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a  b  s  t  r  a  c  t

In this  study,  regenerated  cellulose/halloysites  (RC/HNT)  nanocomposites  with  different  nanofillers  load-
ing were  fabricated  by dissolving  the  cellulose  in  1-ethyl-3-methylimidazolium  chloride  (EMIMCl)  ionic
liquid.  The  films  were  prepared  via  solution  casting  method  and  were  characterized  by  X-ray  diffraction
(XRD),  scanning  electron  microscopy  (SEM)  and  transmission  electron  microscopy  (TEM).  The mechanical
properties  were  investigated  by tensile  testing.  It clearly displayed  a good  enhancement  of  both  tensile
eywords:
egenerated cellulose

onic liquid
MIMCl
alloysites

strength  and  Young’s  modulus  with  HNT  loading  up  to 5 wt%. As  the  HNT  loadings  increased  to 5 wt%,  the
thermal  behaviour  and water  resistance  rate  was  also  increased.  The  TEM  and  SEM  images  also  depicted
even  dispersion  of the  HNT  and  a good  intertubular  interaction  between  the HNT  and  the  cellulose  matrix.

© 2013 Elsevier Ltd. All rights reserved.

anocomposites

. Introduction

Recently, the development of natural biopolymer materials has
eceived enormous interest as a substitute for non-biodegradable
etroleum based plastics. Biopolymer materials are polymers that
re biodegradable. The input materials for the production of these
olymers may  be either renewable or synthetic. There are four main
ypes of biopolymer including starch, sugar, cellulose and synthetic

aterials. Current and future developments in biodegradable poly-
ers and renewable materials focus mainly on the improvement of

roduct properties but not as an alternative solution to the insecu-
ity of petroleum supplies or to reduce the environmental threat
Wu,  Wanga, Li, Li, & Wanga, 2009). Besides being available on

 sustainable basis, biopolymer materials have several economic
nd environmental advantages due to their low cost, availability
rom renewable sources and their ability to replace some synthetic
olymers (Tang, Kumar, Alari, & Sandeep, 2012).

Cellulose was used in this study because it is the most abundant

atural polymer on earth and can easily be obtained from wood
ulp and cotton. Cellulose has excellent mechanical properties and
hermal performance (Nishino, Matsuda, & Hirao, 2004). Cellulose

∗ Corresponding author. Center for Composites, Universiti Teknologi Malaysia
UTM), 81310 Skudai, Johor, Malaysia. Tel.: +6 07 553 5909; fax: +6 07 553 6165.

E-mail address: mat.uzir@cheme.utm.my (M.U. Wahit).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.07.080
is an important renewable resource and is regaining importance as
renewable chemical resources to replace petroleum-based materi-
als (Ma,  Zhou, Li, Li, & Ou, 2011; Delhom, White-Ghoorahoo, & Pang,
2010). Therefore, effective utilization of cellulose not only reduces
the consumption of our limited fossil resources but also protects
the environment. Nowadays, ‘green’ composites have grabbed a lot
of attention because of their unique properties such as outstand-
ing transparency, mechanical properties, non-toxicity and also high
biodegradability rate (Takagi & Asano, 2008). However, there were
difficulties in processing and regenerating the cellulose as cellulose
has a hydrogen bond and a partially crystalline structure which are
the main obstructions for dissolving or regenerating cellulose in
conventional solvent (Cao et al., 2009).

Recently, ionic liquids (ILs), a new class of ‘green’ solvent have
drawn much attention due to their distinctive properties such as
non-volatility, non-flammability, chemical and thermal stability
and ease of recycling (Heinze, Schwikal, & Barthel, 2005; Feng &
Chen, 2008). Although there are a wide range of ILs, 1-ethyl-3-
methylinidazolium chloride (EMIMCl), a molten salt which exists
as a liquid at relatively low temperature (<100 ◦C), was employed
to produce the regenerated cellulose. The EMIMCl showed a trend
for higher dissolution of cellulose (Vitz, Edmenger, Haensch, &

Schubert, 2009).

