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Abstract. Oil palm is a major plantation in Indonesia, producing significant waste like oil palm empty fruit
bunches (OPEFBs). For every ton of crude palm oil, 1.1 tons of waste are generated. OPEFBs, rich in
cellulose, are promising raw materials for nanocellulose production, which has valuable applications in food,
cosmetics, and biomedicine. This study investigated nanocellulose production using an ultrasound method
(Ultrasonic FS, 300 W), a green and cost-effective technology. The research explored the impact of
ultrasonic treatment duration (30, 60, and 90 minutes) on nanocellulose's structure and properties.
Nanocellulose was produced from microfibre cellulose derived from OPEFBs. High-resolution transmission
electron microscopy (HR-TEM) was used to assess morphology, average diameter, and diameter
distribution, while Fourier transform infrared (FT-IR) spectroscopy analysed total crystalline index (TCI),
lateral order index (LOI), and hydrogen bond intensity (HBI). Results showed that nano-dimensioned
cellulose fibres were observed, and 60 minutes of ultrasonic treatment was optimal, yielding nanocellulose
with an average diameter of 8.939 + 0.714 nm and a diameter distribution of 1-60 nm. While ultrasonic
treatment did not significantly affect the TCI value (from 1.0769 to 1.0915), it slightly altered the chemical
composition, as indicated by spectral patterns at wavenumbers 3300 cm ™ and 1427 cm™, showing increased
intensity of OH-stretch and CH2 bond (corresponding to the cellulose crystallinity band), correlating with
increased HBI (from 0.5890 to 0.9754) and LOI values (from 0.9792 to 1.1394). Thus, the ultrasound
method proved to be a promising and efficient approach for synthesizing nanocellulose.

1 Introduction

Oil palm is one of the largest plantation sectors in
Indonesia that produces palm oil and palm kernel oil,
which are much needed by industry. The volume of palm
oil production in Indonesia reached 48.235 million tons
in 2022 [1]. This makes Indonesia the largest palm oil-
producing country in the world. The world palm oil
production in 2023 reached 79.464 million metric tons
and Indonesia produced 47 million metric tons, or
around 59% of palm oil production worldwide [2].
Every ton of crude palm oil production will produce
1.1 tons of oil palm empty fruit bunches (OPEFBs)
waste [3]. OPEFBs could be developed as a raw material
for making nanocellulose. The most significant
chemical composition of OPEFBs is cellulose, around
53.37%, and contains 19.88% hemicellulose and
10.74% lignin [4].

Cellulose is a biopolymer consisting of B-D-
glucopyranose units linked by B-1,4 glycosidic bonds.
Nanocellulose is a nano-sized cellulose material with a
diameter of less than 100 nm and a length of less than
1000 nm. This nano-size produces different
characteristics compared to cellulose. Nanocellulose has
many beneficial physical and chemical properties,
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including a large specific surface area and aspect ratio,
strong mechanical properties like high tensile strength,
modulus, and stiffness, good optical properties,
biocompatibility, and biodegradability [5]. Besides,
cellulose is non-toxic and environmentally friendly, with
a high natural abundance [6] Therefore, nanocellulose is
a fascinating material for application in many fields.
Numerous studies have explored the applications of
nanocellulose, including its role as a nanofiller in
polymer nanocomposites, a Pickering stabilizer in food
emulsions, a packaging enhancer, a thickening agent in
cosmetics, and a material for drug delivery, tissue
engineering, and wound healing in biomedical
fields [5, 7-9] .

Nanocellulose can be obtained using several
processes, specifically top-down and bottom-up
approaches. The top-down process involves reducing
the size of materials to create nanostructures. In contrast,
the bottom-up method involves arranging atoms or
molecules and combining them through chemical
reactions to generate nanostructures. An example of a
bottom-up approach is using sol-gel technique,
precipitation chemistry, and gas phase agglomeration.
Meanwhile, the top-down approach includes grinding
with milling, homogenization techniques, ultrasonic,
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micro-fluidization, etc. [10]. The type of raw materials
used, their pretreatment, and the disintegration process
determine which of these approaches produces a distinct
kind of nanocellulose [11].

Typically, nanofibre cellulose (NFC) is obtained
through mechanical processing following chemical or
enzymatic pretreatment in cellulose production [12-14].
The cellulose fibre is subsequently downsized to
synthesize nanocellulose through high-shear mechanical
techniques, including high-pressure homogenization,
grinding or milling, cryo-crushing, high-intensity
ultrasonics, and micro-fluidization [3, 8, 15-17].
Compared to other methods, the ultrasonic approach is a
more environmentally friendly and highly efficient
technology for nanocellulose production. This method
not only reduces energy consumption but also
minimizes chemical usage, making it a sustainable
alternative for large-scale production [5, 18].

The isolation of NFC from OPEFBs has been
reported using several techniques, such as a combination
of ultrafine grinding and ultrasonication [19], nano-
grinding [17] and a combination of TEMPO oxidation
and microfluidization [20] To the best of our knowledge,
there are few reports on the precise use of ultrasound for
synthesizing NFC derived specially from OPEFBs
cellulose.

