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ABSTRACT KEYWORDS
Due to a high aspect ratio and enhanced mechanical strength, cellulose Cellulose; tempo;
nanofibrils can be used as reinforcing elements in biocomposite films. In characterization;

this study, cellulose nanofibrils were isolated from sugarcane bagasse using morphology
TEMPO-mediated oxidation and used to reinforce polyvinyl alcohol (PVA) 8
films. The carboxyl group content, functional groups, crystallinity, thermal £T4E 2, TEMPO; S AL TE
properties, and morphology of the nanofibrils were investigated. The influ- Az

ence of TOCNF content on the transmittance, swelling, and tensile strength

of PVA-TOCNF films were investigated by varying the TOCNF content of PVA

films. The fibrils had a carboxyl content of 12.2 + 0.6 mg/g CE due to the

presence of carboxylic groups, an increased degree of crystallinity, and

highly porous nanofibrils with lengths between 150 nm and 600 nm.

Incorporation of the isolated fiber on PVA films increased the swelling

capacity, tensile strength, and UV absorption but a decrease in the solubility

of the composite. An increase in the TOCNF content increased the tensile

strength of the films with the highest tensile strength of 6.6 + 2.2 kPa being

observed when the TOCNF content was 30%. The improvement in films

properties implies that the films can be used as a packaging material due

to enhanced water absorption and light-barrier properties.
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Introduction

There is an enormous amount of lignocellulosic materials available from agricultural activities. Of
these raw materials, at least 60 million tons of low-lignin cellulose fibers with different properties are
produced annually by alkaline hydrolysis processes. The mechanical and chemical properties of these
fibers highly depend on the raw materials used and the pulping conditions employed during isolation
(Kekaldinen, Illikainen, and Niiniméki 2012). Cellulose is used commercially in textiles, the food
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industry as a packaging material, paper making, textiles, drilling, chemical engineering, and architec-
ture (Al-Hameedi et al. 2020; Du et al. 2017). A handful of investigations have been conducted to
extract and utilize the cellulose nanofibrils (CNFs) from hydrolyzed residuals (Du et al. 2017).
Cellulose nanofibers (CNF) are usually prepared using chemical, physical, biological, and oxidation
methods (Kar, Rana, and Pandey 2015; Szczgsna-Antczak, Kazimierczak, and Antczak 2012).
Chemical methods involve the use of strong acids where the amorphous domain of the fibers are
destroyed yielding nanofibrils with esterified surface hydroxyl groups (Karimi and Taherzadeh 2016;
Torres et al. 2013). When physical methods such as grinding at high speeds, high-intensity ultrasonic
treatment, and mechanical nano fibrillation are employed, cellulose nanofibrils of nanometer diameter
can be obtained (Boufi and Chaker 2016). Biological treatment involving enzymes such as cellulase is
often coupled with mechanical/chemical methods to reduce the processing time and yield better CNF.
This treatment also yields biocompatible cellulose nanofibrils that are environmentally friendly and
are normally used to produce biomedical and pharmaceutical products such as wound dressings
(Corgié, Smith, and Walker 2011; Szczgsna-Antczak, Kazimierczak, and Antczak 2012). CNF can also
be obtained through oxidation using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) as a catalyst
which introduces a carboxyl group at the C4 position yielding nanofibrils with a diameter of
3-4 nm (Isogai 2018; Jonasson et al. 2020; Menon et al. 2017). Due to their high aspect ratio and
mechanical properties, the nanofibrils have been investigated as reinforcing elements in various
polymetric matrixes as they improve the mechanical properties of the resulting composite material
(Chowdhury et al. 2020; Kanai et al. 2020; Kar, Rana, and Pandey 2015). To improve the mechanical
properties of PVA-based composites, both CNF and CNCs from various sources have been investi-
gated as a reinforcing element. Bian et al. (2018) investigated the effect of loading CNF on the
rheological and mechanical properties of PVA hydrogels. They observed that when 2% CNF was
incorporated into the hydrogels, the storage modulus and young’s modulus of the resultant hydrogels
were increased 17-fold and 4-fold respectively (Bian et al. 2018). Miao et al. (2016) observed
a remarkable increase in the storage modulus of up to 1090% higher when CNF was incorporated
in the PVA matrix as compared to neat PVA films. In this study, the tensile strength of the resultant
nanocomposite increased with a subsequent increase in the CNF content of the films with a tensile
strength as high as 45 MPa being observed (Miao et al. 2016). In this study cellulose nanofibrils (CNFs)
were isolated from sugarcane bagasse through TEMPO-mediated oxidation and used to enhance the
tensile strength of polyvinyl alcohol films. Morphology of the fibers and the films was observed using
a scanning electron microscope while fiber length distribution was determined using a transmission
electron microscope. The crystallinity, carboxyl content, and functional groups present in the oxidized
fibers and the films were also examined to determine the structural changes. The influence of TOCNF
content on the transmittance, swelling, and tensile strength of PVA-TOCNF films were also
investigated.

