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ABSTRACT KEYWORDS

The adoption of high-intensity ultrasonication in the isolation process of Yarn structure; yarn residual
cellulose nanofibrils (CNF) as an economical, timesaving, and environ- torque; against-twisted yarn;
mental-friendly process has been explored. Three types of raw organic twist reduction; fiber motion
fibers, i.e, banana pseudostem, oil palm trunk, and kenaf bast were '

analyzed for the production of CNF using the process mentioned earlier. 33

Before the raw organic fibers were subjected to a high-intensity ultra- B e AT 5

sonication process, it underwent an alkaline treatment to eliminate the RFHFE; Tt s, Ot
non-cellulosic compounds. Field emission scanning electron microscope E4BeneXIL7 RO
(FESEM) and transmission electron microscope (TEM) micrographs con-

firmed the presence of nanofibrils in all three different types of CNF. The

frequency, amplitude, and duration of ultrasonication used in this study

were sufficient to produce CNF. Fourier-transform infrared spectroscopy

(FTIR) results indicated that the chemical treatment employed in this

paper was effective in removing the compounds, especially lignin and
hemicellulose. The increase in crystallinity, which is one of the advan-

tages of CNF, was observed from the X-ray diffraction (XRD) results.

Hence, it can be deduced that high-intensity ultrasonication could sim-

plify the complex process of CNF isolation compared to the conventional

method, widening the utilization and source of CNF in the industry.
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Introduction

Cellulose can be synthesized from plants, marine animals, fungi, as well as bacteria (Jiang and Hsieh
2013). It is the most abundant natural renewable and biodegradable polymer, with approximately 10"
tons of cellulose are synthesized and destroyed annually (Abraham et al., 2011). Cellulose is a major
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component of plant fiber that is primarily present in the secondary cell wall and plays a major role in
providing strength (Sorieul et al. 2016; Sundqvist and Moren 2002).

Meanwhile, nanocellulose is a polysaccharide nanoparticle that can be obtained from cellulose
(Mohd et al. 2016). Nanocellulose possesses several advantages, including large surface area, high
aspect ratio, high Young’s modulus, low cost, lightweight, relative abundance, renewable, and
biodegradable (Li et al. 2015). Nanocellulose material has been used in numerous applications
depending on its characteristics (Li et al. 2015). It can be designed to match other materials or as
a reinforcing agent to increase the mechanical strength of a composite structure due to its high
stiffness and strength (Lisdayana et al. 2020; Patchiya et al. 2018), easily modified to act as a water-
filtration membrane for water treatment, as a stabilizer and thickening agent in numerous applica-
tions, e.g., paint (Linglong et al. 2019), food (Shuji, Eiji, and Katsushi 2017), adhesives and coatings
(Martin et al. 2017; Raha et al. 2020), cement (Priyadarshana et al. 2020; Mocktar, Razab, and Noor
2020; Razab et al. 2019), and acts as a drug carrier (Salman, Amir, and Theo 2014; Shuji, Eiji, and
Katsushi 2017) in human bodies and can be used as a wound dressing due to its size and antibacterial
properties (Tibolla et al. 2014). Meanwhile, the high surface area-to-volume ratio of the nanocellu-
lose offers high sensitivity and faster response as sensors compared to microcellulose (Mohaiyiddin
et al. 2016).

Nanocellulose can be divided into two types, i.e., cellulose nanofibrils (CNF) and cellulose nano-
crystal (CNC), based on their nanostructures. CNF is longer than the rod-like CNC (Jiang and Hsieh
2013). CNF is produced by the process of delamination of the hierarchical structure of the cellulosic
fibers present in the plant cell wall (Velasquez-Cock et al. 2016). Furthermore, CNF possesses
a stronger reinforcement capability than CNC in a polymer matrix because CNF has a much larger
aspect ratio and stronger percolation network (Li et al. 2015). The specific characteristics of CNF are
optical transparency, low thermal expansion coeflicient, and high tensile strength (Velasquez-Cock
et al. 2016).

