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Introduction

Recently, nanoscale cellulose particles have gained much
interest from both academia and industry as a new class of
renewable nanomaterials due to their useful mechanical
properties (eg. high specific
thermodimensional stability) ' combined with their nanoscale
crystalline and fibrous morphology, chemically tuneable
surface functionalities, an ability to be obtained in various
dimensions (esp. aspect ratio) and renewability 2.
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Production of Cellulose Nanocrystals via a
Scalable Mechanical Method
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The production of rigid rod-like cellulose nanocrystals (CNC) via more scalable methods is
necessitated by an increasing demand for CNC in various industrial sectors over the last few
years. Contemporary protocols involve a consumption of large amounts of strong acids,
enzymatic treatments, ultra-sonication and combinations thereof. In an attempt to address this
scalability challenge, we aimed to isolate CNC via a scalable mechanical method i.e. high energy
bead milling (HEBM). An aqueous dispersion of commercially available microcrystalline cellulose
(MCC) was micronized through a HEBM process. This process was optimised by varying the
concentration (0.5 -2 wt. %) and time (15-60 min) parameters, in order to obtain a high yield of
well-separated CNCs as characterised by transmission electron microscopy (TEM). Micronisation
of cellulose via the HEBM method under mild conditions resulted in cellulose nanocrystals with
an average aspect ratio in the range of 20 to 26. The nanocrystals also retained both their
crystallinity index (/¢)(85 to 95 %) and thermal stability described in terms of onset degradation
temperature (Tonset)(230 — 263 °C). The production yield of CNC from MCC via this process
ranged between 57 to 76 %. In addition, we found that micronisation of the MCC in presence of
dilute phosphoric acid also resulted in CNC with an average aspect ratio ranging from 21 to 33,
high crystallinity (88-90 %) and good thermal stability (Tonset 250 °C). In this study, we
demonstrate the micronisation of commercially available MCC into CNC and describe their
dimensions and properties after acid treatment and HEBM. Furthermore, we are able to
recommend the use of this scalable milling process to produce rod-like cellulose nanocrystals
having a thermal stability suitable to withstand the melt processing temperatures of most
common thermoplastics.

* Corresponding authors: darren.martin@ugq.edu.au,

p.annamalai@ugq.edu.au

Depending on the processing methods and the sources, they can
be obtained as rod-like low-aspect ratio nanocrystals, filament-
like long nanofibrils and sphere-like nanocrystals.”> The
properties of individual rod-like or rice like cellulose
nanocrystals (CNC) are drawing great interest when compared
with other engineering materials like aluminium®®, steel” and
glass fibre’. These properties greatly recommend them as
advanced reinforcing or functional fillers for thermoplastics,

strength and stiffness and
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thermosets and elastomers. They have been explored as fillers
and rheology modifiers in various fields like thermoplastics'®'?,
Tun Razak, 26300 Gambang foams'?, aerogels'* and polymer electrolytes'® . Isolation of
CNCs via sulphuric acid hydrolysis is not ideal as it requires a

‘ARC Centre of Excellence for Functional Nanomaterials The considerable consumption of solvent (acid) and time.
University of Queensland, Brisbane Qld 4072, Australia. Furthermore, the resulting product also exhibits poor thermal
Australian Microscopy and Microanalysis Research Facility The  stability (attributed to the dehydration mechanism facilitated by
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the sulphate groups) ' and is therefore sometimes unsuitable
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for further processing at the elevated temperatures (180-250 °C)
typically employed in the manufacturing of many thermoplastic
polymers. Hence, it becomes critical to produce CNCs with
enhanced thermal stability. To date, alternative approaches
have included the use of some mild mineral and organic acids'®
9 or enzymatic methods in combination with ultrasonic or
microwave irradiation.*’

Recently, highly thermally stable CNCs have been produced
via mild acid hydrolysis (phosphoric acid) and hydrothermal
treatment (hydrochloric acid) at laboratory scale'® ?'. However,
these methods are severely limited by low yields and poor
scalability due to the high consumption of mild acids (solvents)
and time, respectively.

