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a  b  s  t  r  a  c  t

Cellulose-based  renewable  bulk  plastics  with  significantly  improved  mechanical  properties  were pro-
duced by  using  a small  proportion  of wheat  gluten  (WG)  as an  additive  to  enhance  the  material  processing
capability.  The  strong  shear-deformation  during  equal  channel  angular  pressing  (ECAP)  generated  effec-
tive chain  penetration  and  strong  intermolecular  interactions  between  the  amorphous  cellulose  and  WG
components.  The  micro-cracking  of  the  obtained  materials  was minimized,  and  the  processing  tempera-
ture was  reduced.  The  crystallinity  of  the  cellulose  component  was  also decreased,  whereas  the  crystalline
eywords:
ellulose
heat gluten

atural polymers
olymer processing
qual channel angular pressing

size and  regularity  was  less  modified.  The  present  study  has  further  demonstrated  that  ECAP  is a promising
methodology  to produce  renewable  and  biodegradable  “wood  plastics”  from  cellulose-based  agricultural
waste.

© 2012 Elsevier Ltd. All rights reserved.
. Introduction

Developing suitable methodologies to thermally process nat-
ral polymers (especially those derived from agricultural waste
treams) into packaging materials is a big challenge. Cellulose,
eing the most abundant polymer in nature with excellent prop-
rties in many aspects, has drawn a great attention of both
cademic research and industrial applications (Klemm, Heublein,
ink, & Bohn, 2005; Lu, Zhang, Rong, Shi, & Yang, 2003; Nishino,
atsuda, & Hirao, 2004; Ragauskas et al., 2006; Shibata, 2009;

azquez & Alvarez, 2009; Wang & Zhang, 2009). However, it is dif-
cult to thermally process cellulose into plastic materials without
esorting to significant chemical modification due to the compli-
ated structure and high crystallinity. Recently we have reported
he success in consolidating cellulose particles into bulk plastic

aterials through equal channel angular pressing (ECAP) with-
ut using any additional plasticizers (Zhang, Wu,  Gao, & Xia,
012). The strong shear deformation during the ECAP process

aused an efficient deformation of cellulose granular and crystalline
tructures, resulting in effective chain penetration and strong
ntermolecular interactions throughout the whole material. This

∗ Corresponding author. Tel.: +61 3 95452653; fax: +61 3 95441128.
∗∗ Corresponding author. Tel.: +61 3 83446664; fax: +61 3 83444290.

E-mail addresses: Xiaoqing.Zhang@csiro.au (X. Zhang), K.Xia@unimelb.edu.au
K. Xia).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.11.103
initial success provides a potential method to manufacture renew-
able and biodegradable materials from cellulose-based agricultural
waste.

However, the rigid cellulose lacks sufficient mobility to cope
with the large shear deformation in ECAP, thus some extend of
micro-cracking could occur parallel to the shear plane in the bulk
samples especially when processing at lower temperatures (Zhang
et al., 2012). This could generate a series of problems in mate-
rial performance especially mechanical properties. In the present
research, wheat gluten (WG) was used as an additive in processing
cellulose particles. As a by-product in the wheat starch indus-
try with the lowest price among plant proteins, the amorphous
WG can be processed into thermal plastics with excellent proper-
ties (Belton, 1999; Zhang, Burgar, Do, & Lourbakos, 2005; Zhang,
Hoobin, Burgar, & Do, 2006). In addition, WG is partially insoluble
and its water resistance can be further improved by crosslink-
ing during thermal processing. Since both cellulose and WG
are biodegradable natural polymers, the combined cellulose/WG
materials would still retain the renewable and biodegradable char-
acteristics.

