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Abstract During the last two decades, work sur-
rounding the preparation of a vast array of cellulose
nanomaterials from both wood and non-wood based
sources has steadily intensified. This study reports on
the isolation of high aspect ratio nanocellulose from an
arid grass source commonly called “spinifex”, Trio-
dia pungens, via an optimised sulfuric acid hydrolysis
protocol. The unique attributes of 7. pungens have
enabled pulping and bleaching under milder condi-
tions than used in typically reported protocols,
followed by relatively easy deconstruction into
nanofibres with an unprecedentedly high aspect ratio.
Hydrolysis of bleached 7. pungens under these
optimised processing conditions has yielded nanocel-
lulose with a very high aspect ratio of 144 (average
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dimensions of 3.45 £ 1 nm x 497 & 106 nm), a
crystallinity of 73% and a production yield of 42%.
Based on the spectroscopic and X-ray scattering
analyses, an unusually high content of hemicellulose
(42%) is correlated with both the ease of deconstruc-
tion and the retention of nanocellulose length. This
high hemicellulose content also appears to give rise to
a lower transverse stiffness than previously-reported
values for wood sources.

Keywords Nanocellulose (NC) - High aspect ratio -
Spinifex - Acid hydrolysis - Hemicellulose - Nanofibre

Introduction

The concept of breaking down lignocellulosic fibres
into structural components and smaller nanomaterials
has recently gained intense academic and industrial
interest. Due to useful chemical functionalities, high
specific mechanical properties, and global abundance,
nanocellulose (NC) can be potentially exploited for a
large number of applications in various industries such
as in light-weight materials, automotive, aerospace,
paints, healthcare, energy, food, cosmetics and envi-
ronmental health sectors (Kaushik and Moores 2016;
Mohammadinejad et al. 2016; Moon et al. 2011b). A
typical protocol for producing cellulose nanocrystals
(CNCs), a common form of nanocellulose, involves
(1) pulping and pre-treatment processes in order to
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mechanically disintegrate the macrofibres into micro-
fibers and to remove lignin and hemicellulose, (2)
deconstruction and removal of the amorphous com-
ponents by acid/enzymatic hydrolysis or oxidation,
and (3) disintegration of nanocrystals by mechanical
shearing or ultrasonication (Beck-Candanedo et al.
2005a; Fleming et al. 2001; Krishnamachari et al.
2012; Lavoine et al. 2012; Lin et al. 2012; Mendez
et al. 2011; Paakko et al. 2007). Depending on the
source of cellulose and hydrolysis conditions
employed (e.g. controlled time, temperature and acid
concentration), CNCs with variable morphology and
property profiles can be produced (Brinchia et al.
2013; Krishnamachari et al. 2012; Peng et al. 2011;
Yue et al. 2012). Typically, the isolation of CNCs via
acid hydrolysis or similar protocols from lignocellu-
losic biomass sources like wood pulp and other non-
wood pulps (e.g. cotton, sisal, flax and jute) has
typically resulted in short ‘rod-like’ or elongated ‘rice-
like’ nanocrystals with an aspect ratio ranging
between 16 and 50 (Brinchia et al. 2013; Moon et al.
2011b; Oksman et al. 2016). In contrast, the isolation
of high aspect ratio nanocellulose (typically 70-100)
from rare marine creatures called tunicates (urochor-
dates) has been achieved via acid hydrolysis, and these
tunicate-derived NC have been successfully utilized as
efficient polymer composite reinforcing nanofillers, in
part due to satisfying the “critical length” criteria
(Eichhorn 2011; Elazzouzi-Hafraoui et al. 2008;
Favier et al. 1995; Jorfi et al. 2013a; Khandelwal and
Windle 2013; Peng et al. 2011; Zhao et al. 2015).
However, due to the rarity of the tunicates, their use
has generally been restricted to academic research
activities and the mass production of more affordable
high aspect ratio nanocelluloses from plant materials
via a typical acid-hydrolysis methods still remains a
challenge. Herein, we address this challenge, demon-
strating the successful production of high aspect ratio
nanocellulose from ‘spinifex grass’, by using a milder
pulping process and an optimised acid hydrolysis
procedure.