Hence, this study aimed to synthesize and
characterize NFC derived from microfibre cellulose
(MFC) of OPEFBs through ultrasonic method. The
nanocellulose obtained was characterized in terms of its
morphology, average diameter, and diameter
distribution using HR-TEM and total crystalline index
(TCI), lateral order index (LOI), and hydrogen bond
intensity (HBI) using FT-IR spectroscopy.

2 Materials and Method

2.1 Production of Nanocellulose

In order to produce nanocellulose, MFC of OPEFBs was
obtained from PT Mandiri Palmera Agrindo (Indonesia).
First, the sample was sieved using a 100-mesh sieve and
then dispersed in deionized water with a concentration
of 2.5% wi/v. Next, the suspension was ultrasonicated
using an Ultrasonic processor (FS 300, China) operated
at a frequency of 20 kHz with a maximum power of 300
W, 90% amplitude, and the pulse mode was set on/off
for 3 seconds with varying periods (30, 60, and 90
minutes). The nanocellulose suspension was then dried
using a spray dryer SD-BASIC (LabPlant, UK) at an
inlet temperature of 170 °C and an outlet temperature of
90°C for FT-IR spectroscopy analysis. In contrast, for
HR-TEM analysis, the nanocellulose was characterized
in its suspension form to preserve its native
nanostructure.

2.2 Characterization of Nanocellulose

Morphological analysis of nanocellulose was carried out
using a high-resolution transmission electron
microscopy (HR-TEM) instrument (Talos F200C G2,
USA). First, the samples were prepared by diluting it
100 times with Millipore water and then stained with 2%
uranyl acetate for 2 minutes. Next, the sample was
placed on a 200-mesh copper grid, and then the grid was
mounted into the instrument tube for visualisation.

Diameter analysis of nanocellulose was measured
using ImageJ software. The images from the HR-TEM
instrument were used for diameter analysis. Briefly, the
known distance, distance in pixels, and unit of scale
were inserted, and the diameter was measured randomly
for each image. After that, the diameter distribution was
analysed using Origin 2024 (OriginLab, USA).

Fourier transform infrared (FT-IR) spectroscopy was
conducted using the FT-IR Prestige 21 instrument
(Shimadzu, Japan) to analysed MFC and nanofiber
cellulose after 60 minutes of ultrasonic treatment
(NFC-60). Samples were mixed with potassium bromide
(KBr) and placed onto a sample holder, followed by
compression to form pellets. Then, a scanning process
was carried out on the sample with a wave number of
4000-400 cm™. Three different measurements for each
fiber were evaluated, and the average value was
considered. Total crystalline index (TCI), lateral order
index (LOI), and hydrogen bond intensity (HBI) were
assessed for each sample following Poletto et al. [21]
methods. TCI value is the ratio between the absorbance
band at 1372 and 2900 cm™!, LOI value is the ratio of the
absorbance band at 1429 and 897 cm™, and HBI value
is the ratio of the absorbance band at 3400 cm™ and 1320
cm™'. The measurement was performed in duplicate, and
the data was statistically analysed using an independent
sample t-test by Microsoft Excel software.

3. Results and Discussion

The morphology of nanocellulose derived from
OPEFBs under different ultrasonic durations was
investigated using high-resolution transmission electron
microscopy (HR-TEM). As shown in Figure 1, the
nanocellulose exhibited long, entangled fibril structures.
Increasing the ultrasonic duration led to the gradual
breakdown of the cellulose fibrils into smaller
fragments, forming small chunks and needle-like
structures. Similarly, Peng et al. [22] reported that NFC
exhibited needle-like fibril shapes and large cell wall
sections (chunks). However, after 90 minutes of
ultrasonic treatment, the fibrils tended to re-aggregate
into larger chunks, consistent with the size distribution
results (Figure 2a).
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The size of the cellulose decreased with increasing
ultrasonic time due to the effects of acoustic cavitation.
During cavitation, the potential energy of expanding
bubbles is converted into the kinetic energy of liquid
jets. These jets travel through the bubbles, penetrate the
opposite bubble wall at several hundred meters per
second, and hit the surface of the cellulose, causing bond
breakages that gradually disintegrate the micron-sized
cellulose into nanocellulose [23]. Nonetheless, as the
size of NFC decreased, it tended to aggregate more
readily due to a reduction in exposed surface charges
(NFC had more charges because of its larger specific
surface area) and a subsequent decrease in zeta potential
[15].

Figure 2 presents the average diameter and diameter
distribution of nanocellulose under different ultrasonic
treatment durations. The data indicate that particle size
decreased as the ultrasonic time increased from 30 to 60
minutes, reducing the average diameter from 34,616 +
0,761 nm to 8,939 + 0,714 nm, and the diameter
distribution of nanocellulose after 30 minutes of
treatment ranged from 7-200 nm, and after 60 minutes
of treatment ranged from 1-60 nm, respectively.
However, prolonging the duration of ultrasonic
treatment promoted agglomeration. As shown in Figure
2, after 90 minutes of ultrasonic treatment, the average
diameter increased to 26,529 % 0,741 nm, and the
diameter distribution increased to 7-140 nm.