The isolation process of cellulose nanoparticles usually involves two steps, i.e., a combination of
enzymatic and chemical pretreatments with mechanical treatments despite the various methods of
production (Desmaisons et al. 2017). Among the mechanical treatments that can be employed include
crycocrushing (Alemdar and Sain 2008; Ayan, Mohini, and Mark 2005), grinding (Patchiya et al.
2018), refining, and high-pressure homogenization (Iwamoto et al. 2005; Kawee, Lam, and Sukyai
2018), high-pressure microfludisation (Fillat et al. 2018; Wei et al. 2012) and high-intensity ultra-
sonication (Abe, Iwamoto, and Yano 2007; Feng et al. 2018; Mocktar, Razab, and Noor 2020;
Mohammad et al. 2014).

However, the current mechanical methods used in the extraction of large-scale CNF are
restricted due to the high energy consumption of the fibrillation process (Desmaisons et al.
2017; Malucelli et al. 2018). Although the usage of high volume strong chemicals consumption
during the chemical pulping process will give better results and uniform CNF size, it will cause
a prolonged and non-environmentally friendly reaction process (Hongxiang, 2018). Thus, a new
pilot set-up and the development of a low-cost, large-scale technique that allows minimal
chemical hazards and improves the feasibility of high-quality CNF for future prospects
(Mishra, Sabu, and Tiwari 2018), especially for the abundant local plant fibers, should be
established in an environmentally friendly manner.

Herein, we combined minimal chemical treatments with a disintegration technique to reduce the
pollution and energy consumption during the CNF isolation processes. We developed a novel
technique to obtain CNF from a selection of local organic fibers, i.e., banana pseudostems, oil palm
trunk, and kenaf bast using an alkaline treatment chemical pulping, followed by a high-intensity
ultrasonication technique for mechanical disintegration. To the best of our knowledge, this technique
is ideal for large-scale productions, requires minimal cost, rapid and only needs a simple two-steps
method for a high purity CNF to be obtained.
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Experimental
Materials

A bundle of banana pseudostem was obtained from Malaysian Agricultural Research and
Development Institute (MARDI), while kenaf bast were obtained from the National Kenaf and
Tobacco Board (LKTN), Kota Bharu, Malaysia and oil palm trunk was obtained from the
Malaysian Palm Oil Board (MPOB), Selangor. These samples were used for the preparation of
CNFs. Treatment and isolation of cellulose were done by using sodium hydroxide, sodium
sulfite, and hydrogen peroxide, 30% received from Merck, Darmstadt, Germany.

Preparation, treatment, and isolation of cellulose nanofibrils (CNF)

The samples were shredded into micro size raw fibers before isolated by the pretreatment and
bleaching processes. This is followed by mechanical disintegration. Before the pretreatment process,
the fibers were initially cut into a smaller length of about 0.5 to 1 cm and oven-dried at 60°C for 24 h
to eliminate any remaining moisture. The fibers were then immersed in 2.5 mol L™" of NaOH and
0.4 mol L™" of Na,SOj5 to remove the lignin and hemicellulose as proposed by Wyman et al. (2005).
The fibers were boiled for 8 h to speed up the process and rinsed in hot distilled water to eliminate
any impurities. For this purpose, 2.5 mol L™ of H,O, was used as a bleaching agent, aided by heat,
until the yellowish color had completely disappeared, which usually took about 6 h. The fibers were
then rinsed with cold distilled water to remove more lignin content and the active hydroxyl group of
cellulose (Salehudin et al. 2012). The treated fibers were filtered to get the cellulose prior to the air-
drying process. Ultrasonic sonicator (Model: Q500, QSonica Sonicators) was used to sonicate the
mixture of 0.4 g air-dried cellulose with 50 mL distilled water for 30 minutes to obtain the
nanocellulose. The frequency was set at 20 kHz with 60% amplitude for 5 seconds on and 5 seconds
off pulse. The summary of the overall process is shown in Figure 1.