The material processing methodologies, morphologies,
mechanical properties and glass transition behaviors of the
cellulose/WG materials were examined. Molecular motions, phase

structures and intermolecular interactions between cellulose and
WG components were also studied using high-resolution solid-
state nuclear magnetic resonance (NMR) and X-ray diffraction
(XRD), and correlated to the material performance.

dx.doi.org/10.1016/j.carbpol.2012.11.103
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:Xiaoqing.Zhang@csiro.au
mailto:K.Xia@unimelb.edu.au
dx.doi.org/10.1016/j.carbpol.2012.11.103
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Table 1
3-Point bending strength and modulus of cellulose/WG materials.a

Samples ECAP processing
temperature (◦C)

Flextural
strength (MPa)

Elastic
modulus (MPa)

Cellulose, 150 ◦C 150 7.6 3215
Cellulose/WG = 90/10 125 40.0 4987
X. Zhang et al. / Carbohydrate

. Experimental

.1. Materials

The cotton linters microcrystalline cellulose powder (20 �m)
as purchased from Sigma–Aldrich (product number 310697,
olecular weight Mn  around 70,000) with natural moisture con-

ent of about 6 wt%. The raw vital wheat gluten (WG) powder
as supplied by Manildra Group Australia as food grade products

btained via commercial processing. The WG contained 80% of pro-
eins, 15% of residual starch, 4% lipid, and 1% of fiber plus other
mpurities on a dry base. The moisture content in the WG was
–10%. These samples were processed without any pre-treatment.

.2. ECAP set-up

The ECAP set-up is the same as described previously (Zhang,
ao, Wu,  & Xia, 2008; Zhang et al., 2012). The die had a 90◦ angle
etween the channels of 9 mm × 9 mm  in cross section. The cel-

ulose particles or cellulose/WG mixtures at different proportions
ere ball-milled for 2 h (a 10 min  break in the middle of milling

o avoid excessive heating) at a speed of 300 rpm before ECAP. The
atio of powder sample to steel balls was 1:20 (in weight) and both
arge and small (7 and 4 mm  in diameter, respectively) steel balls
1:1 in weight) were used. The powder samples were packed in
he entrance channel, and pressed at a speed of 25 mm/min  with

 constant back pressure of 100 MPa. L-shaped bulk cellulose sam-
les with a length of 40–45 mm passing the shear plane (the longer
rm of L) were produced following ECAP. The samples were then
onditioned at room temperature under a relative humidity (RH) of
0 ± 2% (achieved by using saturated Mg(NO3)2 salt solution) for 2
eeks before any testing. The moisture contents of these samples
ere around 6%, measured as weight loss after heating at 105 ◦C

or 5–6 h to reach a constant weight.

.3. Material characterization

The details of material characterization methods were described
reviously (Zhang et al., 2008, 2012). Fracture surfaces of the cellu-

ose/WG samples were produced by bending at a location passing
he shear plane in ECAP after frozen in liquid nitrogen, and exam-
ned by scanning electron microscopy (SEM) using Philips FEI XL-30
FEG. Sputter coating with gold of 20 nm thickness was conducted
nd the electron beam with an accelerating voltage of 5 kV was  used
o produce high definition images.

For 3-point bending testing, each sample bar was  placed on two
arallel rollers with a span of 32 mm.  The load and displacement
ere recorded and converted into stress versus strain curves to

btain the flexural strength and elastic modulus.
The X-ray diffraction (XRD) measurements were conducted

n a Bruker D8 XRD operating at 40 kV, 40 mA,  Cu K� radiation
onochromatized with a graphite sample monochromator using

rogram TopasTM V4.1.
A PerkinElmer PYRISTM Diamond dynamic mechanical analyzer

DMA) in the single cantilever bending mode was  used for DMA
xperiments at a frequency of 1 Hz. The temperature range was  set
rom −100 ◦C to 160 ◦C with a heating rate of 2 ◦C/min.

