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ABSTRACT

All-cellulose nanocomposites, comprising two different forms of cellulose nanowhiskers dispersed in two
different matrix systems, are produced. Acid hydrolysis of both tunicate (T-CNWs) and cotton cellulose
(CNWs) is carried out to produce the nanowhiskers. These nanowhiskers are then dispersed in a cellu-
lose matrix material, produced using two dissolution methods; namely lithium chloride/N,N-dimethyl
acetamide (LiCl/DMAc) and sodium hydroxide/urea (NaOH/urea). Crystallinity of both nanocomposite
systems increases with the addition of nanowhiskers up to a volume fraction of 15 v/v%, after which a
plateau is reached. Stress-transfer mechanisms, between the matrix and the nanowhiskers in both of
these nanocomposites are reported. This is achieved by following both the mechanical deformation of
the materials, and by following the molecular deformation of both the nanowhiskers and matrix phases
using Raman spectroscopy. In order to carry out the latter of these analyses, two spectral peaks are used
which correspond to different crystal allomorphs; cellulose-I for the nanowhiskers and cellulose-II for the
matrix. It is shown that composites comprising a LiCl|/ DMAc based matrix perform better than NaOH/urea
based systems, the T-CNWs provide better reinforcement than CNWs and that an optimum loading of

nanowhiskers (at 15 v/v%) is required to obtain maximum tensile strength and modulus.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Cellulose is the most “common organic polymer” and utilized
material in the world (Klemm, Heublein, Fink, & Bohn, 2005). In
recent years the use of cellulose nanofibres has been extensively
reported in the literature as potential reinforcements in compos-
ite materials (Eichhorn, 2011; Eichhorn et al., 2010; Klemm et al.,
2011). With relevance to the present work cellulose nanowhiskers
were first discovered by Bengt Ranby in 1949 (Ranby, 1949). Later it
was shown that these colloidal rod-like particles of cellulose could
form stable chiral nematic liquid crystalline phases (Dong, Kimura,
Revol, & Gray, 1996; Revol, Bradford, Giasson, Marchessault, & Gray,
1992).

Favier et al. in 1995 (Favier, Chanzy, & Cavaille, 1995) were the
first to show that cellulose nanowhiskers could reinforce a poly-
mer matrix material. Cellulose nanowhiskers have subsequently
been reported to reinforce composite matrices such as epoxy resin
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(Tang & Weder, 2010), polyvinyl acetate (Rusli, Shanmuganathan,
Rowan, Weder, & Eichhorn, 2010), polyurethane (Mendez et al.,
2011) and polyesters (Goffin et al., 2011; Ten, Turtle, Bahr, Jiang,
& Wolcott, 2010). Most recently they have been reported to rein-
force hydrophobic polymers such as polypropylene (Pandey et al.,
2012)and poly(styrene-co-butadiene) and polybutadiene (Dagnon,
Shanmuganathan, Weder, & Rowan, 2012).In all of these nanocom-
posites, interfaces can occur between the nanowhiskers and the
matrix, between the nanowhiskers themselves through hydro-
gen bonding in a paper-like network, or most probably via both
mechanisms. Cellulose nanowhiskers and nanofibrils from tuni-
cates are known to possess high stiffnesses; experimental values of
~140-150 GPa have been reported (Iwamoto, Kai, Isogai, & Iwata,
2009; Sturcova, Davies, & Eichhorn, 2005). This makes them ideal
for reinforcement in composite matrices. It also is well-known that
cellulose nanowhiskers can form percolated networks in nanocom-
posite materials above a certain volume fraction (Capadona,
Shanmuganathan, Tyler, Rowan, & Weder, 2008; Capadona et al.,
2007; Favier et al., 1995). It is these percolated networks that form
the basis for much of the reinforcement observed in the nanocom-
posites, and disruption of the hydrogen bonding by water has
shown that this effect can be “turned off”, leading to a flexible
material (Capadona et al., 2008; Rusli et al., 2010).
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All-cellulose composites have been recently developed as an
alternative to the conventional approach to natural fibre compos-
ites (Huber et al., 2012). They were first developed and called
“all-cellulose” composites by Nishino et al. (Nishino, Matsuda, &
Hirao, 2004). They can be made by combining cellulose fibres (in
nano or micron sized form) with a dissolved matrix of the same
material (Huber et al., 2012). This dissolved matrix can either be
combined with the cellulose fibres (Qin, Soykeabkaew, Xiuyuan,
& Peijs, 2008), or the outer perimeter of the fibres themselves
can be selectively dissolved to form a matrix (Nishino & Arimoto,
2007; Soykeabkaew, Nishino, & Peijs, 2009a; Soykeabkaew, Sian,
Gea, Nishino, & Peijs, 2009b). Nanosized fibres from bacte-
rial (Soykeabkaew et al., 2009a,b), microcrystalline cellulose
(Abbott & Bismarck, 2010; Gindl & Keckes, 2005) and cellulose
nanowhiskers (Pullawan, Wilkinson, & Eichhorn, 2010; Qi, Cai,
Zhang, & Kuga, 2009) have been reported as effective reinforcing
agents for all-cellulose composites. In addition to this a num-
ber of cellulose dissolving solutions have been used to make the
matrix component; these include lithium chloride/N,N-dimethyl
acetamide (LiCl/DMAc) (Nishino et al.,, 2004), sodium hydrox-
ide/urea (NaOH/urea) (Qi et al., 2009) and ionic liquids (Duchemin,
Mathew, & Oksman, 2009; Ma, Zhou, Li, Li, & Ou, 2011; Ou et al.,
2012; Yousefi, Nishino, Faezipour, Ebrahimi, & Shakeri, 2011; Zhao
etal., 2009). Of these solvent systems, NaOH/urea has been recently
reported as a promising approach for the dissolution of cellulose for
a variety of applications, including all-cellulose composites (Cai &
Zhang, 2005, 2006; Cai et al., 2007; Zhou & Zhang, 2000).