Mechanical methods have also been explored for the
preparation of nanoscale cellulose particles, either as part of the
production process using combinations of acid hydrolytic,
oxidative, and enzymatic treatments, or directly. These
mechanical methods include ultrasonication®® 2
microfluidization®®, high pressure homogenization®* or ball
milling® **?7. Among these methods, ball milling has many
advantages such as the possibility of both dry and wet milling,
temperature control and scalability in both batch and
continuous formats. For micronising cellulose, wet conditions
are preferred as the fluid can create a buffer between bead and
cellulose particles thereby minimising the damage to the
crystalline structure®.

Recently, ball milling methods have been successfully
employed for isolating nanoscale cellulose particles whereby
water®®, and organic solvents®® were employed as the milling
media resulting in the retention of the inherent crystallinity of
the particles. However, most of the mechanical defibrillation
methods reported (including wet ball-milling methods),
generated a final product of filament like nanofibrils, called
nanofibrillated and microfibrillated cellulose (NFC/MFC) or
cellulose nanofibres (CNF), which can be characterized with a
diameter in nanometers or tens of nanometers and a length of
up to several microns' **32,

These filament-like nanoparticles have been explored in
several applications where fibre entanglements are required.
However, in polymer reinforcements, cellulose nanofibrils can
raise an issue in terms of dispersibility and viscosity increases
in a polymer matrix, especially with an aspect ratio above 1002

Thus, in this study, we aimed at producing short ‘rod-like’
or ‘rice-like’ cellulose nanocrystals with an aspect ratio below
100 primarily using high-energy bead milling (HEBM) while
also investigating various chemical processing conditions.

As shown in Figure 1(a), HEBM operates via an impact
mechanism to micronize the particles. When centrifugal force is
generated in the mill, beads are forced to rotate around the mill
wall. The reverse rotation of disc also applies centrifugal force
in the opposite direction leading to the transition of balls to the
opposite walls of mill providing an impact effect to micronize
the materials in between the beads®’. Furthermore, HEBM was
compared with ultrasonication as one of the mechanical
methods explored. As shown in Figure 1(b), ultra-sonication
operates on a well-known high-speed shear mechanism. Upon

2 | RSC Advances., 2015, 00, 1-8

ultrasonication, high-speed liquid jets are created. These liquid
jets pressurize the liquid locally between the particles at high
speed (1000 km/hr) to separate or fibrillate them and to
promote additional particle collisions, so as to result in very
small particles.?

By evaluating the resulting dimensions, crystallinity and the
properties of CNC produced from both methods, we hereby
demonstrate the potential of HEBM to cost-effectively produce
CNCs with good thermal stability in a scalable quantity.

Movement of
a) supporting disc

Centrifugal
Force

Rotation
Disc

b)

>
crystalline i 2 * am phous
region ion
\M/

e
Fig. 1 (a) High energy bead milling® and (b) ultrasonication working mechanism.
Reproduction of image from 2 with permission from Elsevier

Experimental

Materials

Microcrystalline cellulose (MCC) used is Avicel PH-101 (wood
based cellulose)(USA, FMC biopolymer corporation). Ortho-
phosphoric acid (H3PO,4, 85%) from Merck (Australia) was
used for HEBM with acid treatment.

Isolation of CNC via ultrasonication

MCC (5 g) was dispersed in 500 ml deionized water and stirred
by magnetic bar overnight. The ultrasonication was carried out
with an aqueous dispersion of MCC was sonicated using
QSonica ultrasonicator for 50 minutes at an output of 500 W,
frequency of 20 kHz and amplitude of 20 %. Following

This journal is © The Royal Society of Chemistry 2015
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ultrasonication, the dispersion was stirred for 1 hour and was
left in a stationary position for 1 day. At this point two layers of
the dispersion were observed with a top layer in consisting of
well dispersed CNCs. This top layer was decanted and freeze
dried, and this material was designated as CNC-U.