High-resolution solid-state NMR  experiments were conducted
t room temperature either using a Bruker AV500 spectroscopy
125 MHz  for 13C and 500 MHz  for 1H) or a Varian NMR300 System
75 MHz  for 13C and 300 MHz  for 1H). 13C NMR  spectra were
bserved under cross polarization (CP), magic angle spinning

MAS) and high power dipolar decoupling (DD) conditions. The 90◦

ulse for 1H and 13C channels was 2.9 or 5.5 �s for the experiments
sing Bruker AV500 or Varian NMR300. The spinning rate of
AS  was set at 7.5 kHz and a contact time of 1.0 ms  was  used for
Cellulose/WG = 80/20 125 17.9 3244
Cellulose/WG = 70/30 125 39.1 3761

a Error bar of 7–15%.

measuring all CP/MAS spectra in both spectrometers. The chemical
shift of 13C spectra was  determined by taking the carbonyl carbon
of solid glycine (176.3 ppm) as an external reference standard.
Torchia pulse sequence (Torchia, 1978) was  used to measure the
13C CP/MAS spectra of the crystalline components with longer
13C spin-lattice relaxation time (13C T1) on the Bruker AV500
NMR spectrometer. The 1H spin-lattice relaxation time (1H T1)
was measured indirectly through the change of 13C magnetization
prepared by CP after inversion-recovery pulse sequence in 1H
channel (McBrierty & Packer, 1993) with a long repetition time of
8–12 s on the Varian NMR300 system.

3. Results and discussion

The images of cellulose particles before and after ball milling
are shown in Fig. 1. It appears that the particle size were not signif-
icantly decrease by the milling (Fig. 1(a) and (b)). Efficient mixing
between cellulose and WG was achieved by the ball-milling with
WG particles stuck onto the surface of cellulose particles (Fig. 1(c)).
Note that continuous structures were obtained for cellulose/WG
materials containing 10–30 wt% of WG (shown in Fig. 1(d–f))
after ECAP at 125 ◦C. Broken structures of the plastic phases were
observed on the fracture surfaces at a higher magnification as
shown in Fig. 1(d’–f’). Importantly, no observable cracking was
found in the materials when using 10–30% of WG as additives. In
contrast, the cellulose-alone bulk plastics produced via ECAP at
130 ◦C displayed cracking along the shear-plane direction (Zhang
et al., 2012). The amorphous WG added could act as lubricant or
plasticizing agent at 125 ◦C to enhance the ability of the cellulose
materials to sustain the severe shear deformation during ECAP.
Processing at higher temperatures (e.g. 150 ◦C) was also conducted
but porous structures were observed possibly due to thermal
decomposition of WG  under the ECAP conditions (Zhang et al.,
2008).

The results of 3-point bending tests for the cellulose/WG mate-
rials are shown in Table 1 with comparison to those of milled
cellulose processed at 150 ◦C (Zhang et al., 2012). The flexural
strengths of the cellulose/WG materials are all considerably higher
than the strength of the cellulose-only material and compara-
ble to those of WG (flexural strength of 28–37 MPa) processed at
120–130 ◦C using ECAP (Zhang et al., 2008), indicating the mechan-
ical strength of the cellulose materials was significantly improved
by using WG as additives in ECAP, probably as a result of minimized
micro-cracking in cellulose phase. The elastic moduli, on the other
hand, are comparable.

The DMA  results of the cellulose/WG samples are shown in Fig. 2
with key data listed in Table 2. Similar to those of plasticized WG
and ECAP processed cellulose (Zhang et al., 2005, 2006, 2008, 2012),
the storage modulus E’ of the cellulose/WG samples experienced
a little change as temperature increased in the low range, and
then dropped at a critical temperature when the glass transition
started while a tan ı (loss modulus E”/storage modulus E’) peak was

observed corresponding to the transition. Note that the E’ values of
cellulose/WG samples below Tg (ca, 20 ◦C) were significantly higher
(1.7–2.1 times) than those of the WG-only samples, whereas the
pre-milled cellulose-alone sample processed at 150 ◦C displayed
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ig. 1. SEM images of (a) original cellulose particles, (b) ball-milled cellulose powde
ulk  plastic samples with WG of 10% (d, d’), 20% (e, e’) and 30% (f, f’) processed by E

 lower E’ at 20 ◦C than that of WG.  The low E’ of the cellulose
ample could be attributed to micro-cracking, and such cracking
as largely eliminated when using WG as additives. Because the

heoretical modulus of the microcrystalline cellulose (Eichhorn &

oung, 2001; Tanaka & Iwata, 2006) is much higher than that of WG,
he decrease in E’ of cellulose/WG systems reflected the amount of