Halloysites (HNT) occur in great deposits and are a weather-
ing product found in diverse rock structures ranging from volcanic
rocks to granite. It is mainly composed of aluminosilicate with the

dx.doi.org/10.1016/j.carbpol.2013.07.080
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.07.080&domain=pdf
mailto:mat.uzir@cheme.utm.my
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 of C, C1, C3, C5 and HNT.
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Fig. 1. XRD patterns

olecular formula Al2(OH)4Si2O5(2H2O). Common halloysites can
e found in the form of fine, tubular structures with a length of
00–1500 nm,  and with inner and outer diameters of 15–100 nm
nd 40–120 nm,  respectively (Du, Guo, Lei, & Jia, 2007). Du et al.
2007) reported that the HNT nanotubes are more easily dispersed
n polymer matrix by shearing due to their rod-like geometry and
imited intertubular contact area. HNT are rigid materials and the
nique crystal structure of HNTs resembles that of carbon nano-
ubes (CNTs) in terms of aspect ratio. HNT nanotubes are readily
btainable, are much cheaper than other nanofillers such as carbon
anotubes and are biocompatible (Vergaro et al., 2010).

A recent comprehensive study highlights the benefits and
esults obtained by reinforcing the halloysite in polyamide 6
Hedicke-Hochstotter, Lim, & Altstadt, 2009). Moreover, there were
eports available in the literature which examined the mechanical
nd structural properties of melt processed HNT filled polypro-
ylene (PP) nanocomposites as well as investigations into the
roperties of nanocomposites prepared via dilution of HNT filled PP
aster batches (Du et al., 2007; Liu, Guo, Du, Chen, & Jia, 2009; Ning

t al., 2007; Prashantha, Lacrampe, & Krawczak, 2010). To the best of
ur knowledge, there are no reports available on a detailed investi-
ation into the preparation of cellulose/halloysites nanocomposites
ia ionic liquids, EMIMCl.

Our previous work is related to the preparation of regen-
rated cellulose/montmorillonite nanocomposites films using
ifferent types of ionic liquid (1-butyl-3-methylimidazolium chlo-
ide (BMIMCl) (Mahmoudian, Wahit, Ismail, & Yussuf, 2012). The
esults exhibited that the thermal and mechanical properties of
he fabricated films were improved. Therefore, the present work
ims to develop regenerated cellulose nanocomposites by using
he EMIMCl as a solvent with the incorporation of halloysites
anofillers. The effects of halloysite content were characterized.

. Experimental

.1. Materials
Microcrystalline cellulose (MCC) with an average size of 50 �m
Avicel), 1-ethyl-3-methylimidazolium chloride (EMIMCl) with
95% purity and halloysites nanotubes (HNT) was purchased from
igma–Aldrich.
Fig. 2. (a) Tensile strength and (b) elongation at break and Young’s modulus values
of  cellulose nanocomposites with various HNT content.
2.2. Preparation of the nanocomposite film

The cellulose was dried for 3 h at 70 ◦C. It was then dissolved
in the ionic liquid (EMIMCl) at 85 ◦C for 4 h using a magnetic
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Fig. 3. Transmission electron micrographs of halloysite nanocomposites (a) C1, (b) C1, (c) C3 and (d) C5 (magnification: 25K×).
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tirrer. The ratio of cellulose:EMIMCl was 6:94 (wt/wt%). At the
ame time, the HNT was  dispersed in EMIMCl with magnetic stir-
ing for 1 h. Both mixtures were stirred together for 24 h at 85 ◦C.
he air bubble was taken off in the vacuum oven. The solution was
ast on a glass plate until a thickness of 0.5 mm was reached and
mmersed in a water bath for 24 h to remove the entire solvent
esidue. The film was dried in a vacuum oven at 50 ◦C for 2 h. Then,
ormulations of different HNT content (1 wt% (C1), 3 wt%  (C3) and

 wt% (C5) with respect to cellulose content) were prepared with
he same procedures as above. The nanocomposites film without
NT loading was identified as C.