Isolation of CNC via high-energy bead milling

MCC was dispersed in deionized water overnight at various
concentrations (0.5 — 2 wt %). The dispersion was milled using
a Laboratory agitator bead mill (LabStar, Netzsch, Germany)
with 0.4 mm zirconium beads in a batch process mode, at 1000
rpm for 15, 30 or 60 min. The dispersions obtained were
freeze-dried. The resulting CNCs were designated as follows:
CNC-M4An where 4 is MCC concentration (0.5, 1, 2 wt. %) and
n is milling time (15, 30, 60 min).

To evaluate the effect of mild phosphoric acid on the
milling process, MCC was dispersed in dilute 1wt. % H;PO, for
one hour before the milling process. After milling, the CNCs
separated from the liquid by centrifugation. The
supernatant was decanted and replaced by an equal amount of
deionised water and the mixture was centrifuged again until the
supernatant reached neutral pH. Finally the CNCs suspension
obtained were freeze-dried. The CNC produced via milling
with H;PO, was coded as CNC-MPAn, where P denotes the
acid pre-treatment.

were

Characterization

MORPHOLOGY AND DIMENSIONS

To investigate the structure and the aspect ratio of the CNC
preparations, transmission electron microscopy (TEM) was
performed. CNCs were suspended in deionized water at a
concentration of 0.08 mg/ml and the suspension was sonicated
for 1 hour. Two microlitres of the suspension was spotted onto
a copper-palladium TEM grid. After drying the grids were
stained with 2% uranyl acetate and analysed in a JEOL 1011
TEM (JEOL,Japan) at 100 kV, and images were captured on a
IS Morada 4K CCD camera system.

THERMAL STABILITY ANALYSIS

The thermal stability of the CNC variants was determined using
Thermogravimetric analysis (TGA) under a nitrogen
atmosphere. The samples were first heated from room
temperature to 110 °C, at a heating rate of 10 °C/min,
isothermally held for 10 min and further heated to 500 °C at a
heating rate 5°C/min.

ICP-OES ANALYSIS

ICP-OES analysis was used to determine the presence of the
element Zirconia contained in CNCs samples. The analysis was
performed to identify the presence of any metal elements in the
sample as Zirconia balls were used in the milling process.

CRYSTALLINITY

The degree of crystallinity of CNCs was examined by X-ray
diffraction (XRD). XRD was generated at 40 kV using a

This journal is © The Royal Society of Chemistry 2015
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current of 40 mA. The crystallinity index of CNCs was
determined by the XRD peak height method. The crystallinity
index is calculated using the following equation:

Ioo2— 1
Iy = w x 100
002

)

Where Iy, is the maximum intensity of the peak corresponding
to plane having the miller indices 002 and I, is the minimal
intensity of diffraction of the amorphous phase at 20 = 18°*,

DISPERSION STUDIES

The dispersibility of CNC was investigated by dispersing the
CNCs in deionised water. The dispersions were prepared at
concentration of 2mg/ml and sonicated using water bath
sonicators for 4 hours. Pictures were taken immediately after
preparation and subsequently after 1 hour, 1 day and 2 days.

ZETA POTENTIAL

The zeta () potentials of the CNCs were measured at a
concentration of 0.01 mg/ml with a Zetasizer analyzer.
Deionised water was used as a dispersant. The { potential was
calculated by use of the Smoluchowski equation.

Results and Discussion

Morphology and dimension

Transmission electron microscopy (TEM) was carried out to
investigate the dimensions and structural morphology of CNCs.
The dimensions were measured using Imagel] software by
magnifying the images to identify the rice-like particles end to
end with at least 10 particles measured. From the TEM images
in Fig. 2 and Fig. 3, it can be seen that MCC was successfully
fibrillated and deconstructed into nanocrystals via the HEBM
process.