G added: the higher the amount of WG used in the materials, the
ower the E’ below Tg and the lower the Tg-start value as well. This
all-milled cellulose/WG = 80/20 mixture, and the fracture surfaces of cellulose/WG
t 125 ◦C.

seems not quite consistent with the 3-piont bending results shown
in Table 1, possibly because the WG phase played a different role
in DMA  and the 3-point bending test.

The tan ı maxima corresponding to the glass transition for the

cellulose/WG samples all shifted to higher temperatures while the
maximum values all decreased as compared to those in the WG-
only sample, suggesting motional restriction of the WG molecules
in the matrix of the amorphous cellulose at the glass transition
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ig. 2. DMA  results (E’ and tan ı) of the ECAP processed WG and cellulose/WG bulk
lastic samples (WG-10%, -20%, and -30%).

emperature. These results suggest that the WG and amorphous
ellulose components were intimately mixed with strong inter-
olecular interactions possibly through hydrogen-bonding. It is

nteresting to note that these tan ı maximum values of cellu-
ose/WG systems are also lower than the value of the cellulose-only
ystem produced at a higher temperature (150 ◦C). For cellu-
ose/WG = 90/10 sample, the Tg was not distinct at all from both E’
nd tan ı curves, indicating a pronounced motional restriction for
G and cellulose polymer chains and even chemical crosslinking

etween the two components under ECAP conditions.
Multi-pass (8 passes) ECAP was also applied to the cellu-

ose/WG = 80/20 sample, but it generated a much lower E’ below
g (1.08 GPa at 20 ◦C). The Tg also shifted to lower temperatures
ith Tg-start at 67 ◦C, even lower than that of the ECAP processed
G.  It seems such multi-pass processing significantly disrupted

he material structures due to repeated severe shear-deformation.
The XRD results of pre-milled and ECAP processed (at 125 ◦C)

ellulose and cellulose/WG samples are shown in Fig. 3, with cellu-
ose I type patterns corresponding to the (1 0 1), (1 0 −1), (0 0 2) and
0 4 0) crystallographic structures of cellulose (Focher et al., 2001;

shii, Tatsumi, & Matsumoto, 2003; Newman, 1999; VanderHart &
talla, 1984; Zhao et al., 2007). The intensities of these patterns
ere decreased and all peaks became broader as compared to the

riginal cellulose powder (Zhang et al., 2012), indicating a decrease

able 2
MA  results of the cellulose and cellulose/WG bulk plastics processed by ECAP.a

Samples E’ at 20 ◦C
(GPa)

Tg-start (◦C
from E’)

tan ı peak
(◦C)

tan ı
max.

Cellulose, 150 ◦C 1.84 106 138 0.181
Cellulose/WG = 90/10 3.91 101 136 0.113
Cellulose/WG = 80/20 3.44 93 118 0.134
Cellulose/WG = 70/30 3.19 84 121 0.152
WG,  130 ◦C 2.42 74 117 0.340

a The cellulose sample was processed at 150 ◦C after ball-milling and the data
ere taken from a previous publication (Zhang et al., 2012). The WG sample was
rocessed at 130 ◦C without prior-milling and the data were taken from a previous
ublication (Zhang et al., 2008). All cellulose/WG samples were processed at 125 ◦C.
Fig. 3. XRD results of the ball-milled cellulose (WG-0%) and the ECAP processed
cellulose/WG bulk plastic samples (WG-10%, -20%, and -30%).

in cellulose crystallinity and crystalline regularity after the milling
and processing with WG.  However, the cellulose/WG materials
showed only a minor difference as compared to the ball-milled
cellulose, and this needs to be further examined.

