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a  b  s  t  r  a  c  t

Bulk  cellulose  plastic  materials  with  a  continuous  morphology  were  successfully  processed  from  cellulose
powder  through  back  pressure-equal  channel  angular  pressing  (BP-ECAP)  at 150 ◦C without  using  any
additives.  The  strong  shear  deformation  during  the  process  caused  an  efficient  deformation  of  cellulose
granular  and  crystalline  structures,  resulting  in  effective  chain  penetration  and  strong  intermolecular
interactions  throughout  the  whole  material.  The  mechanical  behaviour  of the  cellulose  plastics  was  com-
parable  to those  of  polymer/cellulose  composites.  Ball  milling  the  cellulose  powder  prior  to processing
eywords:
ellulose
enewable natural polymers
rystalline structures
olymer processing
qual channel angular pressing

disrupted  the  crystalline  structures  thus  resulting  in  more  significant  modifications  of  the  molecular
motions  of  the  cellulose.  The  outcome  of  this  research  provides  a potential  methodology  for  manufac-
turing  renewable  and  biodegradable  bulk  materials  from  cellulose-based  agricultural  waste.

© 2011 Elsevier Ltd. All rights reserved.
. Introduction

Cellulose is the most abundant raw polymer in nature and
an be considered to be an inexhaustible resource. Its renew-
ble, biodegradable and biocompatible nature in conjunction with
ow density, good strength and high stiffness, has made it one of
he most important natural materials (Klemm,  Heublein, Fink, &
ohn, 2005; Ragauskas et al., 2006; Wang & Zhang, 2009, chap.
). However, thermal processing of natural polymers (not only
ellulose, but also starch and plant proteins) using conventional
hermal methods is difficult due to strong intra- and intermolecu-
ar interactions (hydrogen bonding) and even chemical crosslinking
n these materials. Addition of a large amount of plasticizers is
ecessary for thermal processing starch and proteins to enhance
heir flexibility and extensibility, and therefore to improve the pro-
essing capability. But this method cannot overcome the difficulty
n thermal processing cellulose. As a highly crystalline material

ith a relatively low thermal decomposition temperature, cellulose

ould normally undergo thermal decomposition before melting
pon heating, although melting cellulose under special conditions
ight be achieved (Nordin, Nyren, & Back, 1973, 1974, Schroeter &

∗ Corresponding author. Tel.: +61 3 95452653; fax: +61 3 95441128.
∗∗ Corresponding author. Tel.: +61 3 83446664; fax: +61 3 93478784.

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

144-8617/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.11.019
Felix, 2005). Currently cellulose is widely used to blend with other
polymers or as a reinforcing agent in the production of polymer
composites. In many cases, chemical modification or pretreatment
of cellulose is needed in the process (Lu, Zhang, Rong, Shi, & Yang,
2003; Nishino, Matsuda, & Hirao, 2004; Shibata, 2009, chap. 12;
Vazquez & Alvarez, 2009, chap. 11; Wang & Zhang, 2009, chap. 6).
Development of a new material processing technology for cellu-
lose is desirable for extending the application of cellulose-based
materials.

Equal channel angular pressing (ECAP) with back pressure (BP)
was  originally developed as a novel process to consolidate metal
particles (Xia & Wu,  2005; Xia, Wu,  Honma, & Ringer, 2007; Wu  &
Xia, 2007). The oxide layer on the metal surface would be disrupted
by the severe shear deformation involved in the process to generate
an intimate contact among metal particles. Full density metal was
produced with excellent mechanical properties. The other advan-
tage of ECAP consolidation is that the processing can be conducted
at temperatures far below the melting temperature of metals. Sim-
ilar technologies have been applied to polymer materials in the
last decade, mainly focused on modification of semi-crystalline
polymers and production of their nano-composites (Li, Xia, & Sue,
2000; Phillips, Zhu, & Edward, 2006; Sue & Li, 1998; Sue, Dian, & Li,
1999; Woen & Sue, 2005; Woen, Xia, & Sue, 2005; Xia, Sue, Hsieh,