Spinifex grasses can be traced back over 15 million
years, surviving in highly drought-prone regions and
low-nutrient soils, and growing predominantly in arid
and semi-arid Australian grasslands which cover one-
third of the continent (roughly 2.1 million km? in area)
(Crisp et al. 2015; Toon et al. 2015). Using one of the
most abundant spinifex grasses (Triodia pungens), we
have recently reported an easy deconstruction of high
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aspect ratio cellulose nanofibres using a milder
pulping treatment and low mechanical energy con-
sumption. This has been attributed to the unique
spinifex leaf anatomy and high hemicellulose content
(Amiralian et al. 2015a, b). In this study, we inves-
tigate the impact of residual lignocellulosic compo-
nents in spinifex pulp, specifically hemicellulose on
the subsequent acid hydrolysis treatment. It should be
noted that nanocellulose (NC) with a low aspect ratio
(<100), and typically obtained via an acid hydrolysis
process are commonly called ‘cellulose nanocrystals’
(CNCs), or have been previously referred to as
‘nanowhiskers’ or ‘whiskers’ (Abdul Khalil et al.
2014). In order to avoid confusion, the nanocellulose
obtained from 7. pungens grass herein will be
described as general nanocellulose (NC). However,
according to the extraction method they could be
described as acid hydrolysed ‘cellulose nanocrystals
(CNGCs)’, or alternatively, based on the observed
morphology it could be legitimately classified as
‘cellulose nanofibrils’ (CNFs).

Materials and methods
Materials

T. pungens grass material was collected from the
native arid grasslands around Camooweal, Queens-
land, Australia (19.9°S, 138.1°E). The pulping and
hydrolysis chemicals; sodium hydroxide and glacial
acetic acid (Ajax Finechem, Scoresby, Australia),
sodium chlorite—Technical Grade 80% (Sigma-
Aldrich Castle Hill, Australia), and sulphuric acid
98% (RCI Labscan Bangkok, Thailand), were used as
received.

Isolation of NC from T. pungens via acid hydrolysis

T. pungens bleached pulp was prepared using the
methods we described previously (Amiralian et al.
2015a). Briefly, washed and ground grass was firstly
delignified with a 2% (w/v) sodium hydroxide solution
at a solvent to solid ratio of 10:1 and a temperature of
80 °C for 2 h, followed by bleaching with a 1% (w/v)
acidic solution of sodium chlorite at 70 °C for 1 h and
at a solvent to solids ratio of 30:1. The lignocellulosic
composition of water washed spinifex grass and
bleached pulp were analysed using the standard
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methods (TAPPI T-222 om-88, 2006; TAPPI UM-
250, 1991), as also described in our previous work
(Amiralian et al. 2015b).

With the aim of optimising the acid hydrolysis
protocol for producing CNC, the bleached pulp was
treated with a sulphuric acid solution at various
concentrations (35-50% (v/v)), different temperatures
(45 and 50 °C) and times (1, 3 and 6 h). After
hydrolysis, the fibre dispersions were centrifuged for
20 min at 4750 rpm 4 times in order to remove the
excess acid and dissolved extractables. Subsequently,
the resultant precipitate was dialysed in deionised
water for one week and then re-suspended in deionised
water using an ultrasonic probe (Q500 Sonicator,
QSonica Newtown, United States) set at 25% ampli-
tude, with a frequency of 20 kHz and an output energy
of 500 W for 20 min. The efficiency of the process
was evaluated by measuring the production yield and
visual appearance. The approximate production yield
of NC was calculated using the Eq. (1):

_ Dryweight of nanocellulose (g)

Yield% =
rerare Dry weight of bleached fibre (g)

x 100

(1)

where the dry weight of samples was measured after
drying in a convection oven at 105 °C until a constant
weight was obtained.

Attenuated total reflectance (ATR) fourier
transform infrared spectroscopy (FT-IR)

In order to understand the chemical composition and
functionalities of the T. pungens samples, Fourier
transform infrared spectroscopy was performed on a
Thermo-Nicolet 5700 ATR FT-IR spectrometer
equipped with a Nicolet Smart Orbit single bounce,
diamond ATR accessory (Thermoelectron Crop.,
Waltham, USA). Dried samples were directly pressed
on the diamond internal reflection element of the ATR
accessory and spectra were recorded in the wavenum-
ber range of 4000-500 cm™' and a resolution of
4 cm™" for 128 scans.

Transmission electron microscopy (TEM)
TEM images of the nanocellulose from aqueous

suspension were obtained using transmission electron
microscopy (JEOL 1011 TEM—JEOL Pty Ltd.,

Frenches Forest, Australia) at 100 kV. Samples were
prepared by depositing 1 pl of NC dispersion on a
glow discharged formvar-coated 200 mesh cop-
per/palladium grid (ProSciTech, Queensland, Aus-
tralia). After drying at room temperature, samples
were stained with a 2% uranyl acetate aqueous
solution (UA) for 10 min. The average diameter and
length of nanocellulose fibres were determined using
digital image analysis (Image J). For each sample, 250
measurements were randomly selected and measured
from several TEM images with the same
magnification.

Thermogravimetric analysis (TGA)

The thermal stability of nanocellulose was measured
using a TGA/DSC1-thermogravimetric analyser (Met-
tler Toledo, Tennyson, Australia) in the temperature
range of 25-500 °C with a constant heating rate of
10 °C/min under nitrogen atmosphere.