High-resolution solid-state NMR  was  used to study the crys-
talline structures of the cellulose/WG systems as leveraging the
methodologies from a series of previous publications (Atalla &
VanderHart, 1999; Horii, Hirai, & Kitamaru, 1987; Ishii et al.,
2003; Newman, 1999; VanderHart & Atalla, 1984). The 13C CP/MAS
NMR  spectrum of the original cellulose powder (Fig. 4A) has been
assigned to C-1 (106 ppm), C-4 (80–95 ppm), C-2,3,5 (70–80 ppm)
and C-6 (60–70 ppm) of the glycosyl units respectively. The reso-
nances of WG (Fig. 4) were assigned to proteins with the C O at
174 ppm, the C-�,  C-� and C-�  resonances at 50–60 and 30–15 ppm
as the major components (Zhang et al., 2005), while the resonances
of residual starch were detected at 103, 83 and 73 ppm (C-1, C-4 and
C-2,3,5 of starch), and the C-6 overlapped with those of proteins at
64 ppm (Zhang et al., 2005). After ECAP, the linewidth of most WG
resonances in the cellulose/WG samples became broader suggest-
ing the formation of a broad distribution of chemical environment
of the component as consistent with its strong intermolecular inter-
actions with the amorphous cellulose component.

As described previously, the separation of C-4 or C-6 resonan-
ces of cellulose was due to the crystalline (91 or 67 ppm) and the
amorphous (85 or 64 ppm) phases (Horii et al., 1987; Newman,
1999), and the relative intensities could be used to estimate the
crystallinity of the cellulose component in the processed materials.
The effect of weak resonance of starch (impurity in WG)  at 83 and
64 ppm could be ignored especially when the WG  content is low
(e.g. cellulose/WG = 90/10). However, in the systems containing a

high amount of WG,  these residue starch signals would overlap
with the intensities of amorphous cellulose, leading to under-
estimated crystallinity. Nevertheless, the crystallinity data (Table 3)
indicate that the milling of cellulose/WG mixture did not decrease
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Fig. 4. 13C CP/MAS NMR  spectra (500 MHz) of the original cellulose particles (cel-
lulose), raw WG powder (WG) and the ECAP processed cellulose/WG bulk plastic
samples (WG-10%, -20% and -30%), observed by (A) the normal CP/MAS sequence and
(B),  the Torchia pulse sequence with the � delay time of 50 s (mainly the crystalline
phases were detected).

Table 3
The crystallinity of the cellulose/WG samples measure by NMR  (500 MHz).

Cellulose samples Measured at
85–91 ppm

Measured at
64–67 ppm

Cellulose particles, 20 �m 51% 50%
Cellulose, ball-milleda 29% 32%
Cellulose/WG = 80/20 ball-milled 44% 40%
Cellulose/WG = 70/30 38% 36%
Cellulose/WG = 80/20 35% 38%

t
p
p
s
p
i
(
t
t
m

T
1

Cellulose/WG = 90/10 25% 28%

a Data taken from Zhang et al. (2012).

he cellulose crystallinity as greatly as that in milling cellulose-only
owder (Zhang et al., 2012) under the same milling condition. ECAP
rocess conducted thereafter further reduced the crystallinity to
ome extent, but only the crystallinity of cellulose/WG = 90/10 sam-
le was reduced to 25% after ECAP, a level similar to that reached

n the cellulose-only system. When the WG content was higher

the 70/30 and 80/20 systems), a crystallinity within 35–38% for
he cellulose component was obtained. These might be attributed
o the lubricating or plasticizing effect of WG,  which reduced the

illing and shear deformation effect on the crystalline cellulose.

able 4
H T1 (s) values (300 MHz) of the cellulose/WG materials processed by ECAP.