CNC-MA1

R
L
%' Rasn |

L ] Y

§' #

Fig. 2 Optical microscopic image (top left) of microcrystalline cellulose (MCC)
before milling and TEM images of CNCs obtained via HEBM from the dispersion
of 0.5 wt % MCC in deionized water

SOQMn
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Unlike other mechanical processes’ reported, including a —
similar ball milling process® (with softwood pulp sheet and
alkaline solutions) where only micro- and nano-fibrillated
cellulose (MFC/NFC) were observed. Here, the nanoparticles
produced via our HEBM investigation exhibited rod-like or
long rice-like morphology. As listed in Table 1, the aspect ratio
of CNC products ranged from 20 to 26. Interestingly, the
morphology and the aspect ratio values are actually quite
similar to that of the CNCs produced via acid hydrolysis®® *’.
Furthermore, we found that the changes to morphology and
dimensions were not significantly affected by the duration of
milling (between 15 and 120 min) and the concentration
(between 0.5 and 2 wt. %) of the suspension used in this study.
It implies that even at 15 minutes of milling, rod-like cellulose
nanocrystals can be obtained. However, according to the TEM
images, the interaction between the individual CNCs is slightly
altered, for example, the CNCs obtained from higher
concentrations (eg. 2 wt. %) tend to interact through edges of
the particles indicating the electrostatic interactions between the
CNCs. The production yield (%) (product weight over raw
material weight) of CNCs from the suspension of MCC ranged
between 57 and 76 %. It is to be noted that some yield
reduction can be attributed to material losses occurring during
handling, including withdrawal of the suspension from the mill,
and filtering plus washing of the balls after the milling process.
The yield % values are relatively higher than the reported yield
of CNCs obtained via acid hydrolysis (22 — 52%) depending on

sources>® 3840,
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from top layer suspension was very low, i.e. 8-10 % of the
initial weight. Meanwhile, the bottom layer had clusters or
agglomerates of cellulose particles with dimensions of 100 nm
to 500 nm (Figure S1 in supplementary information).

Table 1 Dimensions and the production yield of CNCs isolated using high
energy bead milling

Conc.  Milling y hgth  Width  Aspect  Yield
Sample (\iop  time (nm)  (mm)  Ratio (%)
) (min)

CNC-MAI 0.5 15 3200 453 o 69
: 453
351

CNC-MA2 05 30 o 18520 57
317

CNC-MA3 05 60 tes 184 23 65
286

CNC-MBI 1 15 a0 13 23 64
301

CNC-MB2 1 30 s 3% 24 66

CNC-MB3 1 60 i;} 14 £5 26 76

CNC-MC1 2 15 Bl s 3 67
- +138
387

CNC-MC2 2 30 83 15 43 26 58
424

CNC-MC3 2 60 S VA X 76

As a comparison, CNC was also obtained via an
ultrasonication method following previously reported
protocols®® 2* with some slight modifications. Fig. 4 shows the
TEM images of CNCs obtained from the top layer of the
suspension obtained after ultra-sonication (CNC-U) of the
MCC. They also showed ‘rod-like’ or ‘rice-like’ nanocrystals
with an average aspect ratio of 15 (165 +23 nm length and 11
+2 nm in width). However, the production yield (%) of CNC

4 | RSC Advances., 2015, 00, 1-8
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Fig. 3 TEM images of CNCs obtained via HEBM from the dispersion of 1 wt. %
(left) and 2 wt. % (right) of MCC obtained via HEBM process and via
ultrasonication (bottom)

Thermal stability

Thermal stability of CNCs obtained via milling was measured
by thermogravimetric analysis (TGA). Figure 4 compares the
thermograms of MCCs and CNCs. A slight weight loss at a low
temperature region (<110 °C) can be attributed to the residual
water in the cellulose particles even after vacuum drying.

The onset degradation temperature (Tg.s) for MCC was
270 °C, whereas a slight decrease in T, Wwas observed for

This journal is © The Royal Society of Chemistry 2015
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CNCs (230 - 263 °C) obtained after the milling process. This
slight decrease can be attributed to either the increase in the
surface area, fragmentation or decrease in crystallinity caused
by the milling process.

a) b)
1004 ==wce_ 1l 1004 —
00 - —o—McC : 0 —o—MCC
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Fig. 4 TGA thermograms of CNC obtained via a) HEBM and b) ultrasonication
obtained from MCC, retainment of thermal stability.