It has been reported that enhanced mechanical properties are
obtained for all-cellulose composites compared to conventional
natural plant fibre-based composites (Huber et al.,2012). It is there-
fore important to better understand the interfaces that lead to these
enhanced effects seen in these so-called “interface-less” compos-
ites (Huber et al., 2012). Some work has already been carried out
to monitor interfaces in all-cellulose composites, both using X-
ray diffraction (Gindl, Martinschitz, Boesecke, & Keckes, 2006) and
Raman spectroscopy (Pullawan et al., 2010; Pullawan, Wilkinson,
& Eichhorn, 2012).

The Raman spectroscopic method for analysing interfaces in
composites relies on the monitoring of a shift in the peak position
of a characteristic Raman band. This band is typically associated
with the main-chain or backbone moieties of the polymer as
the material is deformed, either in tension or compression. The
effect was first observed for cellulose in 1997 (Hamad & Eichhorn,
1997), and has subsequently been applied to a wide range of
fibres (Eichhorn & Young, 2001; Eichhorn, Hughes, Snell, & Mott,
2000; Eichhorn, Sirichaisit, & Young, 2001a; Eichhorn, Young, &
Yeh, 2001b; Gierlinger, Schwanninger, Reinecke, & Burgert, 2006;
Hamad, Gurnagul, & Gulati, 2012; Peetla, Schenzel, & Diepenbrock,
2006), cellulose fibre reinforced composite materials (Eichhorn &
Young, 2003, 2004; Mottershead & Eichhorn, 2007; Tze, O’Neill,
Tripp, Gardner, & Shaler, 2007) and most recently cellulose nanofi-
bres and composites (Rusli & Eichhorn, 2008, 2011; Rusli et al.,
2010; Rusli, Shanmuganathan, Rowan, Weder, & Eichhorn, 2011).

In the present work we explore the influence of both the
reinforcement type (cellulose nanowhiskers from tunicates and
cotton) and the matrix type (dissolved cellulose using LiCl/DMAc
and NaOH/urea) on the stress transfer properties of all-cellulose
nanocomposites.

2. Experimental methods
2.1. Materials

Acetic acid, sodium hypochlorite solution (>4% chlorine) and
sulphuric acid (98%) were all purchased from Fisher Scientific.

Lithium chloride (LiCl) and N,N-dimethylacetamide (DMAc) were
purchased from Sigma-Aldrich. Microcrystalline cellulose (Avi-
cell, PH-101, particle size ~50 wm) was also purchased from
Sigma-Aldrich. Ion exchange resin (Amberlite MB 6113) was pur-
chased from Fluka.

2.2. Production of cellulose nanowhiskers

Tunicate cellulose nanowhiskers (T-CNWs) were prepared by
acid hydrolysis of tunicates (Styela clava) using sulphuric acid. The
tunicates were first gutted and then heated in 3% (w/w) aque-
ous potassium hydroxide at 80°C for 24h in order to remove
their outer walls, followed by mechanical agitation and scrubbing
(van den Berg, Capadona, & Weder, 2007). Two more treatments
with aqueous potassium hydroxide are then required, which is a
slight modification of a procedure previously reported by Yuan,
Nishiyama, Wada, & Kuga (2006). After neutralizing the tuni-
cates with 3L of water, 5ml of acetic acid and 10 ml of sodium
hypochlorite solution were added and heated up to 60°C for 1h.
After this, 5ml of acetic acid and 10ml of sodium hypochlo-
rite solution were added until the tunicate’s colour changed to
pure white. This bleaching procedure was repeated 2-3 times,
depending on the particular batch of tunicates. These bleached de-
proteinised walls were then washed with de-ionised water and
disintegrated using a Warring blender to yield a fine cellulose
pulp. Sulphate-functionalised tunicate nanowhiskers were then
prepared by sulphuric acid hydrolysis of tunicates according to a
modification of a method described by Elazzouzi-Hafraoui et al.
(2008). The fine cellulose pulp was added to 48% sulphuric acid
and subjected to vigorous mechanical stirring. The suspension was
then heated to 55 °C for 13 h while continually stirring. The disper-
sion was then cooled, filtered and washed with de-ionised water
until a neutral pH was reached. These nanowhiskers were then
re-dispersed in 1L of de-ionised water, sonicated overnight and
freeze-dried.

