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ABSTRACT

By using the excellent selective solubility of the hydroxyl functionalized ionic liquid, 1-(2-hydroxylethyl)-
3-methyl imidazolium chloride ([HeMIM]CI), to the pretreated microcrystalline cellulose (PMCC) and
nanocrystalline cellulose (NCC), a green all-cellulose nanocomposite film, in which both the fibers and
the matrix are cellulose, was easily prepared via adding NCC to the cellulose ionic liquid solution. It
was found that the PMCC can be efficiently dissolved in [HeMIM]|Cl, whereas NCC slightly dissolved
in it. The morphology, crystalline structure, thermal stabilities, mechanical and optical properties of
the as-prepared film were characterized by X-ray diffraction (XRD), thermal gravimetric analysis (TGA),
scanning electron microscope (SEM), optical transmittance and mechanical testing. The nanocomposite
films showed good optical transparency, thermal stabilities and mechanical properties as the result of
reinforcement by increasing the content of NCC. But, with the content of NCC increased from 5% to 25%,
the decomposition temperature and elongation at break decreased obviously. This work demonstrated
a promising route for the preparation of biodegradable green all-cellulose nanocomposites. In addition,
this all-cellulose nanocomposite composite is composed of sustainable biodegradable resources, which

give it to be benign to environment.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Cellulose is a very important renewable resource on the earth
and regaining importance as renewable chemical resources to
replace petroleum-based materials (Schurz, 1999). It can be con-
verted into cellulose derivatives and regenerated materials, which
takes an important part in our daily life for its use in furniture,
clothing, packaging, paper, and medical products (Fink, Weigel,
Purz, & Ganster, 2001). In recent years, biodegradable and plant-
derived composites designated as “green” composites have drawn
much attentions due to its unique properties such as excellent
transparency, mechanical properties and nontoxic (Takagi & Asano,
2008).Inrecent years, the “green” comprehensive utilization of cel-
lulose resources has drawn much attention from the governments
and researches (Simkovic, 2008; Varma, Kennedy, & Galgali, 2004;
Wu, Wang, Li, Li, & Wang, 2009).

The all-cellulose composites composed of ramie fibers embed-
ded in a matrix of regenerated cellulose, which was first introduced
by Nishino, Matsuda, and Hirao (2004), had excellent mechan-
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ical properties and thermal performance. Subsequently, many
all-cellulose composites have been reported for the creation of
advanced materials with the essential advantages as being a
biobased and biodegradable materials (Duchemin, Newman, &
Staiger, 2009; Gindl & Keckes, 2005; Han & Yan, 2010; Nishino
& Arimoto, 2007; Qi, Cai, Zhang, & Kuga, 2009; Soykeabkaew,
Arimoto, Nishino, & Peijs, 2008; Soykeabkaew, Sian, Gea, Nishino, &
Peijs, 2009; Zhao et al.,2009). These preceding researches on the all-
cellulose composites further emphasis the “green” comprehensive
utilization of cellulose resources.

In our previous work, we found that the hydroxyl functionalized
ionic liquid 1-(2-hydroxylethyl)-3-methyl imidazolium chloride
(denoted as [HeMIM|]CI) shows excellent solubility for alkaline cel-
lulose with the dissolubility of 5-7%, and slightly solubility for
cellulose without activating with NaOH aqueous solution (Luo, Li,
& Zhou, 2005). The distinctly selective solubility of functionalized
ionic liquid offers the possibility for the preparation of all-cellulose
composite through a solution processing. Now, based on our pre-
vious work on dissolution of cellulose with ionic liquid, we wish
herein to report the preparation of green all-cellulose composites
by adding cellulose nanocrystals to the cellulose ionic liquid solu-
tion. In addition, the characterization for structure, morphologies,
optical, the mechanical and thermal properties of the composites
was also performed.
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2. Experimental
2.1. Materials

The ionic liquid was synthesized according to the method
reported in the literature (Branco, Rosa, Ramos, & Afonso, 2002).
Pretreated microcrystalline cellulose (PMCC) was obtained by the
procedure according to the literatures (Oh et al., 2005; Siroky,
Blackburn, Bechtold, Taylor, & White, 2010). All other chemicals
were of analytical grade and purchased from commercial sources
without any pretreatment.