& Huang, 2001; Xia, Sue, & Rieker, 2000). The strong shear defor-
mation during the process (as compared to thermal extrusion in
the molten state) could effectively modify polymer morphologies
and chain orientation at a temperature below the glass transition

dx.doi.org/10.1016/j.carbpol.2011.11.019
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:Xiaoqing.Zhang@csiro.au
mailto:K.Xia@unimelb.edu.au
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emperature (Tg) for amorphous polymers or the melting temper-
ture (Tm) for semi-crystalline polymers, resulting in significant
odification of structures and mechanical properties. The advan-

ages of the BP-ECAP technology, especially the low temperature
rocessing capability, are desirable for processing natural polymers

nto plastic bulk materials. Due to the high shear strain (to 2.0 with
 ECAP die of 90◦) achieved in the process (Phillips et al., 2006; Sue

 Li, 1998; Sue et al., 1999; Xia et al., 2000), it is expected that the
ranular structures and crystalline phases of cellulose would be dis-
upted to some extent and this would be beneficial to the formation
f a continuous morphology throughout the material, resulting in
he production of cellulose-based biomaterials.

Bulk plastics from raw wheat starch (WS) and wheat gluten
WG) powders were produced by this methodology, and the

echanical strengths of these materials were comparable to those
f conventional polymers but stronger than those of thermoplastic
S  or plasticized WG (Zhang, Gao, Wu,  & Xia, 2008). In the present

esearch, we attempt to use this BP-ECAP methodology to produce
ulk plastic materials from cellulose particles which is difficult to
e thermally processed by any conventional polymer processing
ethodologies. A series of advanced material analytical techniques

ncluding high-resolution solid-state nuclear magnetic resonance
NMR) and dynamic mechanical analysis (DMA) and X-ray diffrac-
ion (XRD) were used to characterize the obtained cellulose plastics.
he material morphology, phase structures and molecular motions
ere examined and correlated to the material performance. The
otential in manufacturing bulk cellulose-based natural polymer
aterials was also discussed.

. Materials and methods

.1. Materials

The cotton linters microcrystalline cellulose powder (20 �m)
as purchased from Sigma–Aldrich (product number 310697), and
rocessed without any pre-treatment or additives. Natural mois-
ure content of the cellulose powder was about 6 wt%.

.2. BP-ECAP processing method

The BP-ECAP set-up is shown in Fig. 1, the same as that reported
reviously (Zhang et al., 2008). The die had a 90◦ angle with a sharp
orner and the channel dimensions were 9 mm  × 9 mm  in cross sec-
ion. In addition to the forward plunger in the entrance channel, a
ack plunger was placed in the exit channel to provide a constant
P during ECAP. The die was heated to and kept at a processing
emperature using a heating device controlled within ±1 ◦C with a
-type thermal couple placed close to the sample. The powder was
acked in the entrance channel. Once the temperature reached a
arget value and stabilized, pressing started at a certain speed with

 constant back pressure of 100 MPa. The shear strain was 2 for
sing this 90◦ die and the stress for pressing the sample through the
hear zone varied over a broad range (up to 1200 MPa) for different
amples at different processing temperatures.

Ball milling was also conducted in some cases with a ratio of
ample/steel balls = 1/20 (in weight) for 2 h (10 min  break in the
iddle of milling to avoid excessive heating) at a speed of 300 rpm

sing both large and small (1:1 in weight) steel balls (7 and 4 mm
n diameter, respectively). ECAP was conducted immediately after
he milling following the same procedures.

L-shaped bulk cellulose samples with a cross section of

9 mm × 9 mm and a length of 40–45 mm  passing the shear plane

the longer arm of L) were produced by the BP-ECAP method
nder varied conditions. The sample density was determined by
arefully measuring the dimensions and weight. All samples were
mers 87 (2012) 2470– 2476 2471

conditioned at room temperature (20–22 ◦C) under relative humid-
ity (RH) of 50 ± 2% (achieved by using saturated Mg(NO3)2 salt
solution) for 2 weeks before testing. The moisture contents of the
processed samples were around 5–6% after the conditioning, mea-
sured as weight loss after heating at 105 ◦C for 5–6 h to reach a
constant weight.

2.3. SEM analysis

Fracture surfaces of the samples were produced by bending
at specific locations of the ECAP processed sample either before
or after passing the shear plane, and examined by scanning elec-
tron microscopy (SEM) using Philips FEI XL-30 SFEG. The samples
were mounted with double-sided conductive tape and then sput-
ter coated with gold of 20 nm thickness in argon atmosphere. The
electron beam with an accelerating voltage of 3–5 kV was  used to
produce high definition images.