Cotton cellulose nanowhiskers (CNWs) were prepared using a
standard sulphuric acid hydrolysis of cotton linters as described
by Revol et al. (1992). A graduated cylinder containing 64% (w/w)
sulphuric acid was placed into a water bath at 45°C. The cotton
linters (40 g) were then added to the acid and stirred mechanically
for 45 min. De-ionised water (2.5L) was then used to dilute this
suspension, which was then settled and rinsed by centrifugation for
4 cycles (Centrifugation Sigma U-16, Sci-Quip) at 6000 rpm, using
10 min for each cycle. This suspension was then dialysed against
water until neutralized. After treatment with an ion-exchange resin
it was filtered using Whatman microfibre filters. The suspension
was thenrepeatedly sonicated (Branson Digital Sonifier) to produce
a colloidal suspension of nanowhiskers. This suspension was then
freeze-dried.

2.3. Production of all-cellulose nanocomposites

All-cellulose nanocomposite films were prepared using a
matrix of cellulose derived using two different solvent systems;
namely lithium chloride/N,N-dimethyl acetamide (LiCl/DMAc) and
sodium hydroxide/urea (NaOH/urea). These two different matrices
required two very different processing routes. For the LiCl/DMAc
system the first stage microcrystalline cellulose was “activated” in
de-ionised water for 5 h at room temperature. This step swells the
cellulose in preparation for dissolution. This activated cellulose was
then dehydrated in acetone and then in N,N-dimethylacetamide
(DMAC) for 5h and 4 h, respectively. Following this, the DMAc was
decanted from the dehydrated cellulose. An 8% solution (by total
weight) of LiCl was then added to the DMAc; 8 g of LiCl in 100g
of DMACc. This solution was stirred at 120°C for 30 min until the
LiCl had completely dissolved. This solution was then added to
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the cellulose, stirred using a magnetic stirrer, at room temperature
for 5-10 min. The resultant solution was stored in a sealed bottle
for 1 week to allow the dissolution to continue. The final cellulose
solution was centrifuged at 6000 rpm for 5 min to remove any air
bubbles and allow any large undissolved cellulose particles to sed-
iment. The presence of these particles was however found to be in
significant.

In order to prepare the NaOH/urea solvent dissolved cellulose a
100 g mixture of NaOH, urea and de-ionised water, in weight pro-
portions, was prepared. This mixture was pre-cooled to ~13°C.
Cotton linters (5g of pulp) were added to this mixture and vig-
orously stirred for 5min to obtain a transparent solution. It was
found that it was not possible to use activated microcrystalline cel-
lulose as a starting material for this solvent system. The solution,
having dissolved the cellulose, was then centrifuged at 6000 rpm
for 10 min to remove any air bubbles.

T-CNWs and CNWs were separately added to these two matrix
systems using two slightly different methods, but varying the
nanowhisker content from 5 to 20% (prepared from 10 wt% T-CNW's
and CNWs suspensions). For the LiCl/DMAc system nanowhiskers
were simply added to the solution and ultrasonicated for 6h.
For the NaOH/urea system the suspension was warmed to room
temperature and the nanowhiskers were added and stirred for
30min. After this the suspension was centrifuged at 6000 rpm
for 5min. In each case a transparent suspension resulted. The
LiCl/DMAc/nanowhiskers suspension was cast into a Petri dish and
left under ambient conditions until a transparent film formed. This
film was then washed in de-ionised water to remove any residual
solvent and dried on a glass plate under ambient temperature con-
ditions. The NaOH/urea/nanowhiskers suspension was spread on
a glass plate which was then immersed in a coagulation bath of
5 wt¥% sulphuric acid for 5 min at room temperature. The final film
thicknesses were in the range 30-50 pm.

2.4. X-ray diffraction of all-cellulose nanocomposites

The crystallinities of the all-cellulose nanocomposites were
determined using an X-ray diffractometer (Phillips X'Pert-MPD)
using 1.54 A CuKa radiation, with a step size of 0.05° over the 26
range 5-60°. Segal’s method (Segal, Creely, Martin, & Conrad, 1959)
was used to determine the percentage crystallinity (x) according
to the equation

X = hoo=lfam 449 (1)
Loo

where I, g is the maximum intensity of the 2 00 lattice reflection,
which is typically located in the range 26 = 21-23° for cellulose, and
Iam is the intensity of the region of the diffraction pattern located at
20=18°; the location of the intensity maxima for fully amorphous
cellulose. Samples were rotated in the diffractometer to overcome
effects of preferred orientation. The films do not contain oriented
nanowhiskers, as has previously been reported (Pullawan et al.,
2012).

