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ABSTRACT KEYWORDS
Cellulose nanocrystals (CNCs) or cellulose nanofibers (CNFs) with different Cellulose; morphology;
morphologies, chemical, mechanical and physical properties can be obtained particle size distribution
when microcrystalline cellulose is subjected to enzymatic, chemical or mechan- s

ical treatment. With the aim of utilizing cellulose nanofibrils (CNFs) from Oryza SR % B particle size
sativa, we isolated microcrystalline cellulose using the Kraft process, followed by ais;rit/)ljl{ionl*ﬁ 43 A
successive fiber fibrillation using mechanical grinding, then (2,2,6,6-Tetrame

thylpiperidin-1-yl)oxyl (TEMPO) mediated oxidation. Analysis of pulp fibers

obtained after each treatment step revealed that fiber properties such as length,

crystallinity and crystal size changed when the pulp was subjected to mechanical

grinding, ultrasonication and TEMPO mediated oxidation. The degree of crystal-

linity of the fibers increased while crystal size and fiber length decreased after

each treatment. TEMPO mediated oxidation led to a decrease in fiber length and

an increase in degree of crystallinity of the fibers as compared to mechanical

treatment and ultrasonication. It further introduced carboxyl functional groups

(COOH) on the surface of the fibrils, which implies that the nanofibers obtained in

this study could be further functionalized. Hence, TEMPO mediated oxidation

offers the possibility of further chemical functionalization of cellulose nanofibers

isolated from agricultural residues.
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Introduction

There is great interest in the development of green, bio-based and biodegradable materials from
natural resources to meet the demand for materials for engineering purposes (Collazo-Bigliardi,
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Ortega-Toro, and Boix 2018). With a global production of 220 billion tonnes annually, agricultural
residues have attracted attention as precursors for the production of environmentally sustainable
materials (Islam et al. 2018; Jorfi and Foster 2015; Kar, Rana, and Pandey 2015). Residues such as
rice husks (Barbash, Yaschenko, and Shniruk 2017; Begun et al. 2013), coffee husks (Collazo-
Bigliardi, Ortega-Toro, and Boix 2018), wheat straw (Bian, et al. 2019a), sisal fibers (Bhimte and
Tayade 2007), walnuts (Hemmati et al. 2018), corn cobs (Boufi and Chaker 2016), cladophora fibers
(Camacho, Gerongay, and Macalinao 2013), lotus stalks (Chen et al. 2014), vine shoots (El Achaby
et al. 2018), roselle (Kian et al. 2017), or agave (Ponce et al. 2013) are rich sources of cellulose
nanofibers with potential applications in composite materials (Torres et al. 2013). In developing
countries such as Kenya where the annual rice production stands at 45,000-50,000 tons per year,
these residues are increasingly becoming a point of concern due to the high amount generated
annually. These residues are usually buried in soil or burnt in the open, an approach which leads to
environmental degradation through the introduction of harmful products into the atmosphere. As
a result, there is a need to come up with effective and economical ways in which these agricultural
residues can be utilized through chemical, biological, or thermal conversion to produce cellulose
nanofibers (Bian, et al. 2019a).

Cellulose nanofibers (CNF) and cellulose nanocrystals (CNCs) are usually prepared using che-
mical, physical, biological or oxidation methods (Kar, Rana, and Pandey 2015; Szczesna-Antczak,
Kazimierczak, and Antczak 2012). Chemical methods typically involve the use of strong acids by
which the amorphous domains of the fibers are destroyed, yielding cellulose nanocrystals (CNCs) in
which surface hydroxyl groups are esterified to yield corresponding acid esters (Karimi and
Taherzadeh 2016; Torres et al. 2013). Cellulose nanofibers (CNFs) are also prepared when cellulose
is subjected to mechanical treatment such as high-speed grinding, high-intensity ultrasonic treat-
ment and steam explosion to obtain fibers of nanometer dimensions (Boufi and Chaker 2016).
Biological treatments of cellulosic materials are based on enzymes such as cellulase that are produced
by fungi, bacteria, protozoans, plants and animals to cleave the p — 1, 4 linkages of the fiber
structures into simpler ones (Zhang and Zhang 2013). Since such treatments are more time-
consuming, they are often coupled with mechanical/chemical methods to yield faster and better
CNF. Biological treatment has the advantage of producing nanofibers that are considered biocom-
patible and can be used to produce biomedical and pharmaceutical products. Enzymatic processes,
compared to chemical ones, are also widely considered as environmentally friendly and result in
longer nano-fibers that are characterized by a greater number of connections between nanofibrils
(Corgie, Smith, and Walker 2011; de Aguiar et al. 2020). These are desirable characteristics of CNF
used in biomedical applications such as wound dressings and reinforcement materials in nanocom-
posites. (Szczesna-Antczak, Kazimierczak, and Antczak 2012). Moreover, recent research progress
has led to the use of eutectic solvent and organic solid acids to isolate cellulose nanofibrils but
utilization of these solvents is hampered by cost (Yu et al. 2019; Bian, et al. 2019b). The utilization of
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) as a catalyst during oxidation with hypochlorite
allows the introduction of a carboxylic group in the Cg position on the surface of the fibers. The
exposure of TEMPO-oxidized fibers to mechanical treatment results in easier defibrillation due to
the generation of negative charges that repel the microfibrils against each other inside the cell wall
resulting in cellulose nanofibers with a diameter of 3-4 nm (Menon et al. 2017).