Fiber Preparation Bast Fibers
l
[ \ |
Banana Pseudostems Oil Palm Trunk Fibers Kenaf Bast Fibers (KB)
Fibers (BP) (OP)

‘ Sliced and oven dried at 60°C ‘

[
i

} Pretreatment ‘ Boiled in 2.5 mol L'! of NaOH and 0.4 mol L! of
N32503

[
| Rinsed with cold distilled H,0 |

1
‘ Bleaching ‘ ’ Boiled in 2.5 mol L! of H,0, ‘
[

| Rinsed with hot distilled H,0 |
T

|
‘ Mechanical disintegration ‘ ‘ Sonication ‘

Figure 1. Preparation, treatment and isolation processes scheme of cellulose nanofibrils.
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Characterization

Morphological analysis

The morphology of isolated CNF was studied using both the transmission electron microscope (TEM)
and field emission scanning electron microscope (FESEM). For the TEM sample analysis preparation,
a drop of CNF suspension was deposited on a copper grid and allowed to dry at room temperature.
The images were obtained using JEOL JEM-2200FS equipped with an electron gun, at an accelerating
voltage of 200 kV. While for the FESEM, a few drops of CNF suspension were placed on indium-tin
oxide (ITO) coated glass and left to dry at room temperature. After drying, the samples were examined
using Joel JSM-7900 F. The size of each fiber obtained from TEM and FESEM were randomly
measured using the built-in scaling software for polydispersity analysis. The micrographs were then
analyzed using the Image] software to determine the average distribution of the fiber size variation
frequencies on a selected area, as shown by the arrows in Figures 2(a),3(a) and 4(a) for TEM images,
and the regions of interest (ROI) in Figures 5(a),6(a) and 7(a) for FESEM micrograph. Diversity for
each plant nanofibres was selected between the diameter of 20-50 nm * 10 nm of the micrographs
obtained, as shown in Figures 5(b),6(b), and 7(b).

FTIR spectroscopy

FTIR spectroscopy scanned the presences of any changes in the functional groups of raw organic fibers
and freeze-dried CNF samples. The samples were dried at 60°C for 12 h before analysis. The spectra
were viewed using the Thermo Scientific Nicolet iN10 Infrared Microscope and iZ10 FTIR
Spectrometer machine. The transmittance mode was used with the spectra within the range of
4000-500 cm ™", resolution 4 cm™', and average 100 scans.

X-ray diffraction

X-ray equatorial diffraction profiles of the fibers were collected using the Bruker D2 X-ray
Diffractometer through CuKa radiation at the operating voltage and current of 30 kV and 20 mA.
The diffraction intensities were recorded between 10° and 90° with the scanning range of 26. The
crystallinity index (Crl) of the samples was calculated using Equation (1), following the method
proposed by Segal et al. (1959). In this method, CrI was calculated as the ratio of heights between the
maximum intensity of the crystalline peak close to 20 = 22° (I,0) and the intensity of the non-
crystalline material diffraction peak close to 20 = 18° (I,on.cr)-

CrYStalhnitY index, Crl (%) = (Icrystalline'Iamorphous)/Icrystalline x 100 Eq (1)

60 Ave: 7.8 nm
Std dev: 2

Frequency (a.u.)
w
o

, 1 H _
5 10 15 20 25
Width (nm)

Figure 2. TEM images of CNF and its width distribution profile isolated from BPCNF; The red arrows point to CNF (a) with their
average width (b) .
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Results and discussion
TEM analysis

The presence of CNF obtained from the banana pseudostems (BPCNF), oil palm trunk (OPCNF), and
kenaf bast (KBCNF) were confirmed by the TEM (Figures 2(a),3(a) and 4(a)). The average diameter of
the BPCNF, OPCNF, and KBCNF is 7.8 nm, 11 nm, and 6.2 nm, as shown in Figures 2(b), 3(b) and 4
(b), respectively. The long, needlelike, and entangled cellulosic filaments structures of CNF obtained
formed the network that corresponds to the definition of CNF as defined by Tibolla et al. (2017). This
proves that high-intensity ultrasonication promotes cell wall defibrillation by breaking the bonds
between the semi-crystalline fibers and releasing the CNF.