2.5. Mechanical testing of all-cellulose nanocomposites

The all-cellulose nanocomposite films were cut into
50mm x 5mm strips. The thicknesses of these strips were
determined using a micrometre. Prior to testing all samples were
equilibrated at a temperature and humidity of 23+1°C and
504 5% for 24h. The tensile properties of the composite films
were obtained using an Instron 1121 universal testing machine
with Series IX software. After calibrating the machine, samples
were mounted between the grips and deformed in tension at a
cross-head speed of 1 mmmin~'. A load cell (full-scale of 500 N)
was used to record the load and at least 10 samples were tested

to failure for each volume fraction. Strain was assumed to be the
equal to the cross-head displacement divided by the original length
of the sample. Engineering stress was determined by dividing the
load by the cross-sectional area of the sample.

2.6. Raman spectroscopy and micromechanics of all-cellulose
nanocomposites

ARenishaw system 1000 Raman imaging microscope with a low
power (25 mW) near infrared laser (785 nm) was used to record
spectra from the all-cellulose nanocomposites. A 50x objective
lens with a 0.60 numerical aperture was used to focus the laser
on the samples to a spot size of ~1-2 wm. Spectra were recorded
in the range 1060-1140 cm™!, including an intense peak located at
~1095 cm1. A similar spectral range was also captured to record
the position of a peak located at ~895cm~!. All spectra were
recorded using an exposure time of 40 s with 4 accumulations. The
laser polarization direction was set to be parallel to the deformation
axis of the samples and the scattered light was also polarized in the
same direction. Samples were deformed in tension using a Deben
Microtest deformation rig. Each sample was secured to a cardboard
‘window’ specimen mount, which was clamped between the jaws
of the rig. Each side of the card was burnt away using an artists’
pyrography machine. Tensile increments (0.2%) were applied to the
specimen and at each increment a Raman spectrum was recorded.
Each spectrum was fitted, in order to find the peak positions, using
an automated algorithm, and a mixed Gaussian-Lorentzian func-
tion, based on the work of Marquardt (1963).

3. Results and discussion
3.1. X-ray diffraction and crystallinity

Typical X-ray diffraction patterns obtained from both pure
matrix materials (LiCl/DMAc and NaOH/urea dissolved cellulose)
and nanocomposite specimens containing nanowhiskers (T-CNWs
and CNWs; both at 20 v/v%) are shown in Fig. 1a and b. All peaks for
the LiCl/DMACc solvent derived matrix material (Fig. 1a) are indica-
tive of a cellulose-II structure. The peaks present for the NaOH/urea
are also indicative of a cellulose-II structure; with the exception of
a peak located just to the left of the cellulose peak at ~11.9° which
is thought to be due to the silicone adhesive used to secure the
samples to the stage. This peak is not as intense for the LiCl/DMAc
samples. We have previously noted its appearance (Pullawan et al.,
2010) but also note that it does not affect the measurement of
crystallinity using Segal’s method. Other peaks located at 20=12.1,
19.8, and 22.0° are characteristic of the (110), (110) and (200)
planes assigned to the cellulose-II crystal, in agreement with Qi
et al. (2009). The shapes of the peaks located at 20=21-23° are
unique for the different solvent systems. This may be due to the
fact that different starting materials were used resulting in dif-
ferent crystal sizes in the regenerated cellulose. The shape and
form of the peak located at ~22°, assigned to the (200) plane by
Abbott & Bismarck (2010), has the suggestion of a slight shoul-
der on its left side, hence our assignment of (110)/(200). When
the cellulose nanowhiskers are added to these matrix materials
(Fig. 1b) again unique diffraction patterns are observed for the two
different matrix systems. The LiCl/DMAc system exhibits a much
broader peak at 260 =21-23°, which would suggest a smaller lateral
crystal size. No apparent differences are observed between diffrac-
tion patterns for nanocomposites with different nanowhisker types
contained within the same matrix systems.