Materials and methods
Synthesis of cellulose nanofibrils

TEMPO-oxidized fibers (TOCNF) were synthesized according to the literature. In brief, 2 g of
microcrystalline cellulose extracted from sugar cane bagasse were dispersed in 50 mL deionized
water containing TEMPO (0.048 g) and sodium bromide (0.48 g). The oxidation was initiated by
the addition of NaClO solution (30 mL) to the reaction vessel with continuous stirring while
maintaining the pH at 10 by the addition of NaOH (0.5 M) solution during the reaction (Madivoli
et al. 2020). The oxidation was carried out in an ultrasonicating bath at a frequency of 40 kHz and an
output power of 150 W at a constant temperature of 50°C. After 3 h, the reaction was deemed complete
when the pH of the solution remained constant at pH 10 without the addition of NaOH solution. The
reaction was quenched by the addition of ethanol followed by washing to neutral pH and centrifuga-
tion several times to remove inorganics salts and TEMPO (Hassan and Hassan 2016; Jonasson et al.
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2020; Rohaizu and Wanrosli 2017). Carboxylic content of the oxidized fibers was determined through
titration in which one gram (1 g) of the sample was dispersed in 20 mL of double-distilled water for 1 h
(Jiao et al. 2018; Rohaizu and Wanrosli 2017). To determine the degree of oxidation of the fibers, the
samples were titrated against 0.1 M NaOH solution until pH 10 was monitored using a pH meter
(Isogai 2018; Jonasson et al. 2020; Madivoli et al. 2020).

Determination of functional groups

The functional groups present in the reaction product were analyzed by a Bruker Tensor II FT-IR
spectrophotometer model (Bruker, Ettlingen, Germany). The KBr pellets of samples were prepared by
grinding 10 mg of samples, with 250 mg KBr (FT-IR grade). The 13 mm KBr pellets were prepared in
a standard device under a pressure of 75 kN cm™ for 3 min. The spectral resolution was set at 4 cm™"
and the scanning range from 400 to 4000 cm™! (Madivoli et al. 2019, 2020; Ponce et al. 2013).

Powder X-ray diffractometer analysis

The crystallinity phase of the nanoparticles was identified using STOE STADIP P X-ray Powder
Diffraction System (STOE & Cie GmbH, Darmstadt, Germany). The X-ray generator will be equipped
with a copper tube operating at 40 kV and 40 mA and irradiating the sample with a monochromatic
CuKa radiation with a wavelength of 0.1542 nm. XRD spectra was acquired at room temperature over
the 20 range of 5°-60° at 0.05° intervals with a measurement time of 1 s per 20 intervals (Katata-Seru
et al. 2018; Madivoli et al. 2019)

The XRD Crystallinity Index (Clxgrp) for native cellulose was calculated using the peak height
method from the following height ratio:

Tooz — 1

CI(%) = [u} x100 )
002

where I, is the intensity of the 002 crystalline peaks at 22° and I,,,,, the height of the minimum (I,,,,)

between the 002 and the 001 peaks (Madivoli et al. 2019; Poletto, Heitor, and Zattera 2014)