. Characterization

The film was examined by X-ray diffractometer (XRD). The
RD test was performed using a Rigaku Miniflex II desktop X-
ay diffractometer. The data was recorded at a scanning speed
f 0.02◦/min from 2� = 2◦–40◦. Tensile properties were measured
sing LRX Tensile Testing Machine which complies with ASTM
882-10. The samples were cut into strips with dimensions of
0 mm × 13 mm × 0.5 mm.  The crosshead speed rate was  fixed at
0 mm/min. Fractured tensile surfaces were observed using Philip
L SEM at an acceleration voltage of 20 kV. The samples were
haracterized due to the films morphology such as the shape of
he surface material, the texture of the matrix layers and the dis-
ersion of the nanofiller in between the matrix layers. The TEM
amples underwent the microtome process using a Power Tome

L. The sample was embedded in resin and left to dry before it
as cut with a diamond knife at a thickness of about 100 nm.

he film was positioned on a cooper grid before viewed via TEM
Philips CM12).
4. Results and discussions

4.1. X-ray diffractometer (XRD)

The XRD patterns in Fig. 1 demonstrated the X-ray diffrac-
tograms of the nanocomposites films. The basal spacing reflections
of the HNT indicates a sharp peak at 2� = 12.20◦, which trans-
late to basal spacing of 7.35 Å. The presence of basal reflection at
2� = 24.50◦ is evidence of dehydration. The XRD profiles of regener-
ated cellulose (RC) are shown in Fig. 1. The pure RC was  identified
as C and the RC nanocomposites were identified as C1, C3 and
C5, with 1 wt  %, 3 wt % and 5 wt % HNT loading, respectively. It
is found that upon dissolution and regeneration of cellulose in
EMIMCl, the appearance of RC characteristic diffraction angle were
displayed at 2� = 12◦ corresponds to (11̄0) plane, while peak at
2� = 20.0◦ and 2� = 22.0◦ corresponded to (110) and (020) planes,
respectively. These peaks are also known as the crystalline struc-
ture of cellulose II (Rahatekar et al., 2009). The transformation of
crystalline structure from cellulose I to cellulose II exhibited sig-
nificant similarity to the diffraction angles of RC (Suresh, Yun, &
Kim, 2011; Zhao et al., 2012). Peaks located at lower angle, 2� = 12◦

and 2� = 22.0◦, indicated the presence of structures with limited
intercalation and can be attributed to the formation of nanocom-
posites (Ismail, Pasbakhsh, Ahmad Fauzi, & Abu Bakar, 2008). The
appearance of diffraction peaks for HNT are expected at 2� = 20.2◦

and 2� = 25.0◦. The sharp peak at 2� = 20.2◦ for HNT still can be
observed due to the fact that the peak was  overlapped with the
peak for RC since both of the peak appeared at the same diffraction

angle. Even though without the incorporation of HNT nanotubes,
peak 2� = 20.2◦ can clearly be observed in C, which is the pure RC.
Nevertheless, it can be observed clearly that the peak at 2� = 25.0◦

was totally disappeared with the addition of HNT in the polymer
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Fig. 4. TEM image of HNT intertu

atrix as illustrated for C1, C3 and C5 in Fig. 1, indicating that all the
NT nanotubes were almost fully intercalated. The dispersion and

ntercalation of the HNT nanotubes can be observed in the TEM
mages as discussed in following sections. Tang et al. (2011) also
eported similar phenomenon in an investigation of the effects of
nfolded and intercalated halloysites on the mechanical properties
f halloysite–epoxy nanocomposites.

.2. Mechanical properties and morphology

Fig. 2 shows the tensile strength RC/HNT nanocomposites. The
raph revealed that the tensile strength of the fabricated cellu-
ose/HNT nanocomposites was proportional with the increment of
he filler loading. C1, with 1 wt% HNT content, exhibited a 44.4%
ncrease in tensile strength compared to C. Similar results were seen
n C3 and C5, which had 59.8% and 67.3% higher tensile strength
ompared to C film, respectively. This is due to the fact that addi-
ional filler loading attributed to the agglomeration of the HNT
ylindrical nanotubes. The increment of the filler loading enhanced
he filler attraction force within the HNT tubes, thus decreasing the
urface area for the stress transfer (Handge, Hedicke-Hochstotter,
 Altstadt, 2010; Vadukumpully, Paul, Mahanta, & Valiyaveettil,
011). Therefore, the film with high filler loadings has higher tensile
trength compared to the pristine regenerated film. The increas-
ng strength of the nanocomposites films with increments of HNT
 lumen (magnification: 140K×).

content was also revealed by the TEM images as discussed in fol-
lowing sections. It is evident that increments of the fillers content
could also be ascribed to the formation of agglomerates. The pres-
ence of high HNT content causes stress concentration at the fillers
surface.