The crystallinities of the samples as a function of volume frac-
tion of nanowhiskers are reported in Fig. 2a and b for the two matrix
systems, and compared with the pure nanowhiskers. The T-CNWs



34 T. Pullawan et al. / Carbohydrate Polymers 100 (2014) 31-39

(a) T T T

18000

(11 d)/(zoé) y

16000
14000

12000 LiC/DMAc/cellulose

10000

8000

Intensity (Arbitrary Units)

6000 NaOH/urea/cellulose

4000 -

1 1 1 1 1
10 20 30 40 50 60
26 (°)
(b) 50000 T T T T T T T T T
45000 .
40000 1 NaOH/urea/T-CNWs |
:@ 35000
£ I
2. 0000 NaOH/urea/CNWs
£ 25000
'_a -
& 20000
2 15000 | LIC/DMAC/T-CNWs ]|
2
2 10000
5000 | LIC/DMAC/CNWs
N
1 1 1 1 1

Fig. 1. Typical X-ray diffraction patterns for (a) pure cellulose matrix systems
derived using LiCl/DMAc and NaOH/urea solvent systems and (b) all-cellulose
nanocomposites produced using these matrix systems and containing cellulose
nanowhiskers derived from tunicates (T-CNWs) and cotton (CNWs). Whisker con-
tent 15 v/v¥%.

have a much higher crystallinity (>80%) than the CNWs. This is
possibly as a result of the higher crystallinity of the cellulose in
the starting material. Conversely, the crystallinities of both pure
matrix systems are low (<40%), with the LiCl/DMACc system yield-
ing a slightly higher crystallinity than the NaOH/urea system. The
crystallinities of the nanocomposites also increase with the addi-
tion of nanowhiskers, up to a maximum at 15 v/v%. The samples
containing T-CNWs have marginally higher overall crystallinities,
for both matrix systems, than for CNWs; this is thought to be sim-
ply due to the higher crystallinity of the T-CNWs. Above 15 v/v%
of nanowhiskers the crystallinity is observed to plateau, within the
margins of error.

3.2. Mechanical properties of all-cellulose nanocomposites

Typical stress strain curves for nanocomposites containing vary-
ing volume fractions of T-CNWs and CNWs, for both matrix systems
are shown in Fig. 3. All curves are non-linear, with an initial steep
slope, and a yield point at ~1%. Yield points of ~1% have been
previously observed, and commented, on for regenerated cellu-
lose fibres (Kong & Eichhorn, 2005a,b). Here it was shown from
spectroscopic data that a breakdown of hydrogen bonding occurs
at this point (Kong & Eichhorn, 2005b), but evidence for this was
not obtained for these samples. Nevertheless, hydrogen bonding
between the matrix and the reinforcing nanowhiskers, and also
within the networks of nanowhiskers themselves, is thought to
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Fig. 2. Crystallinities of cellulose nanowhiskers, matrix systems and all-cellulose
nanocomposites; (a) all-cellulose nanocomposites produced using a LiCl/DMAc sol-
vent system compared to cellulose nanowhiskers from tunicate (T-CNWs) and
cotton (CNWs) and a pure matrix system (LiCl/DMAc matrix) and (b) all-cellulose
nanocomposites produced using a NaOH/urea solvent system compared to cellulose
nanowhiskers from tunicate (T-CNWs) and cotton (CNWs) and a pure matrix system
(NaOH/urea matrix).

play a significant role in the mechanics of these materials. The
shape of this curve is also typical for cellulose-based self-reinforced
films previously reported in the literature (Gindl & Keckes, 2007).
The change in slope for these materials was reported to be due
to a disruption of intramolecular and intermolecular hydrogen
bonds (Gindl & Keckes, 2007). Given the high volume fractions
of nanowhiskers present in our nanocomposites it is thought that
we are above the percolation threshold. The aspect ratios of our
nanowhiskers are 72.8 +40.8 and 17.2 + 6.2 for T-CNWs and CNWs
respectively, as previously reported (Pullawan et al., 2012). This
means that the critical concentrations for percolation Cy given by
the equation (Capadona et al., 2008).
0.7

Cy = 7 (2)
are ~1% and ~4%. We accept there is a lot of heterogenaiety to the
aspect ratio data but in each case with the very lowest aspect ratio
possible this leads to values of ~2% and ~6%. Therefore all of our
samples are thought to be above the percolation threshold concen-
tration. This means that hydrogen bonding should definitely play a
significant role in the mechanics of these materials. Any enhance-
ment of this bonding could therefore be a possible route to improve
mechanical properties.

For the LiCI/DMACc system, the tensile strength increased con-
siderably with respect to the matrix film, and reached maximum
values of 165.4+3.9MPa and 142.5+4.1MPa for 15 v/v% of
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Fig. 3. Typical stress strain curves for pure cellulose matrices and all-cellulose nanocomposites produced using a LiCl/DMAc solvent system (a and b) and an NaOH/urea
solvent system (c and d), reinforced using cellulose nanowhiskers derived from (a and c) tunicates (T-CNWs) and (b and d) cotton (CNWs) at a range of volume fractions

(5-20 v/v%).