X-Ray diffraction (XRD)

The crystalline structure of dry samples was examined
by X-ray diffraction analysis conducted on a Bruker
D8 Advance X-ray diffractometer (Bruker, Karlsruhe,
Germany) with a 0.2 mm slit. Graphite-filtered Cu-Ko
radiation (wavelength = 1.54 A) was generated at
30 kV and 20 mA with a sample scanning range
between 20 = 5° and 40° at a speed of 1°/min. The
crystallinity index was measured using Eq. (2) (Segal
et al. 1959):

Crl = ((IZOO_Iam)/IZOO) x 100 (2)

where I,py represents the intensity of the peak at
20 = 22.4°, which is the main peak for the crystalline
phase, containing both amorphous and crystalline
domains, and where [,, represents the amorphous
domain and correlates with the intensity of the peak at
20 = 18.6°, which is the valley (minimum) between
the crystalline peaks of cellulose polymorph If 1-10
(15°), 110 (16.6°) and 200 (22.4°) planes (French
2014; Qing et al. 2013; Sheltami et al. 2012).

The mean size of crystalline regions was calculated
using the Scherrer equation (3) (French and Santiago
Cintron 2013; Scherrer 1918):

KA
- fcos O (3)
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where K is the shape factor and is approxi-
mately = 0.89, B is the line width in radians at half
the maximum intensity of I5q, A is the wavelength of
the radiation (0.154 nm) and 0 is the scattering angle
of the peak (200).

Small angle X-ray scattering (SAXS)

SAXS measurements were carried out on a Bruker
Nanostar (Bruker, Karlsruhe, Germany) operating on a
rotating anode X-ray source to provide CuKa X-rays
(wavelength, L = 1.54 A). Using the calibrated beam
centre position, a 68 x 68 micron pixel size on the 2-D
detector and a 72 cm from sample to detector distance to
define the measurement geometry, the counts per
detector pixel were converted to intensity versus g, the
scattering vector, where q = 4mn.sin(0)/A, and 0 is the
scattering angle. This was achieved using the Nika
macros for IgorPro (Ilavsky 2012). The effective g range
of these measurements was 0.012—-0.39 A, which covers
the approximate size of elementary cellulose crystallites
(Garvey et al. 2005). Samples were packed into 1.5 mm
quartz capillaries (Charles Supper, Natick, MA, USA)
and the scattering from an empty capillary was
subtracted as the appropriate sample background.

Amplitude modulation—frequency modulation
(AM-FM) atomic force microscopy (AFM)

The transverse elastic modulus of individual nanocel-
lulose fibres was measured by amplitude modulation-
frequency modulation (AM-FM) (Amiralian et al.
2015b). All topography images have been obtained
from a dried drop of very dilute dispersion of NC on a
glass slide using a Cypher S AFM (Asylum Research/
Oxford Instruments, Santa Barbara, CA) in air. The
cantilevers, Tap 300 probes (Budget Sensors, Bulgar-
ia), were used with a nominal resonance frequency of
300 kHz and a nominal spring constant of 40 N/m. All
probes were mounted in a high frequency/low noise
AM-FM cantilever holder. For the AM pass, probes
were actuated to a free air amplitude of 1.5 V, at the
nominal resonant frequency and engaged at an
800 mV set point. The second pass involved actuating
for the second harmonic at approximately 2 MHz for a
free air amplitude of 100 mV while maintaining the
phase to 90 degrees, and probe tapping was in a
repulsive mode at a phase less than 50 degrees.
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Results and discussion
Optimisation of acid hydrolysis

In a typical published procedures for producing
nanocellulose from pure cellulose by acid hydrolysis,
the acid concentration generally employed is in the
range of 35-70%, temperature can vary from room
temperature to 70 °C (Habibi et al. 2010b; He et al.
2014; Ioelovich 2008, 2014; Saralegi et al. 2014), and
the corresponding hydrolysis time can be varied from
20 min to overnight. 7. pungens bleached pulp with a
high residual hemicellulose (42 wt%) and relatively
low lignin content (3 wt%) was hydrolysed at 45 °C
and 50 °C using different sulphuric acid concentra-
tions and various hydrolysis times. Table 1 sum-
marises the production yield and the visual appearance
of dried NC samples isolated following these different
hydrolysis conditions. 7. pungens pulp containing
non-cellulosic residuals (e.g. hemicellulose and lig-
nin), which are associated with a different reactivity to
sulphuric acid, understandably has a more complex
structure than the pure cellulose, therefore, the
hydrolysis process for this starting material is not a
simple and clear reaction pathway. With an increase in
the concentration of sulphuric acid, the colour of NC
samples changed from white to yellow and then deep
brown due to the dehydration or carbonisation reac-
tions of hemicellulose, lignin, and cellulose (Ioelovich
2008). Under more aggressive hydrolysis conditions
(e.g. 50% and 45% (v/v) sulphuric acid for 3 h at
45 °C), the crystalline structure of cellulose fibres was
disrupted through the sulphuric acid interference with
hydrogen bonding, and breakdown the cellulose
structure into the oligosaccharides (Ingegerd et al.
1995). The yield of NC obtained under these condi-
tions was negligible.