In this study, cellulose was isolated from Oryza sativa husks through alkaline hydrolysis, bleached
with H,O,/CH;COOH (1:1.5 v/v) mixture followed by conversion to nanofibrils through successive
mechanical high-speed grinding followed by TEMPO mediated oxidation. A Fourier-transform-
infrared spectrometer (FTIR) was used to determine the functional groups present while the particle
size distribution and morphological fiber analysis were determined using a particle analyzer and
a MorFi optical fiber length analyzer. The degree of crystallinity was determined via wide-angle
X-ray diffraction while the thermal properties were evaluated using a differential scanning calori-
meter (DSC) and Thermal gravimetric analysis. The surface morphology and size of the isolated
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fibers were determined using scanning electron microscopy (SEM) and Transmission electron
microscopy (TEM) respectively.

Materials and methods
TEMPO-mediated oxidation

Microcrystalline cellulose from Oryza sativa husks was prepared according to a previously established
method (Madivoli et al. 2016; Murigi et al. 2014; Ponce et al. 2013). TEMPO-oxidized fibers were
synthesized by dispersing 2 g microcrystalline cellulose (CE) in 50 ml deionized water containing
TEMPO (0.32 mmol) and sodium bromide (5.0 mmol) followed by addition of NaClO solution
(0.05 mmol/g CE) to the reaction. The reaction was maintained at pH 10 by dropwise addition of
NaOH (0.5 M) and monitoring changes in pH using a pH meter. The reaction was considered complete
when the pH of the solution remained constant at pH 10 without further addition of NaOH (0.5 M)
solution. The reaction was quenched by the addition of ethanol followed by washing to neutral pH and
centrifuging several times to remove inorganic salts and TEMPO (Zhou et al. 2018). HCl (2 M) was
added to the suspension of oxidized cellulose to adjust the pH to 2 and the mixture was stirred at room
temperature to convert the CsCOONa groups to CsCOOH groups. The carboxyl content of the pulp
fibers was determined by potentiometric titrations where the fibers (0.1 g) were dispersed in water
(20 ml) and titrated with NaOH (0.1 M) solution (Barbosa et al. 2013; Isogai 2018; Rohaizu and
Wanrosli 2017; Zhou et al. 2018). The carboxyl content was calculated using the following formulae:

Co = <NxVx100)
M

Where C is the carboxyl content (mmol/g), N is the titrant concentration (mM), V is the volume
(ml) at the equivalence point and M is the dried pulp in grams (Barbosa et al. 2013). TEMPO-
oxidized fibers were then dispersed in distilled water, sonicated and lyophilized (Boufi and Chaker
2016; Hassan and Hassan 2016; Isogai 2018; Jonoobi et al. 2010; Zhou et al. 2018).