T-CNWs and CNWs respectively (see Table 1 and Fig. 3a and b).
Young’s moduli of the nanocomposites also increased with the
addition of nanowhiskers; 293% and 183% for T-CNWs and CNWs
respectively (up to 15 v/v%; see Table 1). In a similar manner the
maximum tensile strength of nanocomposites produced using a
NaOH/urea solvent system also increases with increasing whisker
content up to a maximum at 15 v/v%; to 137.1+2.9MPa and
127.4 £ 3.7 MPa for T-CNWs and CNWs respectively (see Table 2
and Fig. 3c and d). Young’s moduli also increase, up to a
maximum at the same volume fraction; by 312% and 192% for

Table 1

Mechanical properties for pure matrix material and all-cellulose nanocomposites
produced using an LiCl/DMAc solvent system and a range of volume fractions
(5-20 v/v%) of cellulose nanowhiskers derived from tunicates (T-CNWs) and cotton
(CNWs).

T-CNWs and CNWs respectively (see Table 2). These increases
are thought to occur due to the increasing influence of the stiff
nanowhiskers, and the stress transfer between the matrix and this
phase. As the whisker content increases, the strain to failure of
the nanocomposites decreases, leading to an embrittlement of the
material. A decrease in mechanical properties is noted at higher
concentrations for all nanocomposite samples, with one exception,
where the modulus of the NaOH/urea/T-CNWs sample at 20 v/v%
appears to be the same (within error bounds) as the 15 v/v% sample.
The mechanical properties of our films are comparable to other

Table 2
Mechanical properties for pure matrix material and all-cellulose nanocomposites
produced using an NaOH/urea solvent system and a range of volume fractions
(5-20 v/v%) of cellulose nanowhiskers derived from tunicates (T-CNWs) and cotton
(CNWs).

Sample Young’s Stress at break Strain at Sample Young'’s Stress at break Strain at
modulus (GPa) (MPa) break (%) modulus (GPa) (MPa) break (%)
Matrix film 3.0+ 0.1 97.7 £ 3.9 73 +03 Matrix film 25+0.2 814 +39 7.8 +0.3
5 v/v% CNWs 51+ 04 1184 £ 3.5 4.7 +£02 5 v[v% CNWs 45+ 0.2 103.6 £ 2.2 6.4+ 04
10 v/vECNWs 6.3 £0.3 132.1 £ 4.0 4.0+ 0.2 10 v/v% CNWs 55+ 0.1 119.6 £ 2.1 52+03
15 v/v%CNWs 8.0+ 0.2 1425 + 4.1 34402 15 v/v% CNWs 7.2 +0.1 127.4 + 3.7 43 4+0.2
20 v/v%CNWs 8.5 +0.2 1269 + 3.8 28 +0.3 20 v/v% CNWs 73 +£0.2 1244 £28 38+0.2
5 v[vETNWs 6.3 £0.3 134.0 £ 4.2 44 £ 05 5 v/v% TNWs 58 £ 0.2 116.2 £ 3.0 57 +03
10 v/v%TNWs 8.1 +0.1 149.2 £ 32 38+04 10 v/v% TNWs 8.0 +0.2 1282 £ 3.5 49 +£0.2
15 v/v%TNWs 11.8 £ 0.2 165.4 +£ 3.9 32+06 15 v/v% TNWs 9.8 £ 0.2 1371 £29 41+02
20 v/v%¥TNWSs 12.0 £ 0.2 1534 + 3.0 28 £0.6 20 v/v% TNWs 103 £ 0.2 133.0 £ 2.8 2.7+03
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all-cellulose nanocomposites reinforced with nanowhiskers
reported in the literature e.g. 124 MPa for strength and 5.1 GPa
modulus (at 10 v/v%) (Qi et al., 2009). They are however lower
than unidirectionally oriented all-cellulose composites, where
typically values of ~400-900MPa and ~20-30GPa for strength
and modulus have been reported (Soykeabkaew et al., 2009a,b;
Gindl et al., 2006; Nishino et al., 2004).
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Fig.4. Typical Raman spectra obtained in the range 200-1600 cm~"! for (a) cellulose
nanowhiskers derived from tunicates (T-CNWs) and cotton (CNWs) highlighting
the position of a band located at ~1095cm™!, (b) an all-cellulose nanocompos-
ite comprising cellulose nanowhiskers (T-CNWs) contained in a cellulose matrix
derived from an LiCI/DMAc solvent system and the pure matrix system with-
out nanowhiskers and (c) an all-cellulose nanocomposite comprising cellulose
nanowhiskers (T-CNWs) contained in a cellulose matrix derived from an NaOH/urea
solvent system and the pure matrix system without nanowhiskers.