However, cellulose nanocrystals (CNC) are also present along the OPCNF, as shown in Figure 3(a).
Application of the duration of sonification gives different results depending on the different types of
fibers (Wenshuai et al. 2011). In this case, sonication duration might be a factor that causes the CNF
being transformed to CNC for oil palm fibers. Meanwhile, dark spots were detected in all TEM images,
indicating that the CNF were stacked onto each other due to agglomeration, as claimed by
Mohaiyiddin et al. (2016). However, the spots observed could also be due to the deposition errors
during sample grid preparation for TEM analysis. Figure 4(a) illustrates the agglomeration of KBCNF,
which relates to the small size of CNF that creates a higher aspect ratio, which is the length to diameter
ratio. The high aspect ratio creates an additional formation of interfibrillar hydrogen bonds between
CNF that leads to greater agglomeration. Besides, Mohd et al. (2016) explained that agglomerates
occur due to the hydrogen bond interactions between the hydroxyl groups on the CNF samples even
after the sonication process.

70 Ave: 11.0 nm
Std dev: 6
60
—~
= 50
A
> 40
% 30
&
£ 20
10 I
, m |
5 10 15 20 25
Width (nm)

Figure 3. TEM images of CNF and its width distribution profile isolated from OPCNF; The red arrows point to CNF (a) with their
average width (b). The red circle shows the present of CNF and CNC.
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Figure 4. TEM images of CNF and its width distribution profile isolated from KBCNF. The red arrows point to CNF (a) with their
average width (b) .
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Figures 2(b), 3(b) and 4(b) indicate the width distribution profiles of BPCNF, OPCNF, and
KBCNEF, respectively. The width distributions show that all types of CNFs have an average width of
10 nm. The smallest nanofibrils have a diameter of approximately 5 nm. Among the three types of
CNFs, BPCNF is the most polydisperse nanofibril, with a width distribution between 5 and 25 nm
compared to the other CNFs.

FESEM analysis

The FESEM micrographs also confirm the presence of BPCNF, OPCNF, and KBCNF on the surface
structures, as shown in Figures 5(a,b).6(a,b), and 7(a,b) FESEM images allow the observation of the
entangled network of CNFs. However, the size distribution of the fibers differs from that of the TEM
images for all fibers, where high polydispersity is observed on the sample surface, with varying
measurements noted for some single fibrils. Meanwhile, the existence of some nanofibril networks
within the sample structures gave high chances for improved accuracy measurement using TEM due
to lower CNF polydispersity. The polydispersity of BPCNF, OPCNF, and KBCNF was analyzed using

the broad width distribution profiles obtained from Image]J software, as illustrated in Figures 5(b,c)6(b,
¢) and 7(b,c).

Frequency (a.u.)
o B B 8 8 8 8

Width (nm)

Figure 5. FESEM images of BPCNF with its focus area (red box) (a), zoomed image of focus area (b) random measurements of the fiber
diameter and (c) the average width sizes of BPCNF distribution.
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Figure 5(c) illustrates that the average width of BPCNF is between 30 and 50 nm in diameter, in line
with the findings of Velasquez-Cock et al. (2016) and Zuluaga et al. (2009). Moreover, Khawas and
Deka (2016) who studied the CNF from banana pseudostems using high-intensity ultrasonication
concluded that the width distribution is between 20 and 35 nm, where the CNF diameter will decrease
when the output power of ultrasonication is increased.

Meanwhile, the width of OPCNF obtained is smaller than BPCNF, where the average width is
between 20 and 30 nm, as shown in Figure 6(c). Furthermore, the width of CNF is contradicted
with some previous research findings, where the average size of CNF obtained from oil palm
frond was 44.7 nm (Mohaiyiddin et al. 2016) and 4 to 15 nm for CNF from the Oil Palm Empty
Fruit Bunch (OPEFB; Lani et al. 2014). This shows that different parts of the oil palm will
produce different size of CNFs, depending on its physical and mechanical structures. The
average width distribution of KBCNF is almost similar to BPCNF, i.e., between 30 and 40 nm
(Figures 7(c)). The KBCNF sizes obtained using this method are also in line with the grinding
method studied by Karimi et al. (2014).

c | 120 Ave:23mm
Std dev: 6

) .
0 m==
40

50
Width (nm)

Figure 6. FESEM images of OPCNF with its focus area (red box) (a), zoomed image of focus area (b) random measurements of the
fiber diameter and (c) the average width sizes of OPCNF distribution.
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Figure 7. FESEM images of KBCNF with its focus area (red box) (a), zoomed image of focus area (b) random measurements of the fiber
diameter and (c) the average width sizes of KBCNF distribution.