SEM and TEM analysis

TEM analysis was performed on a Tecnai G2 Spirit (Thermo fischer scientific, Oregon USA) operated
at 120kV equipped with veleta 2048 x 2048 wide-angle and Eagle 4096 x 4096 bottom mount
detectors. The cellulose was suspended in ultrapure water (18MQ.cm Barnstead Genpure UV-TOC,
Thermo scientific, Germany) and ultrasonicated to obtain a solution of suspended fibers. The
individual solutions were then drop casted in Carbon films 300 mesh (Electron microscopy science,
CF300-CU) and dried to evaporate the solvent before TEM analysis (Jiao et al. 2018). The size of the
nanofibrils were measured using the imaging processing software, Image], and plotted as a histogram.
Morphological analysis of dialdehyde cellulose were performed using Tescan Mira3 LM FE Scanning
electron microscope operated at an accelerating voltage of 30 kV. The samples were gold-sputtered
before observation to avoid the charging effect (Kia et al. 2017; Madivoli et al. 2019).

Thermal analysis

Thermal gravimetric analysis (TGA) and Differential Scanning Calorimetry (DSC) analysis were
carried out using a Mettler Tolledo DSC/TGA 3+ (Mettler-Toledo GmbH, Switzerland). All the
samples (10 mg) were heated from 25°C to 400°C, cooled to 25°C (Ciolacu, Ciolacu, and Popa 2011;
Jonasson et al. 2020; Ponce et al. 2013)
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PVA/cellulose composite films

The cellulose PVA nanocomposite films was prepared by dissolution and solvent casting the polymer
matric in plastic molds as reported in the literature (Kanai et al. 2020). 1 g of PVA was dissolved in
50 mL distilled water at 60°C followed by the addition of TOCNF (0.1-0.5 g) to prepare solutions that
had 10%-50% TOCNEF. The solutions were vigorously stirred, ultrasonicated to remove air bubbles,
poured in plastic molds, cured in an oven set at 50°C to constant weight, and stored in a desiccator
before use (Kanai et al. 2020).

Thickness of the film

The thickness of the films was measured using a micrometer screw gauge to the nearest 0.001 mm.
Measurements were made in at least seven random locations of each preconditioned film and the
values were reported as mean + standard deviation (SD). The mean values were used to determine the
tensile strength of the dried films (Afonso et al. 2019; American Society for Testing and Materials 2018;
Kanai et al. 2020; Zimet et al. 2019).

Water solubility

To determine the films solubility and swelling capacity, film pieces (20 x 20 mm) were dried at 105°C
to constant weight followed by immersion in 50 mL of distilled water and shaken gently for 24 h at 25°
C. The solutions were poured onto a filter paper (Whatman #1) to recover the undissolved films which
were then weighed, and the wettability calculated using equation 1:

Finalwetweight — initialdrymass

j =S 1 1
Swelling (%) Initialdrymass x100 )

The film solubility was determined as the percentage of dry matter of the remaining film after
immersion in water. Film pieces (20 x 20 mm) were dried at 105°C to constant weight followed by
immersion in 50 mL of distilled water and shaken gently for 24 h at 25°C. The solutions were poured
onto a filter paper (Whatman #1) to recover the undissolved films. The samples were then rinsed with
distilled water and dried at 105°C to constant weight and the solubility was calculated according to
equation 3 (Kanai et al. 2020; Zimet et al. 2019).

Initialdrymass — finaldrymass

Solubility(%) = Initialdrymass x100 (2)

Tensile strength

The tensile strength was measured using an in house fabricated tensile strength device constructed
from a laboratory ring stand to which a top horizontal support was attached (Figure S1). A weighing
pan was used to hold the weights and reproducibility of the measurements were evaluated by
measuring the tensile strength of a film with known strength using the same apparatus. The
5 x 1 cm film specimens were clamped in place and the total weight on the pan was increased by
adding weights in a regular manner from 1 g to 500 g. The tensile strength was calculated by dividing
the total load at the breaking point (in newtons) by the original cross-sectional area of the segment of
the specimen that broke (in square meters) according to the following equation (American Society for
Testing and Materials 2018; Stevens and Poliks 2003)