Using a lower concentration of sulphuric acid [35%
(v/v)], but increasing the digestion temperature from
45 to 50 °C, or alternatively increasing the digestion
time to 6 h, appears to have also promoted the
hemicellulose dehydration reactions to produce
slightly yellowish NC. It was found that the optimised
conditions for the isolation of high yield (about 42%)
nanocellulose from spinifex pulp, with its higher
residual hemicellulose content, required a combina-
tion of lower temperature and acid concentration. For
example, 40% (v/v) sulphuric acid at 45 °C for 3 h.
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Table 1 ]-.Effect. of acid Acid concentration Time (h) Temperature (°C) Yield (%) Appearance
concentration, time and (% viv)
temperature on the yield
and appearance of 35 3 45 33 White
T.pungens NC 3 50 40 Light yellow
6 45 43 Light yellow
40 3 45 42 White
45 1 45 8 Deep yellow
3 45 0 -
50 1 45 <2 Deep brown

Electron micrographs TEM images displayed in
Fig. 1 compare the morphology of various nanocellu-
lose samples obtained following different acid hydrol-
ysis conditions. It can be seen that the optimally-
treated [40% (v/v), 45°C, 3 h] nanocellulose suspen-
sion contained relatively long and thin nanocellulose
particles consisting of individual fibers, as well as
some agglomerated bundles.

2um

35% (v/v) acid, 3h, at 45°C

£ - - P

40% (v/v) acid, 3h, at 45°C

45% (v/v) acid, 1h, at 45°C

The optimally acid-hydrolysed nanocellulose sam-
ple still exhibited a slightly curved appearance like
cellulose nanofibers (CNFs), rather than presenting a
more typical flat, straight and rigid structure (Yoon
et al. 2014). It seems that during the controlled acid
hydrolysis process, amorphous hemicellulose near the
surface is readily hydrolysed. Lignin slows down the
cellulose hydrolysis process and condenses by

LT (e

35% (v/v) acid, 3h, at 50°C

50% (v/v) acid, 1h, at 45°C

Fig. 1 TEM images of nanocellulose samples obtained from 7. pungens using different acid hydrolysis conditions
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sulphuric acid, so sulphuric acid cannot easily pene-
trate into the crystalline structure of fibril bundles
(Ingegerd et al. 1995). Following the optimal hydrol-
ysis conditions (40% (v/v) sulphuric acid at 45 °C, for
3 h), the resultant 7. pungens NC had an average
diameter of 3.45 £ 0.75 nm and an average length of
497 + 106 nm. This confirms that the nanocellulose
obtained via an optimised acid hydrolysis process
from 7. pungens are long and thin, with an impressive
average aspect ratio of approximately 144.

Furthermore, the length of NC was retained even
after this suspension was exposed to intense ultrasonic
energy (at 70% amplitude for 20 min) (Fig. 2).
Typically, for the production of CNC using acid
digestion methodology, intense chemical treatment
conditions along with more intense ultrasonication are
required in order to sufficiently isolate CNC with more
uniform NC widths. However, such conditions also
tend to cause the breakage of the NC and consequently
result in the production of short ‘rod-like or elongated
rice-like’ cellulose nanocrystal (CNC) or whisker
(CNW), with a width range of 3—15 nm and lengths in
the range of 50-500 nm (Moon et al. 2011a).

Figure 3 compares the aspect ratio of NC from T.
pungens with CNCs obtained from other sources of
cellulose and using different hydrolysis conditions
(Beck-Candanedo et al. 2005b; Cao et al. 2007,
Elazzouzi-Hafraoui et al. 2008; Favier et al. 1995;
Garcia de Rodriguez et al. 2006; Habibi et al. 2010a;
Jorfi et al. 2013b; Li et al. 2009; Lu and Hsieh 2012;
Rahimi and Behrooz 2011; Sacui et al. 2014). To the
best of our knowledge, our optimised combination of
mild pulping procedures followed by acid hydrolysis
has not previously been utilised to produce high aspect

Fig. 2 TEM images (two
magnifications) of 7.
pungens NC obtained from
acid hydrolysis with 40% (v/
v) sulphuric acid at 45 °C
for 3 h, followed by
ultrasonication at 70%
amplitude for 20 min
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Fig. 3 Comparison of the aspect ratio of NC obtained from 7.
pungens with the other sources of cellulose using different acid
hydrolysis conditions (Beck-Candanedo et al. 2005b; Cao et al.
2007; Elazzouzi-Hafraoui et al. 2008; Favier et al. 1995; Garcia
de Rodriguez et al. 2006; Habibi et al. 2010a; Jorfi et al. 2013b;
Li et al. 2009; Lu and Hsieh 2012; Rahimi and Behrooz 2011;
Sacui et al. 2014)

ratio nanocellulose of this nature from a plant source.
As communicated in Fig. 3, nanocellulose dimensions
are heavily influenced by sulphuric acid treatment
conditions, and when pure cellulose is used as a
starting material, it results in low aspect ratio cellulose
nanocrystals.