Fig. 2(b) illustrated the Young’s modulus and elongation at break
for the RC and RC/HNT nanocomposites at various filler contents. It
was shown that with the incorporation of HNT, the Young’s mod-
ulus of the films increases with the addition of the HNT loadings.
For C1 and C3, the Young’s modulus increased significantly (12.5%
and 24.7%, respectively) compared to C. C5 exhibited a remarkable
54.8% increment of Young’s modulus compared to C. This is due to
the existence of the interaction of the HNT tubes which formed a
zig-zag structure (Ismail et al., 2008) that prevented the molecu-
lar orientation of the polymer chain, thus enhancing the modulus.
Prashantha et al. (2010) also reported significant enhancement
with the addition of the HNT loadings. Nevertheless, the elonga-
tion at break values decreased with increases in HNT loadings. The
elongation at break for C dropped from 10.07% to 4.84% with 1 wt%
HNT loading. The elongation at break values reduced continuously
with the increment of the HNT loadings as depicted in Fig. 2(b).
The above result was supported with the SEM images as dis-
cussed in following sections, which illustrated that at high content
of HNT loading, agglomeration occurred which can undergo matrix-
filler interaction. The agglomeration of the HNT in the polymer
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Fig. 5. Tensile fracture surfaces of cellulose/HNT nanocomposites with (a) C, (b) C1,
(c)  C3 and (d) C5.
N.A. Hanid et al. / Carboh

atrix restricted the movement of the matrix chain. This is due
o the fact that the film becomes more rigid at high filler load-
ng, therefore resulting in decreased elongation at break values.
edicke-Hochstotter et al. (2009) also observed that the reduc-

ion of the elongation at break values on halloysite/polyamide
anocomposites was due to a stronger agglomeration of the fillers
t high halloysite content. Meanwhile, Lopez Machando, Valentini,
iagiotti, and Kenny (2005) also encountered the same effect on
ingle-wall carbon nanotubes (SWCNT) composites, which also
gglomerates at higher SWCNT loading.

.3. Transmission electron microscopy (TEM)

Fig. 3 showed the TEM images of the HNT nanocomposites. The
ispersion of HNT nanotubes were observed in Fig. 3(a, b, c and d)
hich consist 0 wt%, 1 wt %, 3 wt% and 5 wt% HNT loadings, respec-

ively. The dark dots were the HNT tubes. The HNT can be easily
ispersed in the polymer matrix due to its special characteristics
hich include a silica layer located on the outer surface layer, while

lumina was positioned on the inner walls and at the edges of the
ube (Levis & Deasy, 2002; Ye, Chen, Wu,  & Ye, 2007).

Fig. 3(a) depicted the TEM image of pure RC film without the
ncorporation of HNT, which showed the sample was  clear from the
NT nanotubes. Fig. 3(b, c and d) shows the interaction between the
NTs. Fig. 3(b) depicted the interaction of C1 at low HNT loading

1 wt%). The HNT tubes tend to align by themselves compared to the
3 with higher HNT loading (3 wt%) in Fig. 3(c) where it can clearly
e seen that the zig-zag structures were formed between the HNTs.
ome of them were formed by edge to edge interactions between
he HNTs, while others were formed face to edge. As the HNT load-
ng increased up to 5 wt% as illustrated in Fig. 3(d) of C5, they not
nly increased the formation of the zig-zag structures, but also
ave the tendency to agglomerate. This explained the reduction
f the elongation at break values which reduced with the incre-
ent of the filler loadings. The lumen structure of HNT as shown in

ig. 4 can be filled with the matrix. The penetration of the cellulose

atrix material inside the tubes formed the intertubular interac-

ion, thus enhancing the films performance. This phenomenon was
lso reported by Ismail et al. (2008) which found good penetration
f EDPM inside the HNT lumen.