Characterization of cellulose nanofibers

The presence of functional groups was determined with a Bruker Tensor II FT-IR spectrophotometer
model (Bruker, Ettlingen, Germany) using pressed KBr pellets prepared under a pressure of 7.5 x 10°
kPa for 3 min (Madivoli et al. 2016; Murigi et al. 2014). The diameters and length of pulp fibers were
determined using a Techpap Morfi Optical fiber analyzer (Techpap, France) after disintegration and
dilution to obtain a 0.1 g/l solution (Chen et al. 2014). Particle size distribution was determined
using a Malvern G3 S system (Malvern Instruments, Worcestershire UK) where 5 mm> samples were
loaded into a holder sealed with aluminum foil. The holder was placed in a dispersion unit and fibers
were dispersed on a glass plate with a pneumatic pressure of 0.5 MPa, injection time of 10 ms and
settling time of 60 s (Wang, Gardner, and Bousfield 2017). The XRD diffractogram was obtained
using an STOE STADIP P X-ray Powder Diffraction System (STOE & Cie GmbH, Darmstadt,
Germany) equipped with a copper tube operating at 40 kV and 40 mA irradiating the sample with
a monochromatic CuKa radiation (0.1542 nm). The crystallinity index (Clxgrp) and crystal size were
calculated using the peak height method and Scherrer equation, respectively (Jonoobi et al. 2010;
Madivoli et al. 2016). The hydrodynamic diameter was measured using a Bechman Coulter
DelsaMax pro Dynamic light scattering analyzer (Indianapolis, United States). Differential
Scanning Calorimetry (DSC) and Thermal Gravimetric Analysis (TGA) were carried out using
a Mettler Toledo TGA/DSC 3+ (Mettler-Toledo GmbH, Switzerland) by heating the samples
(10 mg) from 25°C to 500°C at 10°C min~" and subsequent cooling to 25°C (Ciolacu, Ciolacu,
and Popa 2011; Ponce et al. 2013). The surface morphology of the fibers was evaluated using
a Tescan Mira3 LM FE Scanning electron microscope operated at an accelerating voltage of 3kV
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(Kian et al. 2017). TEM micrographs were acquired on a Tecnai G2 Spirit (Thermo Fisher Scientific,
Oregon USA) operated at 120kV after suspending the pulp fibers in ultrapure water (18MQ.cm
Barnstead Genpure UV-TOC, Thermo Fisher scientific, Germany), and drop casting on carbon films
300 mesh (Electron microscopy science, CF300-CU).

Results and discussions
TEMPO oxidation of cellulose

Cellulose nanofibers could be obtained via the schematic representation in Figure 1.

Depending on the reaction conditions, the insoluble microcrystalline cellulose progressively
disappears, and the solution becomes cloudy and well dispersed (Figure 1). The basic component
for TEMPO-oxidized cellulose nanofibers are carboxylic acid functional groups introduced at the
C-6 hydroxyl groups, which are sodiated at pH 10. The sodium ion can be replaced through ion
exchange to introduce other ionic species such as protons or other metal ions. The carboxylate may
even bind to metallic nanoparticles such as silver, copper, iron or zinc, allowing to generate
a composite with the oxidized fibers (Boufi and Chaker 2016; Isogai 2018; Zhou et al. 2018). In
a first step, the CNF surface C6 carboxylate group was protonated with HCI to generate CNF
containing carboxylic acid groups, as confirmed by functional group analysis. The carboxylic acid
content is greatly influenced by the amount of oxidant used as at higher oxidant concentration there
was a subsequent drop in the carboxylic content of the fibers as determined by potentiometric
titration (Figure SF 1) (Isogai 2018). Potentiometric titration of TOCNF against NaOH (Figure SF 1)
revealed that the carboxyl content of oxidized fibers was found to be 2.21 + 0.11 mmol/g of fibers as
compared to native unoxidized cellulose that did not have carboxylic groups (Barbosa et al. 2013).
Depending on the cellulose source and the reaction conditions involved during synthesis, the
carboxyl content of TOCNF has been reported to be dependent on cellulose I crystal width which
varies with the source of pulp fibers used (Isogai 2018).

Characterization of CNF isolated from O. sativa husks

For comparison purposes, the FT-IR spectra of O. sativa husk cellulose (RHCE), mechanical-treated
cellulose (MTCE), ultra-sonicated cellulose (USCE) and TEMPO-oxidized cellulose (TOCNF) are
depicted in Figure 2.