The high aspect ratio of 7. pungens NC can be
attributed to the high hemicellulose content and
perhaps also evolutionary aspects peculiar to T.
pungens, which have been heavily influenced by
adaptation to extreme climatic conditions (Amiralian
et al. 2015b). It can be hypothesised that the hemicel-
lulose on the surface of cellulose crystallites (Fig. 4) is
more susceptible to hydrolysis than the crystalline
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cellulose chains, retaining the nanocrystals’ structure
without a significant disruption.

The chemical structure of T. pungens NC as
discussed, traditionally pulping and bleaching pro-
cesses associated with the complete or partial removal
of lignin and hemicellulose are commonplace in
nanocellulose preparation. These steps facilitate the
subsequent ease-of-separation of cell wall components
and therefore subsequent production of nanocellulose.
The compositional changes upon pulping spinifex
grass under milder conditions indicate that the
bleached spinifex fibres retained up to 55% cellulose,
3% lignin and 42% hemicellulose. In order to follow
the chemical changes upon hydrolysis, the bleached
fibre and nanocellulose were studied using FTIR
spectroscopy (Fig. 5). For each sample, peaks present
in the region of 3000-3500 cm ™' indicate the strong
hydrogen bonding of hydroxyl functionalities (O-H)
as the principal functional group in lignocellulosic
materials (Rueda et al. 2011; Yin et al. 2011b). The
peaks around 700-900 cm ™' (C-H of aromatic hydro-
gen), 1108 cm™" (OH of C-OH) and 1430 cm™" (O-
CH3 of methoxyl-O-CH3) which are assigned to the
glycoside bonds and the CH, bending, can be observed
for both bleached and acid hydrolysed fibres with less
than 50% (v/v) acid concentration. These results
indicate that the non-cellulosic components have not
been removed completely after bleaching and acid
hydrolysis.

The absorption at 813 cm ™' for S-O-H bonds also
indicates the presence of sulphate functional groups on
the NC surface after acid hydrolysis. A peak observed
only in bleached fibre at around 1734 cm ™' is assigned

i
i
|
I||

il

Bleached T. pungens Nanocellulose (NC)

Acid hydrolysis P
—

40 % acid, ?5

3h, 45 °C

-y
e

Individualised NC

Hemicellulose Lignin mess Cellulose mmmm
Fig. 4 Schematic representation depicting the influence of
hemicellulose during hydrolysis, and enabling the retention of

high aspect ratio nanocellulose

—=— Bleached fibre —— 35% (v/v)acid,3h,50°C —— 35% (v/v)acid,6h,45°C
—v—40% (v/v)acid,3h,45°C —¢— 35% (v/v)acid,3h,45°C
—<—45% (v/v)acid,1h,45°C — — 50% (v/v)acid,1h,45°C

T

N

\\

Y
IR T R S

N

3500 3000 2500 2000 1500 1000

Wave number (cm'1)

Fig. 5 FTIR spectra of T. pungens bleached and acid-hydrol-
ysed samples

to the O=C-OH group of the glucuronic acid unit in
hemicellulose, and indicates a split-off of the carbonyl
group after acid hydrolysis (Sheltami et al. 2012).
Another band around 1240 cm™!, which corresponds
to the axial asymmetric strain of =C-O- in ether,
ester, and phenol groups of lignin and hemicellulose,
is not visible in the NC spectra, which suggests that the
hydrolysis conditions successfully cleaved the C-O
bonds in cellulose and hemicellulose, as well as the
alkyl-aryl ether bonds in lignin (Kumagai et al. 2015).
Additionally, the intensity of the absorption band at
1650 cm™! assigned to the absorbed water, showed an
apparent decrease after acid hydrolysis, indicating that
NC had a lesser ability to retain water, which is likely
due to the loss of polar O-H and C=0 groups from
hemicellulose (Yin et al. 2011a). However, for the
sample hydrolysed with 50% (v/v) acid, the charac-
teristic peaks of glycoside bonds (891 cm™") and the
CH, bending of C6 (1430 cm™") have disappeared
indicating the partial degradation of cellulose chains
(Gu and Catchmark 2012; Hayashi et al. 2005; Lu and
Hsieh 2010).