2.4. XRD analysis

The X-ray diffraction (XRD) measurements were conducted
on a Bruker D8 XRD operating at 40 kV, 40 mA,  Cu K� radiation
monochromatized with a graphite sample monochromator using
program TopasTM V4.1. The diffractogram was  recorded between
2� angles of 2◦ and 45◦.

2.5. DMA analysis

A PerkinElmer PYRISTM Diamond DMA  was  used for DMA  exper-
iments in dual cantilever bending mode at a frequency of 1 Hz. The
temperature range was set from −100 to 230 ◦C with a heating rate
of 2 ◦C/min. The storage modulus (E′), loss modulus (E′′) and tan ı
(E′/E′′) were recorded as a function of temperature throughout the
experiment.

2.6. NMR spectroscopy

High-resolution solid-state NMR  experiments were conducted
at room temperature using a Bruker AV500 spectrometer at reso-
nance frequencies of 125 MHz  for 13C and 500 MHz for 1H. 13C NMR
spectra were observed under cross polarization (CP), magic angle
spinning (MAS) and high power dipolar decoupling (DD) technique.
The 90◦ pulse was  2.9 �s for 1H and 13C, while the spinning rate
of MAS  was  set at 7.5 kHz. A contact time of 1.0 ms  was  used for
measuring all CP/MAS spectra with a repetition time of 3 s. The
13C spin-lattice relaxation time (T1) was measured through Torchia
pulse sequence (Torchia, 1978). The chemical shift of 13C spec-
tra was determined by taking the carbonyl carbon of solid glycine
(176.3 ppm) as an external reference standard.

3. Results and discussion

Bulk cellulose samples were successfully produced by the BP-
ECAP method at 130 ◦C or 150 ◦C. The density of the proportion
after passing the shear plane was 1.42–1.52 g/cm3, which is within
the range of “true density” of microcrystalline cellulose with 4 wt%
of moisture (∼1.46 g/cm3, Sun, 2005). Fig. 1 shows the changes
of the original cellulose powder (Fig. 1A) after being processed
by BP-ECAP at 150 ◦C at a pressing speed of 25 mm/min. Before
passing the shear plane, the fracture surface of the sample showed
the compression of the packed cellulose particles under high pres-
sure (Fig. 1B), while no such packed particle shapes were observed

but a continuous morphology was obtained for the sample after
passing the shear plane (Fig. 1C and D). Materials with similar den-
sities were obtained by varying the pressing speed between 0.5
and to 25 mm/min  at both 130 and 150 ◦C. The color of the samples
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F owder (A), fracture surfaces of the cellulose sample before passing the shear plane (B),
a , and with prior-milling (E and F).
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ig. 1. Set-up of BP-ECAP (Zhang et al., 2008) and the SEM image of the cellulose p
fter  passing the shear plane at 150 ◦C, 25 mm/min  without prior-milling (C and D)

urned to dark brown when processing at 200 ◦C possibly due to
 small extend of thermal decomposition, but the sample density
emained in the same range as those processed at 130 or 150 ◦C.
icro-cracking was found parallel to the shear plane of the bulk

amples processed especially at lower temperatures (e.g. 130 ◦C)
ossibly because the cellulose was not elastic enough to sustain
he strong shear deformation at the temperatures.

Ball-milling was also applied to the cellulose particles prior
o the ECAP processing in order to disrupt the cellulose parti-
les during the mechanical pre-treatment since such milling had
een demonstrated to be effective in reducing crystallinity of
ellulose (Paes et al., 2010). Fig. 1E and F shows the fracture sur-
aces of the cellulose materials obtained at 150 ◦C at a pressing
peed of 25 mm/min  after ball-milling. Large smooth morphologies
ere indeed obtained, suggesting the mobility of some cellu-

ose segments (especially on the surface of cellulose particles)
as enhanced due to the milling and then ECAP processing, thus

esulting in effective inter-chain penetration and intimate mixing
hrough the whole cellulose materials. Micro-cracking was  also
educed and it became possible to conduct mechanical analysis for
hese bulk cellulose plastic samples.

