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ABSTRACT

Plant-based nanocrystals have gained wide research interest due to its application in nano—
reinforcement. Hence, the study investigated the stems of umbrella plant as potentials source of
cellulose fibers to synthesize cellulose nanocrystals (CNCs). The synthesis of CNCs were
conducted using acid hydrolysis with 10 mL 64% w/w sulfuric acid for each gram of purified cellulose
at 45°C for 30 min. The surface morphology, structural, physical and thermal properties of CNCs
were characterized using field emission scanning electron microscopy (FESEM), transmission
electron microscopy (TEM), Fourier Transform Infrared spectroscopy (FTIR), X-ray diffractometer
(XRD), and simultaneous thermal analyzer, respectively. The result showed that the CNCs were
mixture of rod—like shape and spherical morphology. The CNC rods were less than 20 nm width and
200-300 nm length when viewed under FESEM. However, the CNC rods were shorter when viewed
under TEM and had a width less than 5 nm and length between 20-50 nm. The spherical CNCs that
were seen only under TEM were less than 20 nm in diameter. The FTIR spectra showed that the
CNCs were composed of crystalline cellulose | wherein the molecular structure of cellulose was
preserved after the hydrolysis. The XRD patterns showed that the CNCs were highly crystalline with
crystallinity index value of 94.48%. Lastly, the CNCs exhibited a three—stage thermal decomposition
behavior.
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1. INTRODUCTION

Synthesis of nanomaterials derived from
cellulose have gained increasing interest due to
their potential as nano-reinforcing fillers into
biocomposites for industrial and biomedical
applications [1]. Two general classes of cellulose
nanomaterials include cellulose nanocrystals
(CNCs) and cellulose nanofibrils. Cellulose
nanocrystals—also known as cellulose
nanowhiskers or nanocrystalline cellulose [2-3],
cellulose crystallites, cellulose crystals, cellulose
monocrystals and cellulose microcrystals [4—6]
exhibit suitable characteristics for used as
reinforcement that attract both research
scientists and industrialists. The nanoparticles
have abundant hydroxyl groups, large
surface area, high aspect ratio (length to
width ratio), high crystallinity, good
mechanical properties, and high thermal
stability [7-9]. They are synthesized from
different natural sources including plants and
animals [2-3]. However, plant-based cellulose
has been used extensively for the production of
CNCs [10].

Plant cellulose which appears as microfibril is
surrounded  with  cementing  matrix  of
polysaccharides and glycoproteins like lignin,
hemicellulose and pectin [11] The assembly of
helically cellular cellulose microfibrils embedded
in the cementing material is formed from long—
chain cellulose molecules [12].The elementary
fibrils and nano—scale cellulose fiber units are

formed from 30-100 individual cellulose
molecules [13—-14] through inter and intra
molecular hydrogen bonding attributed from
the three hydroxyl groups on each glucose
unit of cellulose chain into hierarchical
microstructures [15-16]. The strong and
complex network of  hydrogen bonds
between cellulose molecules stabilize the

arrangement of the cellulose chain into a
highly ordered structure via crystalline packing
that eventually form into slender and nearly
endless crystalline rods along the microfibril axis
[12,17-18]. Meanwhile, the disordered
amorphous holocellulose segments which lack
hydroxyl groups are bonded with cellulose
crystals [19-20]. However, the amorphous
regions can be hydrolyzed by strong acid
treatment of cellulose microfibril, leaving behind
the highly crystalline residue, known as CNCs
[21].
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Though the synthesis of CNCs has been
conducted extensively in details from variety of
natural plant fibers, the use of stems from
umbrella plant has not been investigated.
Umbrella plant—commonly known as umbrella
papyrus, umbrella sedge or umbrella palm—is a
grass—like perennial sedge plant in the very
large genus Cyperus of the sedge family,
Cyperaceae. It is native to Madagascar but is
frequently cultivated worldwide as an ornamental
or pot plants. It is cultivated as a fiber
plant or ornamental in South-East Asia and
elsewhere in the tropics. It grows to 3-5 ft
along edges of streams, ponds, and lakes,
where water is plenty. The flowers, which occur
in clusters of 10-20, are brownish spadix
produced in the center of the leaves [22]. The
plant has strong underground root and erect
aerial stem, which does not have any branches
[23].