3.3. Micromechanical properties of all-cellulose nanocomposites

Well-defined Raman spectra are obtained from the
nanowhiskers (T-CNWs, CNWs), the matrices (from LiCl/DMAc and
NaOH/urea solvent systems) and the nanocomposites comprising
these components (see Fig. 4). The most prominent peak in the
spectra obtained from all samples is located at ~1095cm~!. This
peak has been previously assigned to the C—O stretch modes along
the cellulose backbone (Wiley & Atalla, 1987) and most recently to
the glycosidic moiety (—C—0—C—) (Gierlinger et al., 2006). There
are no observable differences in the Raman spectra for T-CNWs
and CNWs (see Fig. 4a), and each spectrum is indicative of a
cellulose-I allomorph (Wiley & Atalla, 1987). The Raman spectrum
for cellulose-II is differentiated from that of cellulose-I by the pres-
ence of a peak located at ~895 cm~!; this peak is clearly observed
for both matrix systems (see Fig. 4b and c) (Atalla & Dimick, 1975).
This indicates that the NaOH/urea solvent system does produce
a cellulose-II allomorph of cellulose. When the nanowhiskers are
added to each matrix system a composite spectrum is obtained,
with the peak located at ~1095 cm~! comprising signals from both
the reinforcing nanowhiskers and the matrix. The peak located
at ~895cm~! is thought to be only due to the matrix phase, and
can be used to discriminate the deformation of this phase from
the reinforcing whiskers (Pullawan et al., 2010). The Raman band
initially located at ~1095cm~! is much lower in intensity for

(a) 13500 : : : : :

13000

12500
12000

11500

Intensity (Arbitrary Units)

11000

10500 n 1 n 1 n 1 n 1 n 1 n
1080 1085 1090 1095 1100 1105 1110

-1
Raman wavenumber (cm™)

(b) 8600 T T T T T T T T T T
8400 |- 4 0%

8200 |-

8000 L
7800 L
7600 L
7400 L
7200 L

7000 -

Intensity (Arbitrary Units)

6800 |-
6600 |-

6400 -

R 1 R 1 R 1 R 1 R 1 R
880 885 890 895 900 905 910

-1
Raman wavenumber (cm™)

Fig. 5. Typical shifts in the peak positions for Raman bands initially located at (a)
~1095cm~" and (b) ~ 895 cm~! for all-cellulose nanocomposites produced using a
LiCl/DMACc solvent system derived matrix reinforced with 15 v/v% tunicate cellulose
nanowhiskers (T-CNWs).
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Fig. 6. Shifts in the peak positions of the Raman band initially located at ~1095 cm~!
as a function of tensile deformation of all-cellulose nanocomposites and matrix
materials produced using a LiCI/DMAc solvent system reinforced with cellulose
nanowhiskers derived from (a) tunicates (T-CNWs) and (b) cotton (CNWs) with a
range of volume fractions (5-20 v/v%).

the NaOH/urea sample than for the LiCI/DMAc sample, possibly
suggesting a slightly different form to the matrix.

Both the bands located at ~1095cm~! and ~895cm~! were
found to shift towards a lower wavenumber position, upon the
application of tensile deformation; typical examples of this are
shown in Fig. 5a and b. These shifts are indicative of molecular
deformation of the cellulose chains within the nanocomposites
arising due to stress-transfer within each component; namely the
reinforcing nanowhiskers and the matrix. Detailed positional data
from both bands for nanocomposites comprising two different
forms of cellulose nanowhiskers and the two matrix systems are
reported in Figs. 6 and 7. These data indicate a non-linear shift
in wavenumber position, reflecting the shape of the stress-strain
curves shown in Fig. 3. These data all show that as the volume frac-
tion of the nanowhiskers is increased, the rates of the shifts with
respect to strain appear to increase. This increase can be attributed
to an increasing stiffness of the composites, due to the presence of
increasing volume fractions of nanowhiskers; since the band shift
rate with respect to strain has previously been shown to be pro-
portional to the modulus (Eichhorn et al., 2001a,b). It is noticeable
however that above 15 v/v¥% the shift rate of the data (for the 20
v/v%)appears to decrease. This is in agreement with the mechanical
properties and crystallinity data (see Tables 1 and 2). Qualita-
tively it is also noted that the data for the nanocomposites using
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Fig.7. Shiftsin the peak positions of the Raman band initially located at ~1095 cm~!
as a function of tensile deformation of all-cellulose nanocomposites and matrix
materials produced using an NaOH/urea solvent system reinforced with cellulose
nanowhiskers derived from (a) tunicates (T-CNWs) and (b) cotton (CNWs) with a
range of volume fractions (5-20 v/v%). Solid lines are 3rd order polynomial fits to
the data.

a NaOH/urea system appear to be overlap to a greater extent than
the LiCl/DMAc based samples. Much lower increases in mechani-
cal properties are noted for the NaOH/urea matrix system-based
nanocomposites.

During deformation of the samples, the position of the Raman
band initially located at ~895cm~! was also recorded. These data
are reported in Fig. 8a and b for the LiCI/DMAc and NaOH/urea
matrix based nanocomposites. For brevity we only show data from
the 15 v/v% samples, as these were expected to show the greatest
difference compared to the unreinforced matrix. Little difference is
however observed between datasets; matrix and 15 v/v% samples’
datasets almost overlap. This shows that the mechanical properties
of the nanocomposites are mostly dictated by the presence of the
nanowhisker phase, and little effect is noted in the matrix itself.
This is what would be expected for a typical composite material.