Samples 174 ppm 10

Cellulose particles, 20 �m 2
Cellulose-milleda 2
Cellulose, 150 ◦C (ECAP) 2
Cellulose/WG = 90/10a 1.36 ± 0.43 1.9
Cellulose/WG = 80/20a 1.04 ± 0.05 1.8
Cellulose/WG = 70/30a 0.87 ± 0.08 1.8
WG,  130 C (ECAP)a 0.43 ± 0.02 0.6

a All of these samples were processed at 125 ◦C and 25 mm/min  after ball mill. WG  was
ers 92 (2013) 2206– 2211

However, the extent of decrease in the crystallinity of the cellu-
lose component was  still larger than that in the cellulose/proteins
blends prepared by solution casting (Yang et al., 2009) or mechan-
ical mixing (Zhou, Zheng, Wei, Huang, & Chen, 2008), indicating
the disruption of cellulose crystalline structures due to milling and
ECAP.

The 13C spin-lattice (T1) relaxation time is sensitive to molec-
ular motions of different groups in different phases due to the 13C
rare unclear system without spin-diffusion interactions. In general
longer 13C T1 values were obtained for carbon resonances in the
crystalline phases while the values for those in the amorphous
phases would be much shorter. Fig. 4B displays the 13C NMR
spectra of the crystalline phases of the cellulose component in the
cellulose/WG systems as detected by the Torchia pulse sequence
where amorphous components had decayed significantly when a
long delay time (� = 50 s) was used. The similarity of these spectra as
compared to that of the original cellulose sample before milling and
processing indicates that the cellulose I type character remained in
the cellulose components after ECAP with WG  and the crystalline
size and regularity were similar to those of the original cellulose.

High-resolution solid-state NMR  also provides a powerful tech-
nique to examine phase structures and intermolecular interactions
between different components. The study of 1H spin-lattice (T1)
relaxation time for each component in a multi-component system
provides not only the information of molecular motions at MHz
range, but also the homo- or heterogeneity of the system on a scale
of effective spin-diffusion length during the 1H T1 times, ca. ∼30 nm
(McBrierty & Packer, 1993) for rigid polymer systems. Since the
resonances of WG  at 174 and 25–30 ppm are not overlapping with
those of cellulose in the spectra of cellulose/WG samples (Fig. 4),
the 1H T1 values observed from these WG resonances should reflect
the behavior of the WG component in the cellulose/WG systems.

1H T1 data of cellulose, WG and the cellulose/WG samples
observed via different 13C resonances are summarized in Table 4.
The values of the ECAP processed WG sample was  0.43–0.48 as
observed at 174 and 27 ppm, while those at 106 and 74 ppm reflect-
ing the nature of residual starch in WG.  When introducing WG as
an additive in the cellulose materials, the 1H T1 data of the WG
component (observed at 174 ppm) increased by 100% and 140% in
the cellulose/WG = 70/30 and 80/20 samples, respectively. These
increases are larger than those observed at 27 ppm of the WG com-
ponent (45 and 75% in the corresponding systems), suggesting that
the C O groups of the WG may  have been involved in the inter-
molecular interactions with the cellulose matrix possibly through
hydrogen bonding. The WG signals became so broad in the 90/10
sample (see Fig. 4) that the T1 values were detected with a large
error bar, but the same trend can still be observed. On the other
hand, the 1H T1 of the cellulose component was also decreased
to some extent. These results indicated that strong spin-diffusion
interactions occurred between the WG and cellulose components,

leading to the 1H T1 values of both components to average out.
However, the crystalline phase in the cellulose component was still
present and the cellulose/WG materials did not reach a homoge-
neous mixing. Therefore, the 1H T1 data observed for both cellulose

6 ppm 74 ppm 27 ppm

.5 ± 0.1 2.4 ± 0.1

.3 ± 0.1 2.2 ± 0.1

.2 ± 0.1 2.1 ± 0.1
4 ± 0.03 1.99 ± 0.03 1.25 ± 0.53
6 ± 0.01 1.75 ± 0.04 0.82 ± 0.15
2 ± 0.05 1.71 ± 0.02 0.70 ± 0.11
8 ± 0.04 0.75 ± 0.03 0.48 ± 0.04

 processed at 2 mm/min  without ball mill.
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nd WG components did not become identical yet on the 1H T1
easurement scale, ca. ∼30 nm.  In addition, the strong interac-

ions only occurred between the WG  segments and the amorphous
ellulose component and thus, the 1H T1 increase for the WG com-
onent was much greater than the 1H T1 decrease in the cellulose
omponent.