Signals between 3450 and 3350 cm ™" are due to the surface hydroxyl groups while the bands at
2902 cm ™" and 1328 cm ™ correspond to CH, stretching vibrations. The absorption at 1213 cm™" in
the spectra was attributed to C-O stretching while the absorption peaks at 1070 and 850 cm ™" refer
to the C-O-C vibrational frequency and p-glycosidic linkage vibration, respectively (Johar, Ahmad,
and Dufresne 2012). The bands from 465 cm™" to 485 cm™ belong to the bending vibration of Si-O
while a peak at 1640 cm™' corresponds to - OH bending vibrations as a result of cellulose water
interactions (Begun et al. 2013; Jonoobi et al. 2010). As seen from the FTIR spectrum of cellulose, the
low intensity of the absorbance peaks in the regions 1740-1745 and 1235-1240 cm ™" indicates that
the fibers have a low degree of acetylation as a result of the interaction of the fibers with acetic acid

: TEMPONACIONaBr NaooG Naooc lon Exchange X9 o XOOC
(3% pH 10
-

Cellulose Tempo Oxidized Cellulose (TOCNF) X =Ag, H, etc

Figure 1. TEMPO-oxidized cellulose nanofibers (TOCNF) reaction scheme.
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Figure 2. FT-IR spectra of O. sativa husk cellulose (RHCE), mechanical-treated cellulose (MTCE), ultra-sonicated cellulose (USCE) and
TEMPO-oxidized cellulose (TOCNF).

during the bleaching cycle (Jonoobi et al. 2010). Normally, an intramolecular hydrogen bond in
cellulose occurs at 3342 cm™". Bands in the region between 3221 and 3280 cm™" are assigned to the
two crystalline cellulose allomorphs, cellulose I, and cellulose Ig. A very small peak, normally shifted
to lower wavenumbers, at 3147 cm ™', was attributed to hydrogen bonds occurring only in cellulose
I,. The band at 3147 cm™' was assigned to the intramolecular hydrogen bonds present only in
triclinic I, cellulose, whereas the band at 3319 cm™' is proportional to the amount of monoclinic
cellulose Iz (Poletto, Ornaghi, and Zattera 2014). The main difference between native rice husk
cellulose, mechanical-treated cellulose, ultrasonicated cellulose and TEMPO-oxidized cellulose is the
signal at 1610 cm™" for oxidized cellulose which corresponds to the COO Na* group. The disap-
pearance of this peak in acid-treated cellulose confirmed the conversion of COO™Na" to COOH with
the C = O peak appearing at around 1728 cm ™. (Okita et al. 2010)

Morphological fiber analysis (MorFi)

MorFi analysis was adopted to investigate the morphological characteristics of the O. sativa husks
cellulose fibers and the results are depicted in Figure SF 2 and Table ST 1 (Chen et al. 2014). The
data in Figure SF 4 and Table ST 1 show the average fiber characteristics of O. sativa husks cellulose.
As a result of aggregation during the drying process, 42.7 % of O. sativa husks fibers had fiber
weighted mean lengths ranging between 23 and 45 um (Figure 4) as a result of aggregation during
the drying process (Zimmermann et al. 2016). The average weighted length of hardwood pulp and
softwood pulp has been reported to be 0.65 and 2.22 mm, respectively (Chen et al. 2014). The circle
equivalent diameter, high sensitivity circularity and the aspect ratio of cellulose are given in Table 1.

Circle equivalent (CE) diameter is the diameter of a circle with the same area as the 2D image of
the particle while high sensitivity (HS) circularity values indicate whether the particles closely

Table 1. Quantitative characterization of particle size distribution of cellulose fibers.

Mean D[n,0.1] DI[n,0.5] DIn, 0.9]
CE diameter 86+75 2.1 6.3 16.2
HS circularity 0.8+0.2 0.5 0.9 0.9
Aspect ratio 07 £0.2 0.5 0.9 0.9
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resembled a circle and is the ratio of the object’s projected area to the square of the perimeter of the
object. A perfect circle has an HS circularity of 1 while an irregular object has an HS circularity value
closer to 0 (Peng, Han, and Gardner 2012; Wang, Gardner, and Bousfield 2017). The CE diameters,
HS and aspect ratio of cellulose were Gaussian distributed, but the mean diameters were in the
micron scale dimensions with a vast majority being smaller than 10 pum. Because of irreversible
agglomeration and aggregation in nonpolar matrices as a result of capillary forces, van der Waals
forces and hydrogen bonding, the nanoscale dimension is usually lost during drying (Kar, Rana, and
Pandey 2015; Peng, Han, and Gardner 2012; Zimmermann et al. 2016). Since particle size influences
many properties of composite and is a valuable indicator of the quality and performance of these
materials, the cellulose morphology is critical to modifying the rheological properties of resulting
polymer composites (Wang, Gardner, and Bousfield 2017).