Fig. 6. TGA curves of cellulose
4.4. Scanning electron microscopy (SEM)

The scanning electron micrographs revealed that single HNT
nanotubes can be uniformly dispersed in cellulose. Fig. 5(a) showed
the RC nanocomposites (C) without the addition of HNT. The layers
of cellulose matrix can be seen clearly. Fig. 5(b), (c) and (d) shows
the dispersion of the HNT in the cellulose matrix for C1, C3 and
C5, respectively. Fig. 5(b) showed the C1 films with several broken
HNTs (shown by the circle) on the fractured surface of a tensile
specimen with obvious separations of the HNT from the matrix,
while Fig. 5(c) provides some examples of pull-out of HNTs from the
matrix hollows and left in the polymer matrix of C3. Fig. 5(d) also
depicted some HNT agglomerates on the fracture surfaces of the
C5 nanocomposites film. These agglomerates were not broken up
during the dispersion process and decreased the mechanical perfor-
mance because of stress concentration at large agglomerates (Deng,
Zhang, & Ye, 2009). Therefore, it is also understandable that the
elongation at break was reduced if the nanotubes were not evenly

distributed in the matrix with the presence of large aggregations
that cause failure.

/HNT nanocomposites.
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Fig. 7. Moisture absorption curves of reg

.5. Thermal stability analysis

The thermal behaviour of the cellulose/HNT regenerated via
MIMCl was studied using the thermogravimetric analysis (TGA)
esults as depicted in Fig. 6. It can be observed that the HNT load-
ng affected the thermal behaviour of the nanocomposites films.
he TGA image revealed that as low as 1 wt% of HNT (C1), was
ble to significantly improve the RC nanocomposite films thermal
ehaviour. As the HNT loadings increase, the thermal behaviour
as shifted towards higher temperature compared to neat cellu-

ose. The film with 5 wt% HNT loading (C5) shows higher thermal
tability compared to lower HNT loadings. This showed that the
NT inhibited the cellulose degradation (Liu, Jia, Liu, Jia, & Guo,
010). The improvement of the thermal stability of the films was
ttributed to the strong interaction between cellulose and HNT.
he thermal stability was enhanced due to the entrapment of the
egradation products of the RC inside the lumen structure of the
ubular rod of the HNT and good dispersion of the HNT in between
he cellulose nanocomposites (Ismail et al., 2008).

The result also showed that the char residue of neat cellulose
as fewer compared to the film with the HNT. Due to the formation

f carbonaceous materials at elevated temperature, the char yield
f the RC with HNT is high (Zhang et al., 2007). The HNT hindered
he polymer form contacting with heat, therefore notably enhance
he thermal degradation stability.

.6. Water absorption analysis

Water absorption analysis was carried out in order to determine
oisture absorption rate of the fabricated RC nanocomposites films

ncorporated with HNT. The result of the water absorption analysis
as depicted in Fig. 7. It can be observed that the pure RC films, C has
igher equilibrium water content compared to RC/HNT nanocom-
osites films. The water absorbency continues to reduce to minimal
7%) and (28%) with the HNT loadings of 1 wt% and 3 wt%, respec-
ively. The water absorption decreased up to minimal (29%) when
he HNT loading was gained up to 5 wt%. The existence of HNT in
he RC nanocomposites films enhances the water resistance for the

roduced nanocomposites films.

The justification for the increment of water resistance with the
ncreased of the HNT loadings was due to the existence of the

atertight HNT particles which is a non-permeable materials, thus
ted cellulose and nanocomposites films.

decline the rate of water permeable through the RC nanocompos-
ites matrix. This was  quite similar with previous report by Cyras,
Manfredi, Ton-That, and Vázquez (2008) for MMT/starch nanocom-
posites.

5. Conclusions

This study presented an investigation on halloysite nanocom-
posites based on cellulose. The RC specimens were fabricated using
EMIMCl, a ‘green’ solvent. The results showed the potential of
HNT as nanofillers in polymer matrixes. It clearly displayed a good
enhancement of both tensile strength and Young’s modulus with
HNT loading up to 5 wt %. As the HNT loadings increased to 5 wt%,
the thermal behaviour and water resistance rate was also increased.
The TEM and SEM images also depicted satisfactory dispersion of
the HNT and good intertubular interaction between the HNT and
the cellulose matrix. Remarkably, these findings were achieved
using HNT at low loading (5 wt  %) without any pretreatment, which
suggests that there is a great potential for further improvement of
the HNT/cellulose nanocomposites.
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