2.2. Preparation of NCC suspension

NCC suspension was prepared by the modified method accord-
ing to the literature (Bai, Holbery, & Li, 2009; Ruiz, Cavaille,
Dufresne, Gerard, & Graillat, 2000; Samir, Alloin, Sanchez, Kissi,
& Dufresne, 2004; Siqueira, Bras, & Dufresne, 2009). MCC powder
(5.0 g) was hydrolyzed by sulfuric acid (44 g, 60 wt%) for4 h at 50°C
with continuous stirring. The hydrolysis was quenched by adding a
large amount of water (250 ml) and centrifuged (4000 rpm) (KDC-
40, Anhui ustc zonkia scientific instruments co., Ltd., China) for
15 min at room temperature. Then the supernatant was decanted.
After that, water (250 ml) was added to the precipitate and the mix-
ture was further sonicated for 15 min to form a new suspension.
This centrifugation and sonicated process were further repeated
for several times until the suspension existed with good dispersion
and stability. After the newly NCC suspension was dialyzed in run-
ning water until the pH reached a constant value, the resulted NCC
was stored in ionic liquid ([HeMIM]CI).

2.3. The dissolubility and storage of NCC in [HeMIM|CI

A certain amount of ionic liquid was added to a quantitative NCC
suspension obtained above and concentrated in a rotary evapora-
tor at 70°C. After most of the water was distilled out, the mixture
was cooled to 50 °C, and the residual water was further excluded in
vacuum. At last, the resulted NCC suspended in ionic liquid at ambi-
ent temperature was obtained and stored for further use. The solid
content of NCC in the ionic liquid was determined by gravimetri-
cal method. The results showed that the dissolubilities of NCC in
[HeMIM]Cl are 0.43, 0.17 and insoluble at corresponding tempera-
tures of 70, 60 and 50 °C, which indicated the storage of NCC in the
ionic liquid at room temperature was a perfect way.

2.4. Preparation of all-cellulose composites

The clear viscous cellulose ionic liquid solution (3 wt%) can be
easily prepared by the addition of PMCC (0.45 g) to the preheated
ionic liquid [HeMIM]CI (15.0 g) at 85 °C with strong stirring for 2 h.
After the solution cooled to 50 °C, a certain amount of NCC stored in
ionic liquid (solid content, 3.68%) was added and stirred for 10 min.
The resulted almost transparent suspension was spread in a petri
dish with the diameter of 7.5 cm to give a ca. 2 mm thick layer. The
composite gel was slowly formed, and further kept in the ambient
temperature for 2 days. Then, the composite gel was washed with
running deionized water to remove the ionic liquid and dried in
air at ambient temperature to afford all-cellulose composite film.
The NCC contents of 0, 5, 10, 15, 20 and 25 wt% were denoted as
Com-NO, Com-N5, Com-N10, Com-N15, Com-N20 and Com-N25
respectively.

2.5. Measurements and characterization

2.5.1. X-ray diffraction studies

The X-ray diffraction patterns with CuKoa radiation
(A=1.5406A) at 36kV and 20mA were recorded in the range
of 260=5-40° with an X-ray diffraction diffractometer (MSAL-
XRD2, Bragg Science and Technology Co, Ltd., Beijing). The samples
were mounted on a holder, and the proportional counter detector
was set to collect data at a rate of 20=1°min~! with increments
of 0.01° for 26 values. All samples were cut into particle-like size
to erase the influence of the crystalline orientation. The crystalline
structure was attributed according to the authoritative data. The
total degree of crystallinity was estimated by the ratio of the
crystalline scattering versus total scattering, and the crystallinity
of individual crystal was estimated by the ratio of the individual
crystalline scattering versus total scattering (Liu, Yu, & Huang,
2005; Smole et al., 2003), the formula as follows:

St + Si
Cr= ———— x100% 1
S+ Si+ Sq x (1)
Crp = # x 100% (2)
1= S1+Su+Sa °
Cry = L x 100% 3)
S1+ 51+ Sa
CI'] S[
i 4
Cop Su “)

where Cr is the crystallinity of overall nanocomposite films; Crj is
the crystallinity of cellulose I in the composites; Cry is the crys-
tallinity of cellulose II in the composites; S; is the integrated area
of cellulose I crystal peaks; Sy is the integrated area of cellulose
Il crystal peaks; S, is the integrated amorphous area of cellulose
composites. Individual crystal reflection peaks and the amorphous
background were extracted by the Peak-Fitting process of the
integrated diffraction intensity profile. Background intensity was
subtracted before Peak-Fitting. Each intensity spectrum was fitted
by employing a Gaussian function as the peak profile (Chen, Jakes,
& Foreman, 2004; Qi et al., 2009).

2.5.2. Thermal analysis

Thermal gravimetric analysis (TGA) was carried out by using
thermogravimetric analysis equipment (SDT Q600, TA, America).
The nanocomposites were ground into powder, and ca. 15 mg of
the powder was placed in a platinum pan and heated from 30 to
600°C at arate of 10°Cmin~! in nitrogen atmosphere.

2.5.3. Optical transmission measurements

Optical transmittance (T;) of the nanocomposite films were
measured with a visible spectral photometer (721, Jinghua, China)
at the wavelength of 800 nm (Qi et al., 2009). The transmittance
of a glass plate with 1 mm thickness was taken as a reference. The
thickness of the composites is about 40 pm.

2.5.4. SEM and TEM

Scanning electron microscopy (SEM) (XL-30ESEM, Philips, Hol-
land) was used to observe the surfaces and fractured surfaces of
composites by using an accelerating voltage of 20 kV. The fractured
surfaces were observed directly after mechanical testing, and the
samples were coated with gold to facilitate the SEM observation.

Transmission electron micrograph (TEM) of NCC was performed
by using a JEM-100CX II Transmission Electron Microscope (JEOL
Ltd., Japan). In brief, TEM sample was prepared by deposition of a
drop of diluted suspension of nanocrystalline cellulose on a carbon-
coated grid (aqueous dispersions), and the sample was stained with
a 2 wt% solution of uranyl acetate.



H. Ma et al. / Carbohydrate Polymers 84 (2011) 383-389 385

" ipo029vs

VL
5

Intensity / arbitrary unit Q-
- 1] (%]
(=] =3 (=3
(=] (=3 (=]
o o o

o

10 20 40
26(°)

Fig. 1. SEM of MCC (a) and PMCC (b); TEM of NCC (c); XRD patterns of MCC, PMCC, and NCC (d).

2.5.5. Mechanical properties measurement

The tensile strength (ob) and elongation at break (¢b) of the films
were measured on a universal testing machine (AG-1, Shimadzu,
Japan) at a speed of 1 mm/min. The distance between the jaws was
set at 10 mm. Nanocomposite films were cut in strips about 40 wm
thick, 8 mm wide and 5 cm long, and then stored at 55 + 1% R.H. and
2041 °C for 4 days.

3. Results and discussion

3.1. Morphologies and structure of microcrystalline cellulose,
alkaline cellulose, and nanocrystalline cellulose

[HeMIM]CI, a hydroxyl-functionalized ionic liquid, has excel-
lent dissolubility to alkaline cellulose (PMCC). The morphology
and structure of the original cellulose were significantly changed
(Fig. 1a, b and d) after treated by NaOH solution. The original cellu-
lose was cellulose I crystal, and the alkaline cellulose (PMCC) was
the cellulose II crystal (Han & Yan, 2010; Oh et al., 2005; Schenzel,
Almlof, & Germgard, 2009).