′
The DMA curves (storage modulus E and tan ı as a function of
emperature) of these cellulose samples are shown in Fig. 2 with
ey data listed in Table 1. Similar to ECAP processed starch or wheat
luten materials (Zhang et al., 2008), E′ of the cellulose samples

able 1
MA results of bulk cellulose materials processed by ECAP conditions.a

Samples 150 ◦C,
un-milled

200 ◦C,
un-milled

150 ◦C,
milled

tan ı −  ̌ peak (◦C) −42 −27 –
tan  ı −  ̌ maximum 0.058 0.042 –
E′ at 20 ◦C (GPa) 1.34 1.06 1.84
T�1-start (◦C) 48 – 47
T�2-start (◦C) 122 190 106
tan  ı −  ̨ peak (◦C) 159 – 138
tan  ı −  ̨ maximum 0.100 – 0.181

a The ECAP speed was 25 mm/min.
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250200150100500-50-100
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Fig. 2. DMA  results (E′ and tan ı) of the bulk cellulose samples processed under
different ECAP conditions (pressing speed of 25 mm/min).
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Cellulose powders

130ºC-25mm/min

150ºC-25mm/min

150ºC-5mm/min

200ºC-25mm/min

(101)(10-1)

(002)

(040)

2θ angle (°)

Fig. 3. XRD results of the cellulose powder and the bulk samples processed under
different BP-ECAP conditions.

2θ angle (°)
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(101)(10-1)
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(040)

Fig. 4. XRD results of the ball-milled cellulose powder and bulk samples processed
X. Zhang et al. / Carbohydrat

xperienced a minimal change as temperature increased in the
ow temperature range, and then dropped at a typical temperature

hen a glass transition started, while a tan ı peak was observed
imultaneously corresponding to the glass transition. For un-
illed cellulose processed at 150 ◦C, a weak �-transition appeared

t −42 ◦C possibly corresponding to the side-chain motions in
he material. A weak glass transition started at around 48 ◦C, as
bserved by the decreased onset of E′, accompanied by a very
road tan ı peak. As temperature increased, a strong glass transition
tarted at around 122 ◦C while a relatively narrow tan ı peak was
bserved at 159 ◦C. For the un-milled sample processed at 200 ◦C,
he �-transition became weaker as compared to that processed at
50 ◦C, and the Tg shifted to a much higher temperature (190 ◦C).
owever, the E′ at room temperature decreased to 1.06 GPa as com-
ared to that processed at 150 ◦C (1.34 GPa). This result suggests
hat both thermal crosslinking and decomposition played a role
n affecting the material behaviour when conducting the ECAP at
00 ◦C. The decrease in E′ at room temperature was most likely to
e due to a small extent of thermal decomposition while the high Tg

alues and weak �-transition should be attributed to the thermal
rosslinking effect.

The ball-milled sample ECAP processed at 150 ◦C displayed
uch stronger glass transitions (higher tan ı −  ̨ maximum) than

hose of the un-milled samples, and the second glass transition also
ccurred at a relatively lower temperature, suggesting the decrease
n crystallinity due to the prior-milling had resulted in more mobile

ain-chain motions at Tg for the amorphous phase in this sample.
he E′ at room temperature for the ball-milled sample (1.84 GPa),
omparable to those of polymer/cellulose composites (Lu et al.,
003; Shibata, 2009, chap. 12),  was also higher than that of the
n-milled sample (1.34 GPa). However, the �-transition seemed

ess pronounced in the ball-milled sample. The results indicate that
all-milling and ECAP processing at 150 ◦C with a pressing speed
f 25 mm/min  are promising conditions to produce bulk cellulose
lastic materials.

Several typical XRD patterns of the original cellulose powder
nd bulk cellulose plastics (with no ball-milling before process-
ng) are shown in Fig. 3, displaying cellulose I type diffraction
atterns corresponding to (1 0 1), (1 0 −1), (0 0 2) and (0 4 0) crys-
allographic structures of cellulose (Ishii, Tatsumi, & Matsumoto,
003; VanderHart & Atalla, 1984; Zhao et al., 2007). The peak inten-
ity in the crystalline diagram of the processed cellulose materials
ecreased when the samples were processed at higher tempera-
ures (e.g. at 150 and 200 ◦C) or at higher pressing speeds (e.g.
5 mm/min), indicating a decrease in cellulose’s crystallinity under
he conditions. Meanwhile, the width of the reflections also became
roader especially after processing at a higher temperature or
nder a higher pressing speed, suggesting that the crystal size or the
rystalline regularity of the processed materials was  also decreased.
he small extent of thermal decomposition at high temperatures
e.g. 200 ◦C) would also play a role in such a decrease in crystallinity
nd crystalline regularity.