The results presented in this paper have further demonstrated
hat the ECAP technique is an effective methodology to process
aw cellulose powders into plastic bulk materials and the material
erformance can be improved by using a small amount of plastic
dditives such as WG.  The ECAP processing of cellulose/WG mate-
ials was conducted at 125 ◦C, and this temperature is relatively
ow compared to those used in conventional thermal extrusion
r molding of many conventional semi-crystalline polymers. Trials
n wood particles will be carried out next to produce bulk “wood
lastics” where the “impurities” existing in wood (such as hemicel-

ulose and lignin) might act as useful intrinsic “additives”. The suc-
ess of this work could lead to a new paradigm for manufacturing
lastic materials from agricultural cellulose-based waste and the
ethodology should be easily up-scaled for industrial applications.

. Conclusions

The present study has further demonstrated that ECAP is an
ffective method to process cellulose powder into bulk plas-
ic materials at relatively low temperatures. When using WG as
n additive, the material processing capability was  significantly
mproved. Strong intermolecular interactions between the WG seg-

ents and the amorphous cellulose matrix were formed under such
 severe shear deformation condition, which minimized the micro-
racking in the materials, and consequently, significantly improved
he mechanical strength of the cellulose/WG samples as compared
o that of the cellulose-only samples. The crystallinity of the cel-
ulose component was reduced; however the crystalline structure

as less modified. The ECAP process promises to offer a new oppor-
unity to produce renewable and biodegradable “wood plastics”
rom cellulose-based agricultural waste streams.

cknowledgements

We  thank Ms.  Liz Goodall and Dr. David Hey at CSIRO for XRD
easurements and Mr.  Hengky Haryono at the University of Mel-

ourne for assistance with sample preparation.

eferences
talla, R. H., & VanderHart, D. L. (1999). The role of solid state 13C NMR  spectroscopy
in studies of the nature of native celluloses. Solid State Nuclear Magnetic Reso-
nance,  15,  1–19.

elton, P. S. (1999). On the elasticity of wheat gluten. Journal of Cereal Science, 29,
103–107.
ers 92 (2013) 2206– 2211 2211

Eichhorn, S. J., & Young, R. J. (2001). The Young’s modulus of a microcrystalline
cellulose. Cellulose, 8, 197–207.

Focher, B., Palma, M.  T., Canetti, M.,  Torri, G., Cosentino, C., & Gastaldi, G. (2001).
Structural differences between non-wood plant celluloses: Evidence from solid
state NMR  vibrational spectroscopy and X-ray diffractometry. Industrial Crops
and  Products, 13,  193–208.

Horii, F., Hirai, A., & Kitamaru, R. (1987). CP/MAS carbon-13 NMR spectra of the
crystalline components of native celluloses. Macromolecules, 20,  2117–2120.

Ishii, D., Tatsumi, D., & Matsumoto, T. (2003). Effect of solvent exchange on the
solid structure and dissolution behaviour of cellulose. Biomacromolecules, 4,
1238–1243.

Klemm,  D., Heublein, B., Fink, H.-P., & Bohn, A. (2005). Cellulose: Fascinating biopoly-
mer  and sustainable raw material. Angewandte Chemie International Edition, 44,
3358–3393.

Lu,  X., Zhang, M.  Q., Rong, M.  Z., Shi, G., & Yang, G. C. (2003). Self-reinforced melt
processable composites of sisal. Composites Science and Technology, 63,  177–186.

McBrierty, V., & Packer, K. (1993). Nuclear magnetic resonance in solid polymers.
Cambridge UK: Cambridge University Press.