Thermal stability of T. pungens NC Thermogravi-
metric analysis (TGA) was used to examine the
influence of non-cellulosic residuals and the hydrol-
ysis conditions on the thermal stability of 7. pungens
NC. Cellulosic fibres containing hemicellulose and
lignin typically exhibit multi-step degradation beha-
viour in which pyrolysis has been observed to occur at
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different temperatures depending on the composition
of monosaccharides and lignin (Collard and Blin
2014; Yang et al. 2007). This multi-step degradation
profile was observed in the bleached T.pungens fibres,
while the acid hydrolysed NC samples showed a
single-step degradation at a lower temperature, fol-
lowed by charring (Fig. 6). This difference in degra-
dation profiles can be attributed to differences in
biomass constituents i.e. cellulose, hemicellulose, and
lignin content. The bleached spinifex fibres showed
weight losses at 150 °C [desorption of physically
absorbed water), 250 °C (desorption of chemically
absorbed water (Quievy et al. 2010) and/or the
decomposition of hemicellulose monosaccharides
(Werner et al. 2014)], and 303-500 °C (decomposi-
tion of cellulose chains (Collard and Blin 2014,
Scheirs et al. 2001; Yang et al. 2007)). The acid
hydrolysed samples, on the other hand, showed
considerably different thermal degradation behaviour
characterised by lower onset degradation temperatures
(120-150 °C). As found in the other sources of
cellulose (Roman and Winter 2004; Teixeira et al.
2010; Tonoli et al. 2012), the acid hydrolysis process
appears to decrease the thermal stability of the
resulting NCs. However, given the evidence that
hemicellulose has a lower thermal stability than
cellulose (Yang et al. 2007), it might be expected that
the removal of hemicellulose by acid hydrolysis might
lead to a higher overall thermal stability. This is not the
case due to the number of sulphate groups introduced
on the NC surface, which may be involved in
catalysing the dehydration of glycosidic bonds at
elevated temperature, leading to an earlier onset of

100
3% —s— TP-Bleached fibre
1 —e— 35 % acid, 3h, 45 °C
804 —a— 35 % acid, 6h, 45 °C
—v— 40 % acid, 3h, 45 °C
704 —o— 45 % acid, 1h, 45 °C
§ —<— 50 % acid, 1h, 45 °C
= 60-
Ry
Q 50
=2
40
304
20

T T T T )
100 200 300 400 500
Temperature (°C)

Fig. 6 Effect of hydrolysis conditions on the thermal stability
of NC
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degradation for the NC. Furthermore, previous studies
have shown that an increase in acid hydrolysis time,
concentration and temperature all lead to an increased
number of surface sulphate groups on the NC (Roman
and Winter 2004).

For the NC samples hydrolysed for a longer time of
6 h (with 35% (v/v) sulphuric acid), the TGA curves
display an earlier desorption temperature at 130°C,
compared to the sample hydrolysed for 3 h. Similarly,
when the concentration of sulphuric acid used for
hydrolysis was increased from 35 to 40% (v/v) (for 3 h),
the TGA showed an earlier degradation weight loss at
around 180 °C (starting from 150°C). Furthermore,
when the acid concentration was increased further to
45% (v/v) (for 1 h), the samples showed an even earlier
onset degradation temperature for water desorption at
120 °C, followed by pyrolysis beginning at 210 °C
(with a maximum degradation temperature of 271 °C).
From these results, it is clear that a higher concentration
of sulphate functionalisation on the NC surface (by
increasing the hydrolysis time or concentration) appears
to promote earlier dehydration reactions in the NC,
leading to an earlier onset of thermal degradation. In
addition to this, the high surface area of nanocellulose
might also play an important role in decreasing their
thermal stability due to the increased exposed surface
area to reactants (Camarero Espinosa et al. 2013).
Among the spinifex-derived NCs, the sample obtained
after treatment with 45% (v/v) acid for 1 h, which was
associated with the lowest final mass yield, showed a
higher thermal stability. This can be presumably
attributed to the morphology induced during the
hydrolysis at high-acid concentration, under which the
surface layers of microscale fibres are hydrolysed
rapidly, leaving the inner (crystalline) nanofibrils unaf-
fected. Additionally, treating cellulose at high acid
concentration may also undergo other chemical trans-
formations such as furfuralic structure formation on the
surface of nanofibres (Dias et al. 2007; Dussan et al.
2015; Gonzalez et al. 1986). This may help retain a
relatively high crystallinity, which may also lead to a
better thermal stability. In other words, the lower
degradation temperature of NC may potentially corre-
spond with the degradation of more accessible and
highly sulphated amorphous regions, whereas the
breakdown of unsulphated crystalline cellulose interior
occurs at a higher temperature (similar to native fibrils).