Ball-milling itself significantly disrupted the crystalline struc-
ures as seen in Fig. 4 showing that both crystallinity and crystal
ize/crystalline regularity were decreased after ball-milling. Note
hat the BP-ECAP processing thereafter made no much further
hange in the XRD patterns of the obtained bulk cellulose sam-
les both before passing the shear plane (no ECAP but only be
ompressed at 150 ◦C) and after passing the shear plane (Fig. 4).
lthough the ball-milled cellulose was ECAP processed into bulk
aterial immediately after the milling, the XRD patterns of the

all-milled powder was measured after conditioning and re-

rystallization might have occurred during the conditioning period
Paes et al., 2010). Therefore, the decrease in crystallinity due to
all-milling might be slightly underestimated. Because of such a
ignificant decrease in crystallinity and crystalline regularity, we

under different BP-ECAP conditions (150 ◦C – no ECAP and – ECAP samples were
taken from the same samples processed at 150 ◦C and 25 mm/min before (no ECAP)
and after (ECAP) passing the shear plane).
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ig. 5. 13C CP/MAS NMR  spectra of the cellulose samples processed by ECAP at diffe
as  25 mm/min.

id not attempt to conduct a quantitative analysis of the crystal
ize of these cellulose samples as demonstrated in Newman (1999)
nd Focher et al. (2001).

High-resolution solid-state NMR  is another powerful method to
tudy the change of crystalline structures of cellulose as demon-
trated in a series of publications (Atalla & VanderHart, 1999;
orii, Hirai, & Kitamaru, 1987; VanderHart & Atalla, 1984). The 13C
P/MAS NMR  spectrum of the cellulose powder (Fig. 5) displayed
he cellulose I poly-morphology as consistent with the XRD results,
nd the linewidth became broadened after ECAP. The resonances at
06, 80–95, 70–80 and 60–70 ppm are assigned to C-1, C-4, C-2,3,5
nd C-6 of the glucose units of cellulose respectively. As reported in
he literature (e.g. Newman, 1999), the C-4 signals are particularly
ell separated with the chemical shift at 91 ppm corresponding to

he crystalline phase while that at 85 ppm due to the amorphous
hase in cellulose. Therefore, the spectral deconvolution of the C-4

esonances can be taken as an indicator of crystallinity of the cel-
ulose materials and the data are listed in Table 2. In addition, the
wo resonances of C-6 at 60–70 ppm also related to the crystalline
nd amorphous phases of cellulose (although not as separated as

able 2
he crystallinity of the cellulose samples measured by NMR.a

Cellulose samples Ratio of peak area at

91 ppm/85 ppm 67 ppm/64 ppm

Cellulose powder – 20 �m 51/49 50/50
ECAC – 130 ◦C, 2 mm/min 49/51 46/54
ECAC – 130 ◦C, 25 mm/min  47/53 45/55
ECAC – 150 ◦C, 5 mm/min 41/59 42/58
ECAC – 150 ◦C, 25 mm/min  24/76 32/68
ECAC – 200 ◦C, 25 mm/min 25/75 27/73
Milled cellulose powder 29/71 32/68
Milled, no ECAC – 150 ◦C 28/72 33/67
Milled, ECAC – 150 ◦C, 25 mm/min  24/76 26/74

a The resonances at 91 and 67 ppm correspond to the crystalline phase of cellulose.
emperatures without prior-milling (A) and with prior-milling (B). The ECAP speed

the C-4 resonances), thus the deconvolution results of C-6 peaks
are also listed in Table 2 as a comparison with those from C-4.