In the Philippines, the stems are used for
mat-making. The stems produce 50% or
more when pulp at 100°C and atmospheric
pressure. The strength of unbeaten pulp was
similar to that of beaten softwood pulps, but
drainage was very slow. A strong paper was
obtained by blending with unbeaten wood pulps
[24].

The present study aims to synthesize the
CNCs from the purified cellulose fiber of umbrella
plant and characterize their selected properties
using Field Emission Scanning Electron
Microscopy (FESEM), Transmission Electron
Microscopy (TEM), Fourier Transform Infrared
(FTIR Spectroscopy, X-ray Diffraction (XRD),
and thermal analyzer. The results of the
study could be used as benchmark in
considering the newly synthesized CNCs as
reinforcement agents for  nanocomposite
preparation.

2. MATERIALS AND METHODS
2.1 Materials

The umbrella plant stems were collected
from the Butuanon Riverbank located at
Budlaan, Talamban Cebu City, Philippines.
The chemical reagents used in the entire
preparation of cellulose fiber and synthesis of
CNCs were analytical grade without further
purification.
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2.2 Extraction and Purification of

Cellulose Fiber

The crude fiber was extracted using water—
retting process [25]. Briefly, the long and
continuous stems were cut into pieces having
approximate length of 30 cm each and kept
immersed in water for 2 weeks. During this
period, the stems were softened and degraded
due to the presence of microorganisms in water.
Then, the fibers were separated from the stem
piths and washed thoroughly with double—
distiled water to remove their impurities. The
obtained fibers were air—dried for 48 h to remove
the moisture. The extracted fibers underwent
purification.

The purification of cellulose fiber involved alkali
and bleaching treatment [26]. The C. alternifolius
fibers were treated with 5% w/w aqueous
solution of sodium hydroxide for 30 min at 30°C
maintaining a liquor ratio of 30:1. The fibers were
washed several times with water to remove all
traces of NaOH from the fiber surface. The
washed fibers were dried in a hot air oven at 105
°C for 8 h. Then, the alkali-treated fibers were
milled using Thomas—Wiley Laboratory Mill to
pass through a 60—mesh size screen. The sieved
fibers were dewaxed by refluxing with toluene—
ethanol (2:1, v/v) for 6 h in a Soxhlet apparatus.
The dewaxed fibers were bleached with a
solution made up of equal parts (v/v) of acetate
buffer (27 g NaOH and 75 mL glacial acetic acid
diluted to 1 L of distilled water) and aqueous
sodium chlorite (1.7% w/v NaClO; in water) using
a fiber/lliquor ratio of 1:50. The bleaching
treatment was performed at 80°C for 4 h. The
mixture was filtered and extensively washed with
2% wi/v sodium bisulfite, distilled water, and 95%
vlv ethanol. The residues were dried at 105°C in
an oven for 8 h until constant weight. The crude
holocelluloses were ftreated with 17.5% w/v
sodium hydroxide solution at 30°C for 45 min.
The treated fibers were washed with distilled
water and 95% v/v ethanol to neutralize the
reaction. Finally, the purified cellulose fibers were
dried at 105 °C in an oven for 8 h until constant
weight and stored in air tight polybags.
the Cellulose