Finally, all of the acid hydrolysed NCs showed a
higher residual mass at 500 °C than the bleached fibre.
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This is particularly evident for the sample treated with
50% acid, which retained a mass yield of approxi-
mately 50% after pyrolysis at 500 °C. Several other
authors (Henrique et al. 2015; Wang et al. 2007) have
also reported higher mass yields for the pyrolysis of
sulphuric acid hydrolysed CNCs compared to other
forms of cellulose (Henrique et al. 2015; Wang et al.
2007). Although the reason for this difference in char
yield is not completely clear, according to Austen et al.
(Abraham et al. 2011), the increase in residual char
and decrease in degradation temperature during the
pyrolysis may be caused by an increased rate of
formation of free radicals (which are promoted by the
sulphate groups) and stabilised by condensed carbon
ring formation in the char. As such, in regards to the
thermal processability of the acid hydrolysed NC, the
selection of NC type and treatment conditions will
depend on the application. A 30—45% acid treatment
may be beneficial if a high yielding char is required,
while if a thermally stable (150-300 °C) high aspect
ratio NC is required, other preparation techniques may
be necessary which do not add sulphate groups to the
material surface. This may include bead milling
(Mohd Amin et al. 2015), ultrasonication (Lu et al.
2014) or phosphoric acid treatment (Camarero Espi-
nosa et al. 2013).

Morphological changes aspects of NC

X-ray diffraction in order to examine the influence of
the hydrolysis conditions on the crystalline structure
of T. pungens samples, the crystallinity index was
measured by X-ray diffraction (XRD). Figure 7 shows
a comparison of the XRD diffraction patterns of dry
NCs with bleached fibres, and Table 2 summarises the
crystallinity index as well as the size of crystalline
domains. The X-ray diffraction patterns for the
bleached fibres, as well as all of the acid-hydrolysed
NC produced using less than 45% (v/v) sulphuric acid
concentration, showed characteristic peaks at around
20 = 15°-16.5° (for 1-10 and 110 and planes) and
22.4° (200 plane) which are indicative of the typical
cellulose I structure (French 2014; Moran et al. 2008;
Qing et al. 2013; Sheltami et al. 2012).

Comparing the bleached pulp and acid-hydrolysed
NCs, an increase of crystallinity was undoubtedly due
to the partial removal of hemicellulose and lignin,
which largely constitute the amorphous parts of the
samples, leading to realignment of cellulose
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Fig. 7 X-Ray diffraction pattern of T.pungens bleached and
acid-hydrolysed fibres

molecules. The slight increase of crystallinity also
suggests that acid and water molecules are unable to
penetrate into the fibril bundles under our reaction
conditions, thus, the bundles must be hydrolysed
through the surface reaction processes (Zhao et al.
2007). Spinifex showed the retention of crystallinity,
with no significant change in the crystallite size using
different hydrolysis conditions.

Small angle X-ray scattering (SAXS) a SAXS
pattern for the bleached fibres and the NC obtained
via an optimised acid hydrolysis process (40% (v/v),
45°C, 3 h) is shown in Fig. 8. Each dataset consists of
a linear region on the log-intensity vs. log-q plot
superimposed on a broad peak-like feature. The slope
and intensity of the linear regions of the curves
indicate the size and surface roughness of the aggre-
gates of cellulose. Because of the limited g-range of
the laboratory-based SAXS measurement, it is diffi-
cult to extract information on these aspects of the
fibres from these SAXS curves. The changes in the
higher q range (0.1-0.3) upon hydrolysis indicate the
degradation of the cell wall order and removal of
material during hydrolysis. The position of the broad
peak is indicative of the spatial correlation, the
average distance between nano-scale cellulose (Jakob
etal. 1996) and the relative intensity to the baseline the
relative number of correlated/aggregated CNCs. In
order to accentuate the peak with respect to the
scattering due to the surface of CNC aggregates, the
data was replotted as intensity xq” versus q following
the Lorentz correction for semicrystalline polymers
(inset Fig. 8) (Cser 2001).
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Table 2 Crystallinity
index and size of crystalline
domains of T. pungens

bleached and acid-
hydrolysed fibres

Sample Crystallinity Crystallite
index (%) size (nm)

Bleached fibre 72 4

NC (35% (v/v) acid, 3 h, 45 °C) 72 4.3

NC (35% (v/v) acid, 6 h, 45 °C) 71 4.2

NC (35% (v/v) acid, 3 h, 50 °C) 77 4.7

NC (40% (v/v) acid, 3 h, 45 °C) 76 4.7

NC (45% (v/v) acid, 1 h, 45 °C) 78 5.7
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Fig. 8 SAXS profile of bleached T. pungens fibre and NC
obtained from acid hydrolysis under optimized conditions. The
inset shows the Lorentz-corrected data with arrows indicating
the position of the correlation peak