Degree of crystallinity and crystal size

The wide-angle diffractograms of cellulose fibers obtained from O. sativa husks are depicted in
Figure 3.

The diffractograms obtained (Figure 3) were typical of semi-crystalline material since they are
composed of a broad amorphous peak as well as crystalline peaks. It has been reported that the
crystalline structure of cellulose is responsible for the peak observed at 22° whereas hemicellulose
and lignin, which are amorphous, are responsible for the peak observed at 16° (Nascimento et al.
2016; Thygesen et al. 2005). These peaks at 20 angles of 16°, 22° and 34°, respectively, attributed to
the diffraction planes of (101), (002) and (040), are characteristic of type 1 cellulose while the degree
of crystallinity was estimated to be 42%, 32%, 27%, 28% and 22% for, TOCNF, USCE, MTCE, ATRH
and RHCE, respectively (Barbash, Yaschenko, and Shniruk 2017; Hooshmand et al. 2017). The
crystallinity index of cellulose is affected by the treatment methods the fibers have been subjected to
as highly crystalline cellulose is obtained when the pulp fibers are treated with strong acids such as
HCI and H,SO, while mechanical treatment such as balling yields fibers with less crystallinity.
Moreover, the increase in fiber crystallinity after each treatment can be attributed to the removal of
residual lignin and hemicellulose which have been reported to decrease fiber crystallinity (Thygesen
et al. 2005).
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Figure 3. WXRD pattern of Cellulose rice husks (RHCE) and TEMPO-oxidized cellulose nanofibers (TOCNF) isolated from O. sativa
husks.



//doc.rero.ch

http

80

Weight Loss(%)

-1.8 4

——ATRH
——RHCE
——MTCE
——USCE
——TOCNF

T
100

T T
200 300

Temperature (°C)
T T

T 1
400 500

T
100

200

T T T T T
300 400 500

Temperature ('C)

Figure 4. TGA thermogram of ATRH, RHCE, MTCE, USCE and TOCNF. Inset DTGA curves of ATRH, RHCE, MTCE, USCE and TOCNF.
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Figure 5. DSC thermogram of ATRH, RHCE, MTCE, USCE and TOCNF.

Thermal analysis

The TGA and DSC thermogram of rice husk samples subjected to different treatment methods are

shown in Figures 4 and 5.

From the DSC thermograms obtained (Figure 5), the samples had very distinct endothermic
peaks at the selected working range (Cengiz, Kaya, and Bayramgil 2017). The first endothermic



//doc.rero.ch

http

change occurs at 70-100°C due to evaporation of water and the second endothermic reaction which
shows the degradation of hemicellulose structure, which is usually observed between 180°C and 300°
C (Poletto 2016). Of all the samples analyzed, only alkali-treated rice husks had a small peak at this
region, which is an indication of the presence of residual hemicellulose. The degradation reaction of
cellulose starts at 300°C and continues to 400°C with a maximum mass loss occurring at 351, 339
and 305°C for alkali-treated rice husks (ATRH), rice husks cellulose (RHCE), mechanically treated
(MTCE) and ultrasonicated cellulose (USCE) respectively (Poletto 2016; Poletto, Ornaghi, and
Zattera 2014). Generally, cellulose derived from natural fibers has high thermal stabilities due to a-
cellulose of lignocellulosic structures (Cengiz, Kaya, and Bayramgil 2017). Similar results were
observed in TGA thermograms (Figure 4) in which all the samples underwent a small decomposition
at around 150°C as a result of evaporation of bound water. All samples exhibited the cellulose
decomposition process between 290°C and 360°C, which was ascribed to the removal of hemicellu-
lose and lignin during the chemical pretreatment process (Cengiz, Kaya, and Bayramgil 2017). It was
also observed that the thermal stability of ATRH, RHCE, MTCE, USCE, TOCNF was in the order
TOCNF< MTCE< ATRH< USCE< RHCE with RHCE being the most stable. Lower thermal stability
has been reported to be linked to increased crystallinity, fibril and particle sizes as highly crystalline
and small particle size materials have a higher heat transfer ability due to increased surface area.
Moreover, smaller particle sizes increase the number of end chains which in turn decompose at
lower temperatures yielding higher amount of char while the presence of inorganic salts and acids
has been known to act as flame retardants during pyrolysis thereby increasing char yield
(Nascimento et al. 2016; Yildirim and Shaler 2017).