2.3 Synthesis of

Nanocrystals

The synthesis of CNCs from purified cellulose
fibers of wumbrella plant utilized a well-
established acid hydrolysis [27]. The hydrolysis
was performed at 45 °C under magnetic stirring
using a pre—heated 64% w/w sulfuric acid for 30
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min. For each gram of purified cellulose, 10 mL
of pre—heated 6.5 M H,SO, was added to the
sample. Heating was done using a temperature—
controlled water bath. The mixture was allowed
to hydrolyze under vigorous stirring. Immediately
after the hydrolysis, the suspension was diluted
with 10—fold cold water to stop the hydrolysis
reaction, and was allowed to settle overnight.
The clear top layer was decanted and the
remaining white cloudy layer was centrifuged for
10 min at 6000 rpm. The suspension was
washed and centrifuged repeatedly for three
times. The thick white suspension after the last
centrifugation was placed inside a Fisherbrand
regenerated cellulose dialysis membrane tubes
(12-14 kDa molecular weight cut off) and
dialyzed against Milli Q ultrapure water for seven
days. The dialysis was continued until such the
membrane tube containing the CNCs was placed
periodically in water, the pH of the water become
neutral over a period of 1 h. Subsequently, the
suspension was sonicated for 10 min to disperse
the particles homogeneously. The aqueous
suspension was dried using a FT-10-R vacuum
freeze dryer (Labfreeze Instruments Co. Ltd).

2.4 Characterization of Cellulose

Nanocrystals
2.4.1 Morphology

The morphologies of untreated fibers, purified
cellulose fibers, and CNCs were examined using
Zeiss Supra 55VP Field Emission Scanning
Electron Microscope (Germany) of USC—Physics
Department Material Science Division with an
accelerating voltage of 1.5 kV. The dried
samples were placed on a sample holder and
sputtered-coated with gold to avoid the charging
effect. The samples were visualized at various
magnifications.

For transmission electron microscopy (TEM), the
only the CNCs were examined using JEM—2100F
transmission electron microscope (JEOL, Japan)
at the Advanced Material Technology Laboratory
of the Department of Science and Technology.
The freeze—dried cellulose nanocrystals were re—
dispersed into ethanol. A drop of 10 uL about
0.005% wi/v cellulose nanocrystals suspension
was added onto the carbon—coated electron
microscopy grid and the excess liquid was
absorbed by a filter paper. The specimens were
then negatively stained with 2% uranyl acetate.
Excess solution was blotted out with a filter paper
and allowed to dry by evaporation at ambient
condition. The sample grid was observed at 200
kV.
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2.4.2 Fourier transform infrared

spectroscopic analysis

(FTIR)

The FTIR spectra of untreated fibers, purified
cellulose fibers, and CNCs were recorded at
room temperature using Perkin Elmer FTyq
Fourier—Transform Spectrometer of University of
San Carlos (USC)—Chemistry Department. The
dried samples were analyzed in transmittance
mode within the range of 4000-600 cm™ at a
resolution of 4 cm™ using attenuated total
reflectance (ATR) technique of the FTIR
instrument.

2.4.3 X-ray diffraction analysis

The physical analyses were evaluated through
X-ray diffraction (XRD) using Shimadzu Lab-X
XRD-6000 X-ray diffractometer at Materials
Science Division of the Department of Science
and Technology. The experiment was performed
with a scanning rate of 1° per min with Cu Ka
radiation source (A 1.5418 A) operating at 40 kV
and 30 mA. The XRD patterns were obtained
over the angular range 26 2—-60°. The crystallinity
indices of the samples were calculated using
Segal method as shown in the equation below.

Crl = [(Ioo2 — Iam) =+ Tooz] X 100

In this equation, Crl expresses the relative
degree of crystallinity, ly is the intensity of the
002 lattice diffraction at 26 22.8°, and /., is the
intensity of diffraction at 26 18.0°. oo, represents
both crystalline and amorphous regions while /,,
represents only the amorphous component.

2.4.4 Thermal analysis

The thermal properties were determined using
Perkins Elmer STA 6000 simultaneous thermal
analyzer at Advanced Device and Materials
Testing Laboratory of the Department of Science
and Technology. The runs were performed at
heating rates of 10 °C/min from 30°C to 995°C
under high purity nitrogen at a flow rate of 50
mL/min. A 10 mg of sample was placed in a
ceramic crucible holder.