The NCC owned the same structure as MCC (Fig. 1d), and dis-
played a needle-like morphology (Fig. 1c) with length (L) and
diameter (D) were 150 x 15 nm, respectively. The average aspect
ratio (L/D) was about 10.

3.2. Structure, morphologies and properties of nanocomposite
films

These nanocomposites were referred to “composites” because
they owned the regenerated cellulose as matrix and the cellulose
I crystallites as the “filler”. Although matrix and filler are chem-
ically identical, the term “composite” was considered appropriate
since the two components exhibit different structures and different
mechanical properties (Eichhorn & Davies, 2006; Langan, Sukumar,
Nishiyama, & Chanzy, 2005; O’Sullivan, 1997).

According to the literature, the diffractogram of cellulose I dis-
plays peaks at 26 =14.67°, 16.39°, and 22.53° for (110), (110), and
(200) planes (Duchemin, Mathew, and Oksman, 2009; Qi et al.,
2009), and cellulose II crystal has its diffraction peaks located
at 20=12.1, 19.8, and 22.0° for (110), (110), and (200) planes
(Han & Yan, 2010; Qi et al., 2009; Rahatekar et al., 2009). The

wide angle X-ray diffraction patterns of the nanocomposite films
(Fig. 2A) revealed that two kinds of cellulose I and II coexisted in
the nanocomposite films, and the amplitude of the (2 00) diffrac-
tion peak obviously increased with the content of NCC from 5% to
25%, showing the content of cellulose I in the film increased with
the initial proportion of the added NCC from Com-N5 to Com-N25
(from 5% to 10%). But, the (2 00) plane of cellulose II crystal does
not exist in Com-NO (Fig. 2B), which is the regenerated cellulose
from ionic liquid. Such changes could be seen in many literatures
(Duchemin, Newman, & Staiger, 2009; Rahatekar et al., 2009). Thus,
the fitted intensity curve and the diffraction peaks resolved from
the X-ray spectrum of nanocomposite films do not show the (200)
plane of cellulose II (Fig. 2B (b and d)) (Rahatekar et al., 2009).

As shownin Table 1, the crystallinity of cellulose I (Crj) increased
from 0 to 28.97% with the content of NCC increased from 0 to 25%,
and the crystallinity of cellulose II (Cry;) and the overall crystallinity
(Cr) increased with the content of NCC in the films increased from
0 to 5% due to the NCC owned large specific surface area with
very high activities. The NCC could induce the cellulose II crys-
tallization, which further resulted in the crystallinity of cellulose
Il (Cry) and the overall crystallinity (Cr) increased followed up.
But, interestingly, when the content of NCC increased from 5% to
20%, the overall crystallinity (Cr) of the composite films was nearly
invariant in the range of 44.70-46.71%. And the crystallinity of cel-
lulose II (Cry;) decreased from 34.58 t019.99%. As mentioned above,
nanocrystalline cellulose were needle-like nanoparticles having a
highly active surface that could easily induce the matrix crystal-
lizing to form the SPECIAL PARTICLES (SPs) which contain cellulose
nanoparticle as the core and the regenerated cellulose as the shell.
When increased the NCC content, the SPs content increased accord-

Table 1
The Cr(%), Cri(%), Cry(%), Cri(%)/Cry(%) of nanocomposite films, R? is correlation
coefficient of Peak-Fitting.

Entry Samples Cr(%) Cri(%) Cry(%) Cry(%)/Cry(%) R?

1 Com-NO 31.69 0 31.69 0 0.9986
2 Com-N5 44.70 10.12 34.58 0.29 0.9986
3 Com-N10 46.71 15.77 30.94 0.51 0.9974
4 Com-N15 46.64 19.15 27.49 0.70 0.9967
5 Com-N20 46.66 26.67 19.99 1.33 0.9974
6 Com-N25 50.88 28.97 21.89 1.32 0.9969
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Fig. 2. (A) XRD patterns of nanocomposite films and NCC; (B) X-ray diffraction profile of samples Com-NO and Com-N15 and corresponding peak deconvolution process to

estimate the crystallinity (a and c) and the experimental intensity curve (b and d).