The crystallinity of the original raw cellulose powder was
around 50% which was  decreased slightly after BP-ECAP at
130 ◦C without prior milling. A significant decrease in crystallinity
occurred after processing at 150 ◦C with a pressing speed of
25 mm/min, but further increase in processing temperature (e.g.
to 200 ◦C) did not result in a significant further decrease in crys-
tallinity. The utilization of ball-milling itself had a significant effect
on the decrease in the crystallinity of the cellulose powder. The
crystallinity of the prior-milled sample ECAP processed at 150 ◦C
was  ∼25%, quite similar to that processed under the same condition
but without prior-milling. It seems the mobile molecular motions
at Tg for the prior-milled sample (DMA data, Fig. 2 and Table 1)
could be attributed to the extensive modification of the molecular
motions of the amorphous phases during ECAP rather than a further
reduction in crystallinity.

For 13C nuclear systems with very weak spin-diffusion inter-
actions, the spin-lattice (T1) relaxation time (Focher et al., 2001;
Torchia, 1978) is sensitive to molecular motions of different groups
in different phases. Thus the crystalline and amorphous phases of
these bulk cellulose plastics can be examined through 13C T1 mea-
surements and the data are listed in Table 3. Normally greater 13C
T1 values were obtained for carbon resonances in the crystalline
phases while the values for those in the amorphous phases would
be much smaller. The intensity changes obtained from deconvolu-
tion of the C-4 peaks resulted in single 13C T1 components at both
91 and 85 ppm, reflecting the nature of the crystalline and amor-
phous phases respectively. As no deconvolution was applied to the
other resonances, two 13C T1 components were generally obtained
for these resonances with the shorter T1 component correspond-

ing to the amorphous phase while the longer one corresponding
to the crystalline phase. However, the ratio of the longer 13C T1
component cannot be directly taken as the crystallinity especially
for the C-1 resonance; as no hydrogen directly was bonded to it,



X. Zhang et al. / Carbohydrate Polymers 87 (2012) 2470– 2476 2475

Table  3
13C T1 values (s) and the composition of each component (%) of the cellulose samples.a

Samples 105 ppm 91 ppm 86 ppm 76 ppm 67 ppm 64 ppm

Cellulose – 20 �m 16.3 ± 3.1 (30%) 235 ± 19 45.0 ± 2.9 15.1 ± 1.8 (42%) 5.9 ± 1.0 (32%) 0.66 ± 0.38 (61%)
142  ± 15 (70%) 149 ± 17 (58%) 142 ± 11 (68%) 8.9 ± 6.2 (39%)

130 ◦C – ECAP 15.5 ± 3.8 (31%) 141 ± 7 42.4 ± 2.2 14.6 ± 2.8 (45%) 2.8 ± 0.5 (30%) 1.01 ± 0.35 (63%)
114  ± 18 (69%) 110 ± 14 (55%) 113 ± 8.9 (70%) 12.3 ± 6.9 (37%)

150 ◦C – ECAP 15.3 ± 3.6 (31%) 135 ± 6 44.0 ± 3.0 14.5 ± 3.0 (48%) 2.0 ± 0.2 (29%) 1.05 ± 0.33 (62%)
103  ± 18 (69%) 87.5 ± 14 (52%) 78.6 ± 2.9 (71%) 11.3 ± 7.1 (38%)

200 ◦C – ECAP 10.1 ± 2.8 (32%) 135 ± 4 44.8 ± 1.4 10.6 ± 1.1 (47%) 2.4 ± 0.6 (32%) 0.85 ± 0.16 (60%)
97.4  ± 17 (68%) 70.7 ± 6.8 (53%) 80.2 ± 5.9 (68%) 8.3 ± 2.2 (40%)

Cellulose-milled 16.1 ± 1.7 (42%) 255 ± 17 42.5 ± 2.0 12.6 ± 1.1 (55%) 3.7 ± 0.6 (34%) 0.90 ± 0.07 (68%)
150  ± 17 (58%) 106 ± 19 (45%) 141 ± 19 (66%) 11.4 ± 1.1 (32%)

Cellulose-milled 150 ◦C – no ECAP 14.5 ± 1.6 (43%) 189 ± 8 35.9 ± 2.0 12.2 ± 0.9 (58%) 2.4 ± 0.4 (34%) 0.85 ± 0.07 (66%)
133  ± 13 (57%) 99.4 ± 9 (42%) 123 ± 9 (66%) 11.8 ± 2 (33%)

Cellulose-milled 150 ◦C – ECAP 8.6 ± 2.5 (43%) 133 ± 12 31.8 ± 2.8 9.7 ± 1.1 (58%) 1.9 ± 0.3 (37%) 0.78 ± 0.06 (68%)
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70.9  ± 7 (57%)

a The ECAP pressing rate of 25 mm/min was used in processing the ECAP samples

he resonance in different phases might experience different cross-
olarization.