3. RESULTS AND DISCUSSION

3.1 Morphology

Fig. 1 showed the FESEM micrographs of
untreated fiber (A), purified cellulose (B) and
CNCs (C); and TEM micrograph of CNCs (D).
The untreated fiber appeared as bundles of
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fibers packed with massive cementing materials.
However, during alkali and bleaching treatment,
these cementing materials were removed as
shown in the image of purified cellulose with
smooth morphology. Cellulose microfibrils were
also visible in the purified cellulose fibers.
Meanwhile, sulfuric acid hydrolysis of the purified
cellulose fiber at 45°C for 30 min produced two
different types of nanocrystals, such as rod-like
and spherical CNCs. The most abundant type
was rod—like CNCs while the least was spherical.
The image of the CNC rods in Fig. 1C were less
than 20 nm width and between 200 and 300 nm
length. However, the CNC rods were shorter
when viewed using TEM (Fig. 1D). They were
less than 5 nm width and between 20 and 50 nm
length. It appeared that agglomeration of CNC
rods occurred forming into larger bundles.
Hence, the CNC rods were larger when viewed
using FESEM. The formation of larger CNC rods
could not be avoided because the samples were
freeze—dried prior to FESEM analysis which
increased the chance of intermolecular
interactions. However, these bundles of CNC
rods are well dispersed easily in ethanol during
the preparation of TEM sample prior to their
analysis. Hence, the much smaller CNC rods
were observed under TEM.

Meanwhile, the spherical CNCs were identified
using TEM with a diameter of less than 20 nm.
The formation of spherical CNCs was due to the
self-assembling of short CNC rods through
interfacial hydrogen bonds. However, this
interaction didn’'t exist to longer CNC rods.
Hence, the spherical CNCs were not be visible
using FESEM because the nanoparticles were
relatively long. The identification of spherical
CNCs from umbrella plant was additional library
to very few sources of this type of CNCs, which
were first identified in cellulose fibers of cotton
[28].

3.2 FTIR Spectroscopic Analysis

The FTIR spectra presented in Fig. 2 showed the
changes in chemical composition due to the
chemical treatment of untreated umbrella fibers
and sulfuric acid hydrolysis of purified cellulose.
The peaks at 3393 cm™ and between 2900-
2800 cm™ in the three spectra were attributed to
the O—H stretching and C-H stretching of the
cellulose [29-30]. The prominent peaks around
1600—-1400 cm™" and the peak at 1250 cm™ in
the spectrum of untreated fiber ascribed to the
aromatic C=C stretch and C-O out of plane
stretch [29], respectively, which were due to the
aryl group of lignin [31]. These peaks decreased
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in the spectrum of purified cellulose due to the
removal of lignin, and disappeared in the
spectrum of cellulose nanocrystals because of
acid hydrolysis [32—33]. The other peaks at 1638,
1347, and 1033 cm™" which appeared in all of the
spectra are associated with the O—H bending, C—
H bending; and stretching vibration of C-O-C
pyranose B-1-4—glycosidic bond, a type of
acetal linkage [18,29], respectively. A strong
spectral band of C—H at 1347 cm™' implied that
the CNCs were composed of crystalline cellulose
| [34-35]. Meanwhile, the decrease in the
intensity of the peak at 1033 cm™' for C-O-C
pyranose glycosidic linkage confirmed the
removal of amorphous region of the cellulose
[36].

The differences of the spectra between untreated
umbrella fiber and cellulose nanocrystals implied
that the cellulose nanocrystals were produced
after sulfuric acid hydrolysis of purified cellulose
fiber from umbrella plant [37]. Meanwhile, no
large significant differences were observed
between the spectra of purified cellulose and
cellulose nanocrystals which implied that the
molecular structure of cellulose was preserved
during acid hydrolytic process [32,37].

ETe 200hv  Dewwser = 355 Inieealn Mode <38 Duew 1 Feb 88
Hage IEE

WO B8 Samis

3.3 X-ray Diffraction Analysis

Fig. 3 showed the XRD patterns of the untreated
fibers, purified cellulose fiber and CNCs which
were predominantly a type | or native cellulose
because of the presence of peaks at around
206=18°, 26=22.8°, and 26=35°. It was observed
that the main diffraction peak located at
26=22.8° for CNCs was larger and sharper than
the untreated fiber and purified cellulose. The
result was an indicative that the CNCs had better
defined crystalline domains which was confirmed
further based from the value of crystallinity
indices of the three materials. The crystallinity
indices for the untreated fiber, purified cellulose
and CNCs were 80.56, 87.40, and 94.48%,
respectively. A much higher crystallinity of CNCs
was attributed to the removal of amorphous
components such as hemicellulose and lignin;
and other non cellulosic components during
bleaching and hydrolysis. The synthesis
procedure resulted to the realignment of
cellulose molecules and the release of individual
crystallites [38]. Meanwhile, the broadening of
the diffraction peaks at 26=18° for untreated
fiber, purified cellulose, and CNCs was due to
the overlapping with peaks around 26=15°.

