTME/CNWs nanocomposite films with different CNWs
contents.

decomposition of WTME. The TGA curve of CNWs shows a typ-
ical degradation of CNWs possessing sulfate groups which arose
from fiber hydrolysis with sulfuric acid (Roman & Winter, 2004;
Cao, Habibi, & Lucia, 2009). Compared to the TGA curves of CNWs
and neat WTME, the thermograms of WTME/CNWs nanocompos-
ites with different CNWs contents are similar to that of neat WTME.
No separate degradation stage of CNWSs can be observed in any
TGA thermogram of WTME/CNWs nanocomposites regardless of
CNWs loading level. This indicates that CNWs have been trapped
in the cross-linked network of WTME and completely covered by
polymer chains through hydrogen bonds. The thermal degrada-
tion temperatures of 5% weight loss (Tsy) are listed in Table 1. Tsy
of WTME/CNWSs nanocomposites is found to first slightly increase
and then decrease with the increase of CNWs content. The possi-
ble explanation of this phenomenon is that the addition of CNWs
results in a complicated energy dissipating mechanism of the inter-
faces between CNWs and the WTME matrix, and causes an increase
of thermal conductivity of the material (Shimazaki et al., 2007).

3.5. DMA analysis of WTME/CNWs nanocomposite films

Fig. 7 shows the dynamic mechanical properties including the
storage modulus (G’) and the loss factor (tan &) of WTME/CNWs
nanocomposite films with different CNWs contents. The -
relaxation temperature (T, ), temperature at which tan § passed
through the maximum, corresponds to the main mechanical relax-
ation associated with the glass transition of the polymers. As shown
in Fig. 7, T, of the WTME/CNWs nanocomposites shifts toward
lower temperature, and the intensity of tan § peaks decreases with
the increase of CNWs content. These results are in agreement with
the Ty tests from DSC (Table 1). The decrease of tan § peaks inten-
sity suggests that the energy dissipation process is slowed down
by the nano-fillers (Chen et al., 2008). The decrease of T, of the
WTME/CNWSs nanocomposites suggests that the microphase sep-
aration and the compactness destruction of the matrix are more
prominent with the increase of CNWs content. Variation trends
of the storage modulus (G') curves of WTME/CNWs nanocom-
posites with different CNWs contents are similar to that of the
neat WTME. At low temperature (below 0°C), the matrix is in the
glassy state and G’ remains roughly constant. A rapid decrease of
G’ is observed when the temperature is close to Ty, corresponding
to the glass transition. At the temperature above Ty, the G’ val-
ues of WTME/CNWs nanocomposites increase significantly with
the increase of CNWs content, which is in good agreement with
the results obtained by rotational rheometer measurements. The
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Table 2
Tensile properties of WTME/CNWSs nanocomposite films.

Sample (CNWs E (MPa) o, (MPa) &p (%)
content) (wt%)
0 Average value 295.6 7.08 29.11
Standard deviation 12.37 0.358 1.702
0.5 Average value 538.3 9.81 2.54
Standard deviation 29.72 0.606 0.136
1 Average value 626.2 11.11 2.46
Standard deviation 28.56 0.601 0.141
2 Average value 700.5 12.37 3.21
Standard deviation 35.48 0.593 0.206
4 Average value 704.6 13.92 3.14
Standard deviation 33.06 0.698 0.207
8 Average value 800.1 15.2 3.61
Standard deviation 41.56 0.781 0.195

enhancement of G’ is attributed to the well homodispersion of the
CNWs in nano-scale as well as the formation and increase of inter-
facial interaction by hydrogen bonds between CNWSs nano-filler
and the WTME matrix. However, at the low temperature when the
matrix is in the glassy state, the enhancement of G’ of the WTME
by adding CNWs is not clear. On the one hand, the motions of the
chains are largely restricted in the glassy state, therefore it is dif-
ficult and indistinct to further restrain the motion with CNWs. On
the other, the accurate determination of the glassy modulus is dif-
ficult because of its dependence on the sample dimensions (Matos
Ruiz et al., 2000).

3.6. Tensile properties of WTME/CNWSs nanocomposite films

Fig. 8 shows the tensile properties of WTME/CNWs nanocom-
posite films with different CNWs contents, measured at room
temperature (about 25 °C). The data including Yong’s modulus (E),
tensile strength (0}, ), and break elongation (&},) are summarized in
Table 2. Compared with neat WTME, all the nanocomposites show
simultaneous enhancement in E and o}, with the increase of CNWs
content. E and o, of WTME/CNWSs nanocomposite containing 8 wt%
CNWs are about 171% and 115%, respectively, higher than those of
neat WTME. The modulus enhancement can be attributed to the
restrained chain movement during the tensile deformation due to
the existence of CNWs. And the improvement of tensile strength is

G.-m. Wu et al. / Carbohydrate Polymers 127 (2015) 229-235

attributed to the formation and increase of interfacial interaction
by hydrogen bonds between CNWs and the WTME matrix with
an increase of CNWs content (Ten, Turtle, Bahr, Jiang, & Wolcott,
2010). However, break elongation of WTME/CNWs nanocomposite
films decreases with the increase of CNWs content. The fractog-
raphy images of WTME/CNWs nanocomposite films are shown in
Fig. 4. The decrease of elongation can be attributed to the decrease
of polymer extensibility, which is caused by the formation of a rigid
CNWs nano-phase (the “sea-island structure” in the fractography
images in Fig. 4) and by the microphase separation between the
CNWs nano-filler and the WTME matrix.

4. Conclusion

New thermoset matrix nanocomposites with well dispersed
of CNWs have been prepared by adding CNWs in a waterborne
biomass based epoxy resin (WTME). The incorporation of CNWs
in WTME matrix (0.5-8 wt%) increased the storage modulus (G'),
Yong’s modulus (E) and tensile strength (o07},) as revealed by rota-
tional rheometer measurements, DMA, and tensile tests, indicating
good reinforcement of the epoxy resin matrix. These effects are
attributed to the formation and increase of interfacial interaction by
hydrogen bonds between CNWs nano-filler and the WTME matrix.
DSC and TGA analyses show incorporating CNWs into WTME matrix
slight affects the glass transition (Tg) and the thermal stability of the
nanocomposites. These results are due to the microphase separa-
tion between the CNWs nano-filler and the WTME matrix causing a
complicated energy dissipating mechanism of the materials. All the
variations of the properties of WTME/CNWSs nanocomposites are
caused by the incorporation of rigid CNWs nano-phase in WTME
matrix and the formation of hydrogen bonds between CNWs nano-
filler and the WTME matrix.
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