Processing the un-milled cellulose at 130 or 150 ◦C resulted in a
ecrease in the 13C T1 of the C-4 resonance in the crystalline phase
ut a minimal change was obtained for the C-4 in the amorphous
hase. Such a decrease in 13C T1 of the crystalline component was
btained for other resonances as well, but the values of the amor-
hous phase were also decreased for the C-6 resonance, suggesting
he modification of the mobility of side-chains. Decreases in 13C
1 in the amorphous phases were detected for all carbon reso-
ances when the processing temperature was increased to 200 ◦C,
nd these might correspond to thermal crosslinking and/or thermal
ecomposition which would more likely occur in the amorphous
hases. These effects might be responsible for the different XRD
atterns of the sample process at 200 ◦C (Fig. 3).

Ball-milling the cellulose did not change the 13C T1 values much
or either the crystalline or and amorphous phases, suggesting the

illing did not modify the motional nature of the two  phases in
ellulose although the crystallinity was reduced. For the sample
efore passing the shear plane (no ECAP), the 13C T1 values of
oth crystalline and amorphous phases were all reduced reflect-

ng the thermal compression effect, and these values were further
educed in the sample when exposed to ECAP deformation (passing
he shear plane) at 150 ◦C. Note that all resonances of the prior-

illed sample processed at 150 ◦C displayed lower 13C T1 values as
ompared to those un-milled samples processed under the same
ondition, indicating that more extensive motional modification
ccurred in processing prior-milled cellulose under the BP-ECAP
ondition, corresponding to its different dynamic mechanical prop-
rties.

The outcomes presented in this paper have demonstrated that
he BP-ECAP technique is an effective methodology to process cellu-
ose powder into bulk plastic materials which is difficult to achieve
y any other conventional polymer thermal processing methods.

t seems 150 ◦C is an optimum processing temperature for cellu-
ose to form a continuous morphology without significant thermal
ecomposition under the ECAP conditions. This temperature is
elatively low as compared to conventional thermal extrusion of
emi-crystalline polymers with high melting temperatures, and
his is an important advantage for natural polymer processing
o overcome their relatively low thermal decomposition tem-
eratures. A fast speed (25 mm/min) during ECAP seemed to be
lso favorable. The optimum processing conditions will be further
nvestigated including using multi-passes or further increasing the

ack pressure. Different shear strains may  also be tried by varying
he channel angles, although the elasticity of the materials needs
o be improved to sustain an increased shear deformation. Addi-
ives such as plant proteins, hemicellulose, lignin or tannin may
58.4 ± 4.4 (42%) 84.3 ± 7.4 (63%) 9.3 ± 1.0 (32%)

also be used to modify the material elasticity and the mechani-
cal performance of the cellulose materials. Trials on wood particles
will also be carried out under an optimum condition to produce
bulk “wood plastics” where the existing “impurity” in wood (such
as hemicellulose and lignin) might act as useful initial “additives”.
The success of this work could lead to a new paradigm for manufac-
turing plastic materials from agricultural cellulose-based waste and
the methodology should be easy to extend into industrial scales.

4. Conclusions

The present study demonstrates that BP-ECAP is an effective
method to process cellulose powder into bulk plastic materials
without using any additives. The processing temperature could
be as low as 150 ◦C and no significant thermal decomposition of
cellulose would occur. Continuous morphologies and reduced crys-
tallinity were obtained for these bulk plastics and their mechanical
strength was  comparable to those of polymer/cellulose composites.
Ball milling the cellulose powder effectively disrupted cellulose
structures and decreased the crystallinity, thereby enhanced the
chain penetration and intermolecular interactions through the
whole materials. Significant modification of the molecular motions
was  also produced for the cellulose materials under the ECAP con-
dition. The outcome provides a promising opportunity to produce
renewable and biodegradable plastics from agricultural cellulose-
based waste.
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