The degradation of CNC-U starts from 250 °C which is
slightly lower than the onset degradation temperature of MCC.
This decrease may be associated with the increase in free
cellulose chains and fragmentations brought about by
ultrasonication'®. The CNCs obtained via HEBM process show
higher thermal stability when compared to the thermal stability
of the CNCs obtained via typical sulphuric acid hydrolysis.
These start to decompose at 150 °C'* *!. It is to be noted that
the processing temperature of many thermoplastic polymers
falls within the range of thermal stability exhibited by CNCs
obtained via HEBM process.

Crystallinity of CNC

The effect of milling on the crystalline structure of MCC
particles was investigated by X-ray diffraction analysis. The
characteristic peaks at 26= 15 (101), 16.5 (101), 20.8 (021),
22.5 (002) and 34.3 (040) of crystalline polymorph I cellulose
for MCC* can be seen in Figure 5. These peaks can be still
observed for the CNCs obtained via milling process. The [L
crystallinity index (Ic,) expressed as a percentage was

calculated from the ratio of the crystalline peak (Lo, — I,,) and

the total peak of 002 lattice plane. The I¢, of the initial MCC

was about ~ 95 %.

CNCs obtained by the milling process showed a degree of
crystallinity in the range between 85 — 95% (Table 3) with no
significant trend observed upon varying concentration (0.5 - 2
wt. %) and milling time (15-60 min). The crystallinity for
CNC obtained via ultrasonication was within this range, ~ 90
%, indicating a similar crystalline structure. The crystallinity
range observed in this study is still higher than the earlier
reported values (67 - 82 %) for CNCs obtained via acid
hydrolysis™ '°. It is also higher than the crystallinity (~32 %)
reported for CNC obtained after prolonged dry milling (1-6
days) and dilute acid hydrolysis **. Nevertheless, the maximum
milling time was only 60 minutes via the wet milling conditions
used in this study lead to less destruction of the crystal structure
than seen with extensive dry milling.

This journal is © The Royal Society of Chemistry 2015
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Stability and zeta potential of suspension

As mentioned earlier, dispersibility is one of the key properties
required for suitability as a reinforcing filler, as this property
determines the ability to form stable colloidal suspensions ***°.

Intensity (a.u)

T T T T T T

10 15 20 25 30 35 40
20

Fig. 5 XRD patterns of commercial MCC and CNCs obtained (after 60 min of
milling) via HEBM method showing the retainment of crystalline domains of
cellulose at 20= 15 (101), 16.5 (101), 20.8 (021), 22.5 (002) and 34.3 (040)

Espinosa et al. ' has discussed how CNCs dispersibility
strongly depends on their aspect ratio and the ability of the
solvent and surface groups to counterbalance the attractive
hydrogen-bond interactions exerted by the abundant hydroxyl
groups. In the case of CNCs that have been hydrolysed with
sulphuric acid, they are known to have good aqueous
dispersibility due to sulphate (SO4) groups on the surface of
particles*® .

Table 3 Crystallinity (%), Zeta potential (mV) of CNCs obtained via HEBM
method and the zirconium amount (ppm) present in the freeze dried CNC as
obtained from ICPOES analysis

Feed Duration  Crystallinity Zeta Zirconium
Concentration of (%) potential amount
(wt.%) Milling (mV) (ppm)
(min.)
15 92.6 -35.0 689
0.5 30 91.5 -42.5 1164
60 89.7 -41.0 1830
15 87.8 -31.0 417
1.0 30 95.3 -31.4 1528
60 91.0 -33.6 1449
15 94.6 -28.0 746
2.0 30 92.9 -41.6 133
60 85.9 -40.0 389

The suspensions obtained after milling are stable even after
several weeks (Figure S2) unlike the suspension obtained via
ultra-sonication (Figure S1 (a)), where rapid separation into two
layers was observed.