Hydrodynamic diameters

The particle size distribution and intensity distribution of TOCNF were determined by dynamic light
scattering and the results are depicted in Figure 6.
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Figure 6. Hydrodynamic diameter of TOCNF obtained by dynamic light scattering for supernatants obtained after centrifugation of
TOCNF.
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From dynamic light scattering measurements (Figure 6), it was observed that the diameter of
TOCNF was distributed between 2 and 40 nm. Upon oxidation of cellulose, the TOCNF solutions
comprise cellulose nanofibers which have greater uniformity, but they tend to aggregate upon
drying. As observed in this study, most of the fibers had hydrodynamic diameters between 2 and
5 nm while some fibers had diameters above this value which can be attributed to the presence of
aggregates. The diameter of TOCNF fibers is influenced by the source of cellulose as TOCNF
isolated from Acacia pulp, Alfa, sugarcane bagasse, wheat straw, wood and coconut fibers have
diameters ranging between 5 and 80 nm. The production of these nanoparticles with diameters
below 100 nm is challenging because of the strong agglomeration tendency which occurs upon
drying aqueous cellulose suspensions (Rojas, Bedoya, and Ciro 2015).

SEM and TEM micrographs

The morphology of rice husk cellulose and TOCNF was examined by SEM and results are depicted
in Figure 7.

The chemical treatment of biomass led to the dissolution of lignin and hemicellulose which were
subsequently removed yielding cellulose pulp fibers (Figure SF 3). The surface of the native fiber
after bleaching was smooth which is an indication that lignin had been removed (Kian et al. 2017;
Ruangudomsakul, Ruksakulpiwat, and Ruksakulpiwat 2015). TEMPO-oxidized fibers, on the other
hand, had a highly porous surface as compared to native rice husk cellulose (Figure 7), which can be
attributed to oxidation of native rice husk cellulose. The TOCNF looked like a continuous irregular
mesh of cellulose fibers, occasionally united in the thicker fibers with the average length of the thin
fibers being about several hundred nanometers. The large interconnected pores of the cellulose
network present in the TOCNF were a result of ice growth during freeze-drying (Yu et al. 2019).

Figure 8-9 shows the fiber length distribution and a TEM micrograph of the unoxidized cellulose
fibers with a short, rod-like structure and many aggregates while that of TEMPO-oxidized fibers are
depicted in Figure 9. The drying method employed resulted in the formation of fiber aggregates,
likely based on strong intermolecular hydrogen bonds between the fibers (Collazo-Bigliardi, Ortega-
Toro, and Boix 2018; Rojas, Bedoya, and Ciro 2015). Moreover, it has been reported that particle
morphology and degree of aggregation are dependent on TEM sample preparation, though some
fibers remained isolated which facilitated the determination of fiber length with the help of image
processing software (Collazo-Bigliardi, Ortega-Toro, and Boix 2018). The length distribution of
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View field: 6.80 pm Det: SE View fisid: 11.8 pm Det: 58
BEM MAG: 812k Date(mialy): 012819 Adotptes Merkis institute SEM MAG: 48.7 kx  Date{midly): 1227118 Aacipie Markle Instute
TEMPOAT
Wanoparticles

Figure 7. SEM micrographs of TEMPO-oxidized cellulose nanofibers.
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Conclusions

Chemical and physical treatment of native cellulose affect fiber properties during its isolation. Both
alkali treatment and mechanical grinding of cellulose, ultrasonication at lower ultrasonication power
affect both thermal properties and crystallinity of cellulose while TEMPO mediated oxidation changes
both morphology, crystallinity and fiber length of cellulose. TEMPO mediated oxidation of cellulose
would allow to introduce metal ions and particles in cellulose network which in turn opens the
possibility of further functionalization. The fibers isolated in this study were primarily composed of
cellulose nanofibers as verified by TEM analysis, though the drying method employed in the study led to
aggregation of the fibers. While TEMPO mediated oxidation increases the crystallinity of cellulose and
reduces fiber length, it also offers the possibility of utilization of cellulose nanofibers in composite
materials. In this way, the use of rice husk as a novel material source makes it possible to obtain new
cellulose nanofibers and widens the supply of nanostructured materials.
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