W(ke).(9.80X
o W) (2805 o
A(1074 1)

cm?
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where W = total load, A = cross-sectional area of the film

Results and discussions
TEMPO oxidation of bagasse cellulose

The degree of oxidation of cellulose has been reported to be a function of reaction conditions and the
type of biomass used during the production of cellulose nanofibers. For the case of reaction conditions,
several authors have reported that the best reaction conditions to obtain the nanofibrils are room
temperature and a reaction period of 16 h (Isogai 2018). 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 (Madivoli et al. 2020). From this study, potentiometric titration of
TOCNF against 0.1 M NaOH revealed that the carboxyl content of oxidized fibers to be
12.21 + 0.6 mmol/g of fibers as compared to native-unoxidized cellulose that did not have carboxylic
groups (Isogai 2018; Kanai et al. 2020; Zhou et al. 2018).

Determination of functional group present

The functional groups present in bagasse cellulose and TEMPO-oxidized cellulose (TOCNF) is
depicted in Figure 1.

From Figure 1, the peaks between 3500 and 3300 are due to the surface hydroxyl groups while the
peaks at 2900.3 cm™ "' and 1328.9 cm™" were attributed to CH, stretching vibrations of cellulose. The
vibrational bands at 1213.1 cm™" in the IR spectra were attributed to C-O stretching vibrations while
the vibrational peak observed at 1070.4 and 850.5 cm™" refers to the C-O-C vibrational frequency and
B-glycosidic linkage vibration, respectively (Johar, Ahmad, and Dufresne 2012). The vibrational band
observed at 1640 cm™' corresponds to — OH bending vibrations as a result of cellulose water
interaction (Jonoobi et al. 2010). As seen from the IR spectra of TOCNEF, the fibers had all the
vibration peaks associated with cellulose nanofiber except for the vibration peak at 1730 which is
associated with C = O vibrational bands. TEMPO oxidation typical results in the oxidation of C6
carbon of cellulose resulting in the introduction of a carboxylic group at this position hence the
observed carbonyl vibration peak (Jonasson et al. 2020; Jonoobi et al. 2010).

Transmittance (%)

0.0 4 — TOCNF
—— Cellulose| C-0O-C

b T b T b T b T b T b T b 1
4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm™)

Figure 1. FT-IR spectra of native cellulose fibers and TOCNF.
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Crystallinity changes

The X-ray diffractograms of TOCNF and SB-Cellulose are depicted in Figure 2.

Figure 2 shows the XRD patterns and corresponding crystallinity index (CrI) of cellulose bagasse
after TEMPO oxidation. Cellulose is composed of both crystalline and amorphous domains which
tend to influence the XRD diffractogram observed. The diffractogram of cellulose isolated from
bagasse (Figure S1) was composed of crystalline cellulose domains which have peaks at 20 angles of
160, 22°, 340, respectively, and were attributed to the diffraction planes of (101), (002) and (040)
crystalline plane type 1 cellulose. The diffractogram of TOCNF had similar peaks at 26 angles of
16°, 22°, 34° which is an indication that tempo oxidation does not result in changes in the
crystallinity of the fibers. (Barbash, Yaschenko, and Shniruk 2017; Jonasson et al. 2020; Weng
et al. 2017).

DSC thermogram of SB cellulose and SB TOCNF

The DSC thermograms of TOCNF isolated from sugarcane bagasse are depicted in Figure 3.