Newman, R. H. (1999). Estimation of the lateral dimensions of cellulose crystal-
lites using 13C NMR  signal strengths. Solid State Nuclear Magnetic Resonance,  15,
21–29.

Nishino, T., Matsuda, I., & Hirao, K. (2004). All-cellulose composites. Macromolecules,
37,  7683–7687.

Ragauskas, A. J., Williams, C. K., Davison, B. H., Britovsek, G., Cairney, J., & Eckert, C.
A.  (2006). The path forward for biofuels and biomaterials. Science, 311, 484–489.

Shibata, M.  (2009). Poly(lactic acid)/cellulosic fiber composites. In L. Yu (Ed.),
Biodegradable polymer blends and composites from renewable resources (pp.
287–301). Hoboken, New Jersey, USA: Wiley, A John Wiley & Sons, Inc (Chapter
12).

Tanaka, F., & Iwata, T. (2006). Estimation of the elastic modulus of cellulose crystal
by  molecular mechanics simulation. Cellulose, 13,  509–517.

Torchia, D. A. (1978). The measurement of proton-enhanced carbon-13 T1 values by
a  method which suppresses artifacts. Journal of Magnetic Resonance,  30,  613–616.

VanderHart, D. L., & Atalla, R. H. (1984). Studies of microstructure in native cellulose
using solid-state 13C NMR. Macromolecules, 17,  1465–1472.

Vazquez, A., & Alvarez, V. A. (2009). Starch–cellulose fiber composites. In L. Yu
(Ed.), Biodegradable polymer blends and composites from renewable resources (pp.
241–286). Hoboken, New Jersey, USA: Wiley, A John Wiley & Sons, Inc (Chapter
11).

Wang, Y., & Zhang, L. (2009). Blends and composites based on cellulose and natu-
ral polymers. In L. Yu (Ed.), Biodegradable polymer blends and composites from
renewable resources (pp. 129–161). Hoboken, New Jersey, USA: Wiley, A John
Wiley & Sons, Inc (Chapter 6).

Yang, Q., Lue, A., Qi, H., Sun, Y., Zhnag, X., & Zhang, L. (2009). Properties and bioappli-
cations of blended cellulose and corn protein films. Macromolecular Bioscience,
9, 849–856.

Zhang, X., Burgar, I., Do, M.  D., & Lourbakos, E. (2005). Intermolecular interactions
and phase structures of plasticized wheat proteins materials. Biomacromolecules,
6,  1661–1671.

Zhang, X., Hoobin, P., Burgar, I., & Do, M.  D. (2006). pH effect on the mechanical
performance and phase mobility of thermally processed wheat gluten-based
natural polymer materials. Biomacromolecules, 7, 3466–3473.

Zhang, X., Gao, D., Wu,  X., & Xia, K. (2008). Bulk plastic materials obtained from
processing raw powders of renewable natural polymers via back pressure
equal channel angular consolidation (BP-ECAC). European Polymer Journal,  44,
780–792.

Zhang, X., Wu,  X., Gao, D., & Xia, K. (2012). Bulk cellulose plastic materials from
processing cellulose powder using back pressure equal channel angular press-
ing. Carbohydrate Polymers, 87,  2470–2476.

Zhao, H., Kwak, J. H., Zhang, C., Brown, H. M.,  Arey, B. W.,  & Holladay, J. E. (2007).

Studying cellulose fiber structure by SEM, XRD, NMR  and acid hydrolysis. Car-
bohydrate Polymers, 68,  235–241.

Zhou, Z., Zheng, H., Wei, M.,  Huang, J., & Chen, Y. (2008). Structure and mechanical
properties of cellulose derivatives/soy protein isolated blends. Journal of Applied
Polymer Science, 107, 3267–3274.


	Cellulose-wheat gluten bulk plastic materials produced from processing raw powders by severe shear deformation
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 ECAP set-up
	2.3 Material characterization

	3 Results and discussion
	4 Conclusions
	Acknowledgements
	References