All shift data (Figs. 6 and 7) have been fitted using 3rd order
polynomials. By taking the first derivative of this fit, the gradients
of these curve have been obtained. This calculation was performed
at a strain of 0.5%, and these data are reported in Tables 3 and 4. No
clear differences can be seen between the shift rates with respect
to strain for the pure matrix materials. On average the shift rates
observed for the nanocomposites made with the LiCl/DMAc matrix
system are higher than those made with the NaOH/urea system,
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Fig. 8. Shifts in the peak positions of the Raman band initially located at ~895 cm~!
as a function of tensile deformation of all-cellulose nanocomposites and matrix
materials produced using (a) LiCI/DMAc and (b) NaOH/urea solvent systems, rein-
forced with cellulose nanowhiskers from tunicates (T-CNWs) and cotton (CNWs) at
a volume fraction of 15 v/v%.

which follows the mechanical properties data obtained for these
materials. It is also noted that nanocomposites filled with T-CNWs
achieve, on average, much higher band shift rates with respect
to strain. This is expected since it is known that T-CNWSs possess
much higher aspect ratios than CNWs (Rusli et al., 2011), leading
to enhanced stress-transfer and higher mechanical properties. In
addition to this T-CNWs are assumed to have a higher stiffness
compared to CNWs; values of ~140 GPa have been reported for

Table 3

Raman band shift rates with respect to strain for pure matrix material and all-
cellulose nanocomposites produced using a LiCl/DMAc solvent system and a range
of volume fractions (5-20 v/v%) of cellulose nanowhiskers derived from tunicates
(T-CNWs) and cotton (CNWs). Data are obtained from a first derivative of a 3rd order
polynomial fit to the positions of the Raman peak initially located at ~1095 cm~!
(see Fig. 6).

Sample Band shift rate with respect to strain (%¥cm~1)
Matrix (LiCl/DMAc) -0.3+0.1

5 v/v% T-CNWs —-0.8(0.04)

10 v/v% T-CNWs —1.3(0.04)

15 v/v% T-CNWs -1.9+0.1

20 v/v% T-CNWs -1.5+0.1

5 v/vi% CNWs -0.5+0.1

10 v/v% CNWs —0.7 (0.03)

15 v/v% CNWs -0.94+0.1

20 v/v% CNWs —-0.8(0.04)

Table 4

Raman band shift rates with respect to strain for pure matrix material and all-
cellulose nanocomposites produced using a NaOH/urea solvent system and a range
of volume fractions (5-20 v/v%) of cellulose nanowhiskers derived from tunicates
(T-CNWs) and cotton (CNWs). Data are obtained from a first derivative of a 3rd order
polynomial fit to the positions of the Raman peak initially located at ~1095cm™!
(see Fig. 7).

Sample Band shift rate with respect to strain (% cm~1)
Matrix (NaOH/urea) -0.2+0.1

5 v/[v% T-CNWs —0.6+0.1

10 v/v% T-CNWs —1.0(0.03)

15 v/v% T-CNWs —1.5(0.04)

20 v/v% T-CNWs -1.3+0.1

5 v/v% CNWs —0.4(0.04)

10 v/v% CNWs —-0.5(0.03)

15 v/v% CNWs -0.7+0.1

20 v/v% CNWs —0.6+0.1

T-CNWs (Iwamoto et al., 2009; Sturcova et al., 2005) compared
to 50-105 GPa for CNWs (Rusli & Eichhorn, 2008). All datasets are
observed to go through a maximum at 15 v/v¥%, corresponding with
the maxima in strength and modulus observed for the samples’
mechanical properties (see Tables 1 and 2). This shows the intimate
relationship between the molecular deformation of the cellulose
nanowhiskers, as a result of stress-transfer between the matrix
and this reinforcing phase, and the mechanical properties of the
nanocomposites themselves.

4. Conclusions

Structure property relationships between the crystallini-
ties, mechanical properties and micromechanics of all-cellulose
nanocomposites have been made. Two different matrix systems,
and two different forms of cellulose nanowhisker, have been com-
pared. It has been shown that cellulose nanowhiskers can reinforce
matrices formed from LiCl/DMAc and NaOH/urea dissolved cellu-
lose. A maximum reinforcement volume fraction of 15 v/v% has
been found, after which mechanical properties have been observed
to decrease. This decrease in mechanical properties also occurs at
the same point as a plateau in the crystallinities found for the mate-
rials. Tunicate cellulose nanowhiskers are found to enhance the
mechanical properties of the nanocomposites to a greater degree
than cotton derived nanowhiskers. By following the molecular
deformation of the nanowhiskers themselves, using a Raman spec-
troscopic technique, it is shown that this enhancement can be
followed. Finally, it is thought that a combination of the LiCl/DMAc
matrix system and the tunicate cellulose nanowhiskers yields the
best mechanical properties.
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