The DSC thermogram of cellulose was composed of an endothermic peak centered at 100°C
associated with the evaporation of water on the surface of cellulose. A second endothermic peak
associated with the decomposition of cellulose started at 298°C with maximum decomposition being
observed at 338°C. The exothermic peaks occurring at 359°C and 482°C were attributed to the
decomposition of hemicellulose and residual lignin present in cellulose samples after chemical
treatment, respectively (Figure S2) (Jonasson et al. 2020). For the case of TOCNEF, the first endother-
mic peak associated with water evaporation was centered at 44°C while the second endothermic peak
associated with decomposition of cellulose was centered at 324°C. Differences in the thermal stability
of cellulose during thermal decomposition was associated with changes in the size of the fibers as it has
been reported that shorter fibers can easily dissipate heat hence the low thermal stability of TOCNF.
Typically, the DSC thermogram of cellulose comprises of two endothermic peaks between 90°C and
120°C degrees and 320°C-360°C which are as a result of water evaporation and cellulose decomposi-
tion during analysis (Figure S2). The degradation of cellulosic components starts at 150°C and lasts up

10000 -

8000 -

6000

Intensities

— SB-TOCNF
—— SB-Cellulose

4000

2000 +

10 20 30 40 50 60
2 Theta (6)

Figure 2. X-ray diffractogram of TOCNF from sugar cane bagasse.
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Figure 3. DSC thermogram of SB-cellulose fibers after TEMPO oxidation.

to 380°C when the decarboxylation, depolymerization, and decomposition occur in cellulose and
hemicellulose fragments (Kian et al. 2017).

TGA thermograms of SB cellulose and SB TOCNF

The TGA-DTGA thermograms of cellulose nanofibrils isolated from bagasse are shown in Figure 4.
The first endothermic change occurs at 70°C-100°C due to evaporation of water and the second
endothermic reaction which shows the degradation of hemicellulose structure, which is usually
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Figure 4. TGA/DTGA thermogram of SB-cellulose fibers after TEMPO oxidation.
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observed between 180°C and 300°C. Generally, cellulose derived from natural fibers have high thermal
stabilities due to a-cellulose of lignocellulosic structures. Similar results were observed in TGA
thermograms 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 hemicellulose and lignin during the
chemical pretreatment process (Jonasson et al. 2020; Madivoli et al. 2020).

Morphological analysis

The SEM micrographs depicting the morphology of the fibers after TEMPO oxidation is shown in
Figure 5.

From Figure 5, chemical treatment of bagasse before TEMPO oxidation resulted into a yield of
cellulose microfibrils composed of kinks and valleys as a result of lignin and hemicellulose removal
during treatment. On the other hand, TEMPO oxidation of cellulose yielded a more porous, sponge-
like flufty mass containing sub-micrometer to micrometer wide long fibers which have been reported
to be an indication of substantial self-assembly micrometer structures (Jiao et al. 2018). The network
structure of the interconnected fibers made it difficult to measure the length of individual fibers
observed during SEM analysis. The outstanding self-assembling behaviors of TEMPO-oxidized fibers
may be ascribed to their much higher specific surface and hydrogen bonding capabilities as a result of
their smaller dimensions and uniform structures during freeze-drying (Jiao et al. 2018).

TEM micrographs of SB TOCNF

The length distribution of TOCNF was evaluated using TEM and the micrographs obtained are
depicted in Figure 6.

From Figure 6, it can be observed that the length of TOCNF from sugarcane bagasse was in the
range between 150 nm and 600 nm. The length of cellulose nanofibrils obtained through TEMPO

. <
L - I \

SEM HV: 3.0 kV WD: 19.97 mm T ST ] MIRA3 TESCAN

View field: 4.72 ym Det: SE 1 pm

SEM MAG: 117 kx | Date(m/dly): 01/04/19 Adolphe Merkle Institute
SugarTs
Nanoparticles

Figure 5. SEM image of SB TOCNF.
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Figure 6. TEM micrographs and length distribution of SB-cellulose fibers after TEMPO oxidation.

oxidation is a function of the source of the fibers as different residues do give fibers with varying
lengths. While this is so, the diameters of the fibers have been reported to be between 1 nm and 5 nm in
length when the fibers are subjected to mild mechanical treatment after oxidation (Isogai 2018).
Different authors have reported the synthesis of single strand fibers after oxidation and mild mechan-
ical treatment, but in our study (Figure 6) the fibers obtained had widths similar to those reported in
the literature but with no clear observable single fibers (Madivoli et al. 2020; Zhou et al. 2018).

Optical, swelling, mechanical properties of TOCNF-PVA films

The optical, swelling, mechanical properties of PVA films reinforced with TOCNF are depicted in
Figure 7 and Table 1.