However, freeze-drying affected the dispersibility of the
CNC produced via HEBM (Figure S3). Further characterisation

RSC Advances., 2015, 00, 1-8 | 5
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of dispersibility, was carried out by measuring the zeta potential
of this CNC. As suggested, CNC
dispersions had settled down after 2 days and the { potential
recorded a value within the range of -28 and -42 mV (Table 3)
indicating that HEBM CNCs are fairly stable in water and can
be considered stable as compared to CNC produced via acid

visual examination

hydrolysis. For typical CNC obtained from sulphuric acid
hydrolysis, a zeta potential of -95 mV has been achieved due to
sulphate charges which can be considered excellent stability*®
49 As zirconia beads are used in the milling process, it was also
necessary to know the purity of CNC preparation or the extent
of metal ion contamination of the milled CNCs. The result
obtained from ICP-OES analysis showed a trace of metal ions
including the zirconium (Zr) (Table 3). Nevertheless, the values
of ‘Zr’
concentration or duration of milling.

did not follow any particular trend with either

Efficiency of CNC production from MCC via HEBM process

The preparation of CNC from commercially available MCC has
been already reported by both acid hydrolysis and mechanical
shear methods for nanocomposite preparation. A typical acid
the higher
temperature, with 64 % sulfuric acid, multiple dilutions and

hydrolysis protocol involves hydrolysis at

and ultra-
sonication.’® Table 4 provides the data (conditions and yield)

centrifugations and several days of dialysis
obtained from published literature regarding the isolation of
CNC from MCC via acid hydrolysis, where the solid to liquid
ratio refers the weight of MCC over volume of 64 % acid
solution used during hydrolysis. In comparison, HEBM process
mainly requires the deionised water as media with a solid-to-
liquid ratio of 1:200, 1:100 and/or 1:50.

Table 4 Acid hydrolysis conditions reported for isolating of CNC from MCC
using sulphuric acid

Solid to Reaction Temperature  Yield Ref.
liquid ratio time (h) (°C) (%)
1:8.75 2 45 - %031
5 45 21 2
5 45 32 3
1:10 2 44 30 >
2 45 30 36.55
1:17.5 1 45 20 3657
3 45 _ 58,59

It can be noted that the hydrolysis of MCC with 64 %
sulphuric acid in a typical solid-to-liquid ratio of 1:10, the
production yield of CNC is ~ 30 % with reference to the initial
material input. On the other hand, HEBM process of MCC in
deionised water with a solid-to-liquid ratio of 1:50, yielded
about 58-76 % of CNC. Table 5 compares the time, energy
consumption and the production yield based on a typical lab-

scale acid hydrolysis protocol®

and the batch-milling process
(See the supplementary information Table S1). It can be
apparently evident that for the production of one kilogram of
CNC via acid hydrolysis process, it requires two or threefold of
raw material (MCC) and higher energy and longer time in

comparison with that via an optimised HEBM process.

6 | RSC Advances., 2015, 00, 1-8

Table 5 Comparison of CNC production via HEBM process and a typical acid
hydrolysis process®

Parameters HEBM process Acid hydrolysis
Product yield (%) 76 30
Initial weight of MCC (g) 4 5
Acid consumption (L) - 31
Time (days) 1 6
Energy (MJ) 12 29

Influence of mild acid treatment

In order to obtain CNCs with improved thermal stability
and dispersibility, the milling was also performed with a mild
acid (phosphoric acid). The MCC dispersions (0.5 and 2 wt. %)
were milled with 1 wt. % of phosphoric acid (H;PO,) at 15, 30
and 60 minutes of milling time. Figure 7 shows the TEM
images and TGA thermograms of CNC obtained by this process
from 0.5 wt. %. The aspect ratio of the CNCs obtained via
milling with dilute phosphoric acid was higher than the CNCs
obtained from milling without H;PO,4 As can be seen in Table
6, their length and width ranged between 200 and 400 nm and 7
to 18 nm, respectively. Conversely, the remaining samples did
not show distinctive shapes (Figure S4) and thus it was not
possible to measure the exact dimensions of these particles.
This may be presumably due to the surface swelling or
dissolution by phosphoric acid depending on residence time®.
With suspension of 0.5 wt. % concentration, the milling for
longer times (above 30 min) showed agglomeration (Fig. S4).
Compared to CNC-MC3 (Fig. 3) and CNC-MPC3 (Fig. 7),
suggesting that with increasing concentration of cellulose,
HEBM in presence of dilute H;PO, may facilitate the surface
swelling and agglomeration of CNC particles. However,
milling with dilute H;PO, has relatively improved the thermal
stability when compared to CNCs milled without phosphoric
acid; for example, the onset degradation temperature was
increased to approximately 250 °C. Furthermore, the cellulose 1
polymorph-crystalline structure was also unaffected in the
preparation (Fig. S6).