The approximate peak position is shown with an
appropriately-coloured arrow. Overall, upon hydroly-
sis the correlation peak shifts to higher values of q,
shorter distances (distance = 21/qpeax) and less inten-
sity with respect to the baseline of native grass. In the
case of the peak position, it shifts from 0.20 A" which
is equivalent to an average distance of 31.4 A in the
bleached fiber to 0.23 A~! which is equivalent to 27.5
A in the case of the acid-hydrolysed nanocellulose.
This peak shift indicates a decrease in the spacing
between the crystalline domains. This decrease in
spacing, assuming that no cellulose is degraded under
mild treatments, can be the result of the removal of
lignin and the amorphous polysaccharides embedded
between the cellulose crystallites. This also, in turn,
enhances the packing of nanocellulose together
through the hydrogen bonding from free hydroxyl
groups. It is also important to note that the intensity of
this peak remains almost the same, even after hydrol-
ysis. This suggests that the correlated cellulose
crystallites have a well-defined average distance.

@ Springer

The changes observed from SAXS scattering curves
are consistent with the well-defined packing of
cellulose crystallites, and where this ordered packing
is retained upon mild hydrolysis.

Transverse elastic modulus of T. pungens NC in
order to have a better understanding of the mechanical
properties of T. pungens nanocellulose, it is useful to
investigate the transverse elastic modulus of individ-
ual NC particles. Since the 1930s, measuring the
elastic properties of nanocellulose has been investi-
gated by either experimental (wave propagation,
X-ray diffraction, Raman spectroscopy, and AFM)
or theoretical evaluation. Most of these studies have
focused on measuring elastic modulus along the axial
direction of the fibre (Cheng and Wang 2008; Guhados
et al. 2005; Iwamoto et al. 2009; Lahiji et al. 2010;
Tanaka and Iwata 2006; Tashiro and Kobayashi 1991),
and only a few reports have concentrated on the
transverse elastic modulus of an individual CNC using
AFM or theoretical modelling (Jaswon et al. 1968;
Lahiji et al. 2010; Pakzad et al. 2012; Tashiro and
Kobayashi 1991). Theoretical modelling methods
have predicted a transverse elastic modulus of 11-57
GPa for CNCs (Jaswon et al. 1968; Tashiro and
Kobayashi 1991). Only a few studies calculated the
transverse elastic modulus of CNCs based on the
experimental data obtained via atomic force micro-
scopy (AFM), and subsequently a physics-based
model, where transverse elastic modulus values of
18-50 GPa for wood-derived CNCs (Lahiji et al.
2010), 24.8 and 17.7 GPa for wood and cotton CNCs
respectively (Pakzad et al. 2012), and 2-25 GPa for
tunicate CNCs have been estimated (Wagner et al.
2011; Wu et al. 2013).

In this work, the AM-FM (Amplitude Modulation-
Frequency Modulation) method using AFM was
applied to measure the transverse elastic modulus of
T. pungens NC directly from the AFM image. AFM
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Fig. 9 Transverse elastic modulus of 7. pungens NC measured by

topography image, bottom elastic modulus spectra

image and modulus spectra in Fig. 9 indicates that the
transverse elastic modulus of T. pungens NC (with an
average diameter of 3.45 £ 0.75 nm) obtained from
an optimised acid hydrolysis process (40% (v/v)
sulphuric acid, 45 °C, 3 h) is in the range of 8.5-14
GPa. In general, this transverse elastic modulus range
is lower than previously-reported values and we
postulate that this is because our spinifex-derived
NC are indeed composites of crystalline cellulose and
amorphous or paracrystalline hemicellulose (predom-
inately xylose in our case).

Conclusions

In this study, we have demonstrated the isolation of
unprecedentedly high aspect ratio nanocellulose from
a non-wood source, Australian native biomass 7.
pungens. An optimised hydrolysis process for T.
pungens was developed using sulphuric acid at low
temperature (45 °C for 3 h) and low acid concentra-
tions [40% (v/v)], which yielded high aspect ratio NC
at 42% production yield, with an average crystallinity
index of 73%. The average length of these NC
particles was observed to be unaffected by intense
ultrasonic treatments. A very high amount of hemi-
cellulose retained in the bleached pulp acts as a less
hydrolytically stable sacrificial interface during acid
hydrolysis and this mechanism assists the retention of
length of nanocellulose. The results from spectro-
scopic, thermal and X-ray crystallographic analysis

pm

amplitude modulation—frequency modulation (AM-FM). Top

also indicated the significant removal of lignin and
amorphous polysaccharides upon pulping and hydrol-
ysis. Finally, when benchmarked against previous
work, the transverse elastic modulus of 7. pungens NC
has been found to be generally lower with respect to
other common industry and laboratory sources of
cellulose, and we suggest that this is due to the higher
retained flexible hemicellulose content in these com-
posite NC particles.
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