ingly, but the increased SPs content could induce their aggregates
and phase separation in our finding, leading to a decrease in the
crystallinity of cellulose II (Cry;). Thus, the overall crystallinity was
almost the same to the films containing NCC ranged from 5% to
20%. However, the content of NCC increased from 20% to 25%, the
crystallinity of cellulose II (Cry) and the overall crystallinity (Cr)
increased again. When the NCC concentration was high enough,
the contribution of crystallization induced by NCC increased to the
crystallinity, and the influence of phase separation decreased. This
result was the reason for the crystallinity of cellulose II (Cry;) and
the overall crystallinity (Cr) increased again. The ratio of Crj versus
Cry; increased from O to 1.33 as the NCC content increased from 0
to 20%. Moreover, as the NCC content increased from 20% to 25%,

the ratio was nearly invariant. In addition, the results of XRD for
nanocomposite films also shown that keeping nanocrystalline cel-
lulose in ionic liquid was the perfect way to keep NCC displaying a
needlelike morphology and cellulose I crystal.

SEM images of the surfaces for nanocomposite films are shown
in Fig. 3. The pure regenerated cellulose (Com-NO) film and the
Com-N5 nanocomposite film (Fig. 3a and b) exhibited a smooth sur-
face. It suggested that the cellulose nano-particles were embedded
in the regenerated cellulose matrix because of the strong interac-
tion between cellulose I and cellulose II. However, as the content
of NCC increased from 10% to 25%, the nanocomposite films gave
increasingly rough surface, indicating that certain phase separa-
tion occurred here. The particles shown on the surface of composite
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Fig. 3. The SEM images of surface (a-f) and cross-section (g-1) for all-cellulose nanocomposite films, Com-NO (a and g); Com-N5 (b and h); Com-N10 (c and i); Com-N15 (d

and j); Com-N20 (e and k); Com-N25 (f and 1).

films may be the SPs. It suggested that the cellulose nanoparticles
were embedded in the regenerated cellulose matrix because of the
strong interaction between cellulose I and cellulose II.

The SEM images of fractured surfaces for the nanocomposites
were shown in Fig. 3g-1. The NCC added as the filler to the cel-
lulose matrix increased the roughness of the fractured surfaces,
indicating the filler and the matrix taken on the sufficient stress
transfer as the Halpin—-Kardos model (Halpin & Kardos, 1972; Rusli,
Shanmuganathan, Rowan, Weder, & Eichhorn, 2010) and good
adhesion through the perfect interface. The results from Fig. 3 were
in good agreement with the data from XRD.

The TGA curves of the composite films were shown in Fig. 4a.
As Fig. 4a shows, the addition of NCC slightly decreased the water
content in the films compared with the film without adding any
NCC according to the weight loss from 30°C to 100 °C. The decom-
position temperatures of the nanocomposite films were shown in
Table 2. As expected, the NCC could increase the thermal stability of
nanocomposite films compared Com-NO with Com-N5, this result
was a good indication of the high compatibility between the filler
and matrix. But, as the content of filler increased from 5% to 25%, the

Table 2

Results of thermal gravimetric analysis (TGA), tensile strength (ob), Young's
modulus (E), strain at failure (¢) and optical transmittance (T;) of all-cellulose
nanocomposite films compared to pure regenerated cellulose films.

Entry Samples NCC Ty (°C) ob (MPa) E(MPa) &(%) T,(800nm,
content %)
(wt%)

1 Com-NO O 297.8 34.87 1103.18 13.89 99.93

2 Com-N5 5 304.0 43.62 1233.20 15.90 99.90

3 Com-N10 10 302.7 51.37 2168.24 9.63 99.89

4 Com-N15 15 300.3 51.91 223895 3.89 99.88

5 Com-N20 20 299.1 50.22 291349 2.83 99.87

6 Com-N25 25 294.2 49.24 3633.96 2.11 99.86

decomposition temperatures decreased from 304.0°C to 294.2°C.
This was relative to the phase separation as a result of the SPs aggre-
gate. Moreover, the results further supported by the conclusion
from the crystallinity values and SEM of nanocomposites.