FTIR analysis

Figure 8 reveals the FTIR spectra of raw organic fibers and the CNF for banana pseudostem, oil palm
trunk, and kenaf bast. The main components of the plant, which include cellulose, hemicellulose, and
lignin, are typically composed of alkenes, esters, aromatics, ketones, and alcohol Moran et al. 2008.

The FTIR spectra of all samples exhibit a broadband in the region of 3500-3200 cm™" indicating
a free OH stretching vibration in the cellulose molecules (Figure 8[i]). It is the primary functional
group of cellulose and has been discussed by fellow researchers (Deepa et al. 2015; Espinosa et al. 2017;
Mandal and Chakrabarty 2011). Similarly, the CH group, mainly composed of alkyl and aliphatic
compounds in cellulose, is detected at 2900 cm ™, as illustrated in Figure 8(ii). An additional peak at
the range of 1600 cm™" that denotes OH is present in both raw organic fibers and their CNFs (Figure 8
[iv]). This peak is related to the water absorbed by the cellulose (Karimi et al. 2014; Sulaiman et al.
2015; Velasquez-Cock et al. 2016). The appearance of this peak in the spectra is probably due to the
reaction of sodium hydroxide (NaOH) with the OH groups from the cellulose and the subsequent
formation of water molecules. Even though the CNF was subjected to the drying process, the water
adsorbed in the cellulose molecules was not eliminated due to the natural cellulose-water interactions
(Lani et al. 2014). Conclusively, the original molecular structure of the cellulose is almost maintained
even for the CNF samples.
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Figure 8. FTIR spectra in 4000-500 cm™' range for a) BP, b) OPT, c) KB, d) BCNF, e) OPCNF, f) KCNF.

Throughout the isolation process of the CNF from the raw organic fibers, a few changes had
occurred in the functional groups of the samples. In general, as observed from Figure 8, the intensity of
the peak for CNF samples inclines after the chemical and sonication treatment due to an increase in
the concentration of OH as the alkaline reduces the hydrogen bonding in the cellulosic hydroxyl
groups resulting in the absence of a peak associated with hemicellulose and lignin. The peak is present
only in the spectrum of approximately 1700 cm™' (Figure 8[iii]), which corresponds to C = O
stretching in the acetyl and uronic ester groups of hemicellulose or the ester carbonyl groups in the
p-coumaric units of lignin. The presence of this peak was also reported by other researchers (Joonobi
et al. 2010; Karimi et al. 2014; Kim et al. 2016; Lani et al. 2014). On a similar note, Chieng et al. (2017)
reported that the disappearance of the peak after an alkaline treatment was due to the removal of the
carboxylic groups, which may contain traces of fatty acids on the surface of the fiber.

The peak between 1500 and 1600 cm™! (Figure 8[v]) describes C = C in the aromatic ring vibration
of the lignin. The absence of these peaks in the CNF samples proved the absence of lignin after the
isolation process of the CNF. The absence of the peak was also discussed by Reddy and Yang (2005),
Moran et al. (2008), and Ludueiia et al. (2011). The peak, in the range of 1200 cm™ (Figure 8[vi]), can
be observed in three different types of fibers, i.e., 1241 cm ™" for banana pseudostem (BP), 1238 cm™"
for oil palm trunk (OPT), and 1231 cm ™" for kenaf bast (KB). The vibration peak is related to the
C-O-C stretching of the aryl-alkyl ether. The disappearance of the peaks in all CNF samples was due to
the alkaline treatment using NaOH that removed most of the lignin from the samples (Joonobi et al.
2010; Lani et al. 2014; Sulaiman et al. 2015). The peak is seen at 1029 cm™" for the banana fiber,
1027 cm ™" for the kenaf fiber, and 1035 cm™" for the oil palm fiber, and they are characterized as the
C = O band structure of alcohol functional group (Figure 8[viii]). The disappearance of the peak after
alkaline treatment in this study was also reported by Bakri and Jayamani (2016).

Overall, the CNF obtained in this study is considered pure, i.e., it contains a very small amount of
lignin and other non-cellulosic substances. It validates the removal of hemicellulose through alkaline
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treatment because the alkali cleaved the esoteric bond easily. In addition, xylose in the hemicellulose
was converted into a water-soluble material and wiped out during the water-rinsing process.