The stability of the suspension obtained from the freeze-
dried CNCs obtained via milling with H;PO, was also studied.
(Fig. S5).Our results show that a few phosphate groups ((POy) -
%) might possibility attach to the surface of the cellulose
structure and function as a stabilizing agent, as the amount of
acid used was low. In fact, H;PO, is likely to have assisted in
the isolation process. However, CNCs milled with phosphoric
acid recorded ( potential between -23 to -38 mV (Table 7)
showing that the CNCs have moderate stability, similar to the
CNC produced via HEBM without this acid.

Table 7 also summarises the physicochemical properties of
the CNCs obtained via milling with dilute phosphoric acid. The
degree of crystallinity of these CNC-MPA1 and CNC-MPC3
was between 88 and 90 % indicating the crystalline structure of
cellulose was not strongly affected by milling with dilute
H;3PO, for short periods (Fig. S6). Traces of Zr ions were also
detected in the suspension.

This journal is © The Royal Society of Chemistry 2015
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Table 6 Dimension and the production yield of CNCs isolated using HEBM
with dilute phosphoric acid

Sample Length Width (nm) Aspect Yield (%)
(nm) Ratio
CNC-MPA1 230 £61 82 33 71
CNC-MPA2 401 +94 19 4 21 59

- CNC-MPA1 ‘ =~ CNC-MPA2

{ X & /1

iy L s

——McC
—e— CNC-MPA1
—— CNCMPC3|

Weight Loss (%)

200

Temperature (°C)

Fig. 7 TEM images of CNC produced by HEBM with phosphoric acid and
Thermogravimetric analysis (TGA) curves.

Table 7 Crystallinity and zeta potential of CNC obtained via HEBM process
with dilute phosphoric acid

Feed Duration Amount of  Crystallinity Zeta
Concentra  of Milling zirconium (%) potential
tion (wt. (min.) (ppm) (mV)

%)
0.5 15 219 88 -23.0
i 30 373 88 -22.9
Conclusions

Isolation of cellulose nanocrystals was successfully carried out
using a high energy ball milling method with and without the
aid of dilute phosphoric acid. CNCs produced by this method
showed distinctive rod-like or rice-like morphology with an
average aspect ratio ranging between 20 and 26. The
nanocrystals produced have the appropriate characteristics for
reinforcing thermoplastic polymers as the higher surface area
will increase the interaction between the filler and the polymer
matrix. Furthermore, with the degree of crystallinity obtained,
in the range of 85 to 95 %, this shows a good preservation of
cellulose 1 crystal structure which is also important in
the properties
nanocomposite applications. Moreover, the thermal properties
of HEBM CNCs also recorded high thermal stability values,

transferring mechanical required in

This journal is © The Royal Society of Chemistry 2015
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with onset degradation temperatures of between 230°C — 263
°C, thereby enabling them be used in thermoplastic
manufacturing i.e. melt compounding or reactive extrusion,
which usually involves high temperature processing. In
comparison of acid hydrolysis, the HEBM process significantly
shows the low energy and time consumption and no/minimal
use of strong acids for the production CNCs in high yield.
production of CNCs. Using the HEBM process, CNCs can be
produced with a high level of scalability suggesting this method
should be further explored to fulfil the industrial demand for
CNCs in various applications like surface coatings, adhesives,

thermoplastic manufacturing etc.
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