The transparency is a useful criterion for the miscibility of the
composite elements. The optical transmittance (T;) of the com-
posites at a wavelength of 800 nm was shown in Table 2. The
nanocomposite films embedded with the NCC from 5 to 25 wt%
exhibited excellent optical transmittance, indicating perfect misci-
bility and compatibility. With an increase in the content of NCC, the
T value for the composite films just decreased from 99.93 to 99.86%.
But, the slight decrease in the optical transmittance could also
reflect the influence of the introduction of the SPs on the interface
structure. When the content of SPs was high enough, the aggregate
could be formed. Thus, the particle aggregates led to the scatter-
ing caused by large particles, resulting in the decrease of T,. These
results could also explain the phenomenon shown in XRD, SEM and
TGA.

The mechanical properties of the composite materials are
strongly influenced by the microstructure, and they could provide
important information about the internal structure of materials.
Stress-strain curves of the all-cellulose composite films and pure
regenerated cellulose films were shown in Fig. 4b. Nanocompos-
ite films exhibited significant improvements due to the process of
adding NCC to the cellulose matrix. The films underwent the most
significant changes with alarge increase in tensile strength, Young’s
modulus and tensile strain, indicating the filler and the matrix taken
on the sufficient stress transfer (Halpin & Kardos, 1972; Rusli et al.,
2010).

When the NCC content increases from 0 to 10 wt¥%, the ten-
sile strength (ob) increased from 34.87 to 51.37 MPa; thereafter,
the tensile behavior was nearly constant (Table 2). Obviously,
the incorporation of the NCC into the cellulose matrix led to the
strengthening of the materials as a result of stiffness of the nano-
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Fig. 4. (a) Thermal decomposition profiles of composite films and (b) stress-strain
curves of nanocomposite films and pure regenerated cellulose films.

particles and the strong interactions between the cellulose matrix
and the NCC through hydrogen bonds. However, the composites
containing more than 10 wt% NCC exhibited a slight decrease in
the tensile strength. Therefore, the optimal amount of NCC in
the nanocomposite films should be 5-10 wt%, where a significant
improvement in the thermal stability and the mechanics strength
created. The increase in the NCC content led marked enhance-
ment in Young’s modulus (E), from 1103.18 MPa to 3633.96 MPa,
whereas the elongation at break (¢b) increased slightly from 13.89%
to 15.90% as the NCC content increased from 0% to 5%. Then, the
elongation at break decreased slightly from 15.90% to 2.11% as the
NCC content increased from 5% to 25%.

In view of the above results, the nanocrystalline cellulose
strengthened the regenerated cellulose film, because of the role of
the nanocrystalline cellulose embedded in cellulose matrix. There-
fore, the self-reinforcement in the cellulose films was created in the
system of ionic liquid solution. The all-cellulose films reinforced
with 5-10 wt% cellulose NCC possessed excellent mechanical and
thermal properties compared with Com-NO.

4. Conclusions

Cellulose needle-like nano-particles with an average length of
about 150 nm and diameter around 15 nm were prepared from MCC
by using an aqueous sulfuric acid solution (60wt%) and further
used to reinforce regenerated cellulose. Storage of NCC in the ionic
liquid at room temperature was a perfect way to keep native crys-
tal retaining their structure and needlelike shape. The all-cellulose

nanocomposite films were consisted of NCC (cellulose I) as fillers
and regenerated cellulose (cellulose II) as matrix, creating the self-
reinforced materials. NCC was the excellent filler for the cellulose
matrix, it could improve the tensile strength, Young’s modulus and
the strain at failure of the cellulose materials, and it could also
improve the thermal stability of cellulose composites. Moreover,
the advantage of the nanocomposite film was that they were fully
biobased, easily recyclable and biodegradable, and expected to be
useful as biomaterials and food ingredients.
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