XRD analysis

The quantitative study on cellulose crystallinity was carried out to understand the effect of treatment
on raw organic fiber to produce CNF. The peak intensities and peak position of the X-ray diffracto-

gram for three types of raw organic fibers and their CNF is depicted in Figure 9.
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Figure 9. XRD diffraction profiles in 10-90° range for a) BP, b) OPT, c) KB, d) BCNF, e) OPCNF, f) KCNF.
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Table 1. The crystallinity index of fiber and its CNF.

Banana Pseudostem Qil Palm Trunk Kenaf Bast
Raw CNF Raw CNF Raw CNF
Crl (%) 29.1 50.7 17.6 36.4 29.6 59.1
Change (%) 74.23 106.82 99.66

All diffractograms displayed the typical peaks of semi-crystalline materials that consist of a broad
hump amorphous region and the sharp, intense peak of the crystalline region. The peaks occurred at
approximately 20 = 22.36°, 27.47°, and 22.36° for BP, OPT, and KB fibers. The peaks are related to the
typical type of cellulose I, which is the natural type of plant cellulose with two polymorphs, 1, and Ig
(Janardhnan and Sain 2011; Kim et al. 2016; Nobuta et al. 2016). Whereas the peak of CNF is sharper
and more intense compared to the raw fibers, indicating that the sample is more crystalline. At the
CNF diffractogram, the peaks are at 20 = 21.95°, 22.77°, and 22.79° for BPCNF, OPCNF, and KBCNF,
respectively. Usually, during the NaOH treatment, cellulose I structure will be destroyed by the
separation of molecular chains and reformed into cellulose II. However, in this study, cellulose II
was not detected. Similar findings have been discussed by Fahma et al. (2010), Mohaiyiddin et al.
(2016), and Rambabu et al. (2016).

The peak in the diffractogram is also used to relate to the crystallinity of the material, i.e., CrI (Yusuf
etal. 2019). The crystallinity index of the fiber and its CNF is shown in Table 1. The crystallinity of the
CNF is higher than its raw fibers for all three plant samples. The CNF crystallinity changed to 74.23%
for BNCNEF, 106.82% for OPCNF, and 99.6% for KBCNF from their raw fibers (Table 1). The results
further revealed that the high-intensity ultrasonication used in this study disrupted the weak amor-
phous regions of the cellulose fibers, which led to the molecular separation process to obtain more
individual cellulose fibers. In addition, the ultrasonication duration is sufficient and does not lead to
the destruction of cellulose crystallinity. The increase in the crystallinity is due to the partial elimina-
tion of hemicellulose and lignin from the fiber during the alkali treatment (Mocktar, Razab, and Noor
2020), as discussed in the FTIR results. The treatment process might reduce the amorphous regions,
where most of the molecule structures consist of nanocellulose. Mussatto et al. (2008) stated that the
removal of the hemicelluloses and lignin extensively altered the structure of the natural fibers,
increasing the crystal surface area, and the accessibility of the hydrolytic agent to the cellulose.
These findings support the claim that the chemical treatment can efficiently remove the non-
cellulosic amorphous polysaccharides.

Conclusion

The present work revealed that the banana pseudostem, oil palm trunk, and kenaf bast fibers could be
used as raw materials for the production of high-quality CNF using a combination of chemical
treatments, followed by sonication process. Chemically purified cellulose was isolated using high-
intensity ultrasonication that would help in the homogenization, tailoring, and size reduction of CNF.
TEM images confirmed the presence of nanofibrils and the width distribution profiles drawn from
FESEM helped to understand the polydispersed diameter of nanofibrils. The FTIR spectra exemplified
that the treatment employed in this study substantially removed the hemicellulose and lignin. The
XRD diffractograms exhibited sharp peaks at 28, which demonstrated type I cellulose. Thereby, this
study favorably justified the production of CNF from three different bast fibers, i.e., banana pseudos-
tems, oil palm trunk, and kenaf bast. It opens up more possibilities in the manufacturing of CNF from
various types of natural fibers, with numerous applications.
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