Fig. 1. FESEM micrographs of untreated fiber (A), purified cellulose fiber (B), and CNCs (C);
and TEM micrograph of CNCs (D)
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Fig. 4. TG and DTG curves of untreated fiber (A), purified cellulose fiber (B), and CNCs (C)

3.4 Thermal Analysis

Fig. 4 showed the thermogravimetric (TG) and
derivative thermogravimetric (DTG) curves of
untreated fiber, purified cellulose fiber and CNCs
of umbrella plant. The three materials exhibited
an initial decomposition at temperature peak
between 50-55°C which corresponded to the
evaporation of surface—bound moisture. The
purified cellulose fiber exhibited a highest main
decomposition temperature at 351.86°C which
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was ascribed to the weight loss of cellulose.
Meanwhile, the untreated fiber showed the main
decomposition at 333.41°C which was attributed
to the pyrolysis of cellulose. A small broadening
on the left of the main peak was observed which
was due to the low decomposition temperature of
hemicellulose, lignin and pectin; while a shoulder
peak at 659.59°C was associated to higher char
formation of non-cellulose components [31-
32,35,37]. However, the CNCs exhibited a
different decomposition behavior. A lower start
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decomposition temperature was detected at
228.12°C. Then, a shoulder peak at 334.59°C
was recorded after the main decomposition peak
of 277.13°C. The decomposition temperatures at
228.12°C and 277.13°C were due to the
degradation of sulfated regions; whereas, the
high temperature decomposition was related to
the breakdown of unsulfated regions of the CNCs
[32,37].

The purified cellulose fibers had higher
degradation temperature than the untreated fiber
because the cellulose fibers underwent series of
processes such as dehydration, depolarization
and decomposition of glycosyl units before
charred residues were formed. In addition,
purified cellulose had lesser content or absence
of non—cellulosic segments such as lignin and
hemicelluloses which decomposed at lower
temperature. Meanwhile, the CNCs had lower
degradation temperature—an indicative of a
lower thermal stability—because of their nano—
sizes, greater number of free ends along the
chain, drastic reduction in the molecular weight
and degradation of highly—sulfated regions [39].
Moreover, the TG curve of CNCs was a three
well-separated pyrolysis process [40]. The first
two well-separated pyrolysis process are at 220—
270°C, 270-330°C, and 330—470°C, respectively
[41]; and a maximum temperature peak at a
lower temperature (around 400°C) than the
degradation of native cellulose [42]. The
reduction of thermal stability of CNCs was due to
the presence of sulfate group attached to the
sugar units [43], which could be removed at a
much lesser energy [44]. Specifically, the lower
temperature stage was attributed to the
degradation of more accessible highly sulfated
regions, whereas the higher temperature stage
was brought about by the breakdown of
unsulfated crystal interior of CNCs [45].

4. CONCLUSION

The study showed that the purified cellulose
fibers derived from the stems of umbrella plant
were potential natural source of cellulose
nanocrystals.  Morphologically, the newly
synthesized CNCs were mixed of both rod-like
and spherical-shaped nanocrystals. The CNC
rods were less than 20 nm width and 200-300
nm length when viewed under FESEM. However,
the CNC rods appeared shorter when observed
under TEM, which were less than 5 nm width and
20-50 nm length. Meanwhile, the spherical
CNCs were obtained from the cellulose fibers of
the plant that had a diameter of 20 nm
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approximately. Moreover, the CNCs were highly
crystalline; yet, they were relatively had low
thermal stability.
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