Films that are relatively transparent and bar ultraviolet radiation (UV) are generally considered to
be of good quality (Cazon, Vazquez, and Velazquez 2018). UV light accelerates the oxidation of oils
especially when influencers like chlorophyll are present (Mérillon and Gopal 2019). This in turn causes
a change of taste and color, pruning down the nutritional value and shelf-life of the packaged food.
Consumption of these kinds of foods poses harmful health effects that can be as grave as multiple
sclerosis (MS) (Ahmed et al. 2016). Transparent packaging enables the consumer to undoubtedly tell
the identity and quality of a packaged product before purchase (Jamshidian et al. 2012). The results
show that the % Transmittance of the films reduced with each increase in the amount of blended
cellulose as shown in Figure 7. The more the UV light was shielded the lesser the transparency of the
films (Liu et al. 2013).

A major disadvantage of PVA-based films is their high solubility in water (Jain, Singh, and
Chauhan 2017), making solubility tests an important parameter to check. To try and mend this defect,
many studies have been directed toward crosslinking PVA-based films with other composites. The
solubility of the films was determined after 24-h immersion in distilled water (50 mL) at room
temperature (Silva et al. 2008). The percentage solubility was measured as the percentage dry mass
of the solubilized film with respect to the total original mass of the film and the results are shown in
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Figure 7. Optical transmittance of PVA films reinforced with Bagasse TOCNF.

Table 1. Swelling, thickness, solubility, transmittance (Teq), and tensile strength (t.s) of TOCNF-PVA films.

9%CNF Swelling (%) Thickness (mm) Solubility (%) Te00% t.s (kPa)
0 86.8 £ 3.4 0.302 £ 0.010 589+ 0.8 71 1.1+0.2
10 129.6 + 3.4 0.160 = 0.010 509+14 60 1.2+03
20 1533 £ 6.6 0.214 + 0.020 496 + 4.1 44 54+22
40 1511+ 34 0.246 = 0.030 442 + 1.4 32 56 £ 1.1
30 1644 + 34 0.338 + 0.030 424 +0.8 9 6.6 +2.2
50 1756 + 3.4 0.384 = 0.080 39.1+£20 9 34+£0.7

Table 1. Table 1 shows that the pure PVA film had a higher percentage of solubility whereas the
solubility of the film decreased with an increase in the percentage TOCNF content in the blend film.
The solubility of the PVA films prepared with blends of cellulose showed a decreasing trend as more
cellulose was used. These results suggest that higher cellulose concentrations would be necessary to
reduce the high solubility of pure PVA film. PVA is composed of - OH (hydroxyl groups) which have
a high affinity for water molecules which raises their solubility of the resultant films. This also lowers
its mechanical strength placing it at a relatively high disadvantage when it comes to its applications.
The swelling behavior of the TOCNF-PVA composite blend films is shown in Table 1. The swelling
characteristics of films are a very important parameter as it ties directly to their practical applications.
For the composite films, it was noted that the swelling capacity was directly proportional to the
amount of cellulose blended with the PV A as the higher the cellulose content the higher the swelling
capacity. This slight increasing trend in the swelling capacity was attributed to water’s great affinity for
OH groups, which were presently availed by the nanocellulose fibers reinforcing the PVA films (Priya
et al. 2014).

Conclusion

Cellulose nanofibrils were isolated from sugarcane bagasse using the kraft process followed by
TEMPO-mediated oxidation. The oxidized fibers had high carboxyl content, which was visualized
by slight changes in the degree of crystallinity, optical properties, carbonyl functional group, fiber
morphology, and the length distribution of the fibers. Oxidation of the fibers resulted in yield loss of
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cellulose that occurred during oxidation using TEMPO, which has been reported to cleave the
crystalline domains in cellulose leading to shorter fiber lengths as visualized from TEM micro-
graphs. Incorporation of the isolated fibers on PVA films increased the tensile strength, swelling
capacity, and UV absorption of PVA films but it reduced the solubility of the resultant films in
water.
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