The  cavitation  effect generated  during
ultrasonication  disrupts  the  hydrogen  bonds
predominantly linking the cellulose fibres. This
phenomenon  occurs as cavitation  produces
microbubbles that rapidly oscillate and collapse,
generating shock waves and localized high-pressure
conditions. As a result, the relatively weak inter-fibrillar
hydrogen bonds are broken, leading to the gradual
disintegration of micron-sized cellulose fibres into
nanofibers [11]. However, extending the ultrasonic
treatment increased the number of hydroxyl groups on
the NFC surface. The abundance of hydroxyl groups
promoted aggregation and facilitated the formation of
strong new hydrogen bonds between adjacent fibres
[24].

Similar findings were reported by Fahma et al. [19]
that NFC isolated from OPEFBs using mechanical
treatment (a combination of ultrafine grinding and
ultrasonication) has a diameter of 33.62 + 6.8 nm.
Extending ultrasonic treatment encouraged the
formation of chitin nanofibre agglomerates. During
sonication, three steps were observed: deagglomeration,
re-agglomeration, and deagglomeration [10]. Therefore,
duration of ultrasonication is believed to play a
significant role in NFC morphology and size
distribution. Producing nanocellulose from OPEFBs
using the ultrasonication method is feasible and
practical.

FT-IR spectroscopy evaluated the effect of
. ] ) ultrasonication on chemical composition. The spectra of
dF.'g“re (11 HR'TEI\{[I Ilmcrograph;. ﬁit 17500’; magnificent of MFC and NFC-60 are shown in Figure 3. The patterns
3:)51’6.“6 nanocellulose at - different ultrasonic — times: are slightly different. Based on the data, there are a slight

min (a), 60 min (b), and 90 min (c) A . LT

change in infrared spectra during ultrasonication
treatment. Following the sonication treatment (NFC-
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60), a distinct peak emerges, particularly at wavelengths
of 3300 cm? and 1427 cm?. O-H stretching, a
characteristic of type | cellulose, is responsible for peaks
between 4000-2995 cm [3, 25]. Based on the data, the
absorption of O-H groups increased after ultrasonic
treatment. The increase in O-H groups is attributed to
the cavitation effect generated during the ultrasonication
process, which disrupts hydrogen bonds between fibrils
and enhances the number of hydroxyl groups in the
sample [11]. The peak 1420-1430 cm was assigned to
the CHz bond in cellulose, which corresponded to the
cellulose crystallinity band. Based on the data, the
absorption of CH, (corresponding to cellulose
crystallinity) increased after ultrasonic treatment [13,
15]. This increase indicates that during ultrasonication,
the cavitation effect is likely to influence the structure of
cellulose. This finding is further supported by the
infrared crystallinity ratio analysis presented in Table 1.

Apart from the two wavelengths mentioned above,
the band patterns obtained from both samples are nearly
identical. Several functional groups that can be
identified are as follows: The peak at 2900 cm?
represented the C-H symmetric stretching vibration
[12]. The band 902-893 cmis associated with B-
glycosidic linkages between glucose units, which are
correlated to the amorphous band. The 1750-1735 cm
peak is linked to the acetyl and uronic ester groups' C=0
stretching vibration. These groups are found in pectin,
hemicellulose, and lignin [26]. The peak at 1519 cm?
assigned to aromatic rings, suggesting the presence of
lignin [15]. However, both samples showed no such
peak, suggesting complete removal of lignin.
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Figure 3 FT-IR spectra of microfibre cellulose (MFC) &
Nanocellulose after 60 min ultrasonication (NFC-60)

The infrared crystallinity ratio could estimate the
crystallinity of cellulose after ultrasonic treatment. The
crystalline structure of cellulose is associated with the
band around 1420-1430 cm™ while the amorphous
region in cellulose corresponds to the band at 898 cm™
[27]. The ratio of these two bands, defined as the lateral
order index (LOI), serves as an empirical crystallinity
index. Additionally, the ratio of the bands at 1372 and
2900 cm™ is the total crystalline index (TCI). The TCI
value is associated with the crystallinity degree of
cellulose, while the LOI value is proportional to the
overall degree of order in cellulose [21]. Hydrogen bond
intensity (HBI), defined as the ratio between the
absorbance bands at 3400 cm ' and 1320 cm™, is another
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measurement that correlates to qualitative changes in the
crystallinity of cellulose. The HBI value is significantly
influenced by chain mobility and bond distance. It is
closely associated with the crystal structure, the degree
of intermolecular organization (crystallinity), and the
amount of bound water [28].

Table 1 Infrared crystallinity ratio and hydrogen bond
intensity of the microfibre cellulose (MFC) and
Nanocellulose after 60 min ultrasonication (NFC-60)

IR crystallinity ratio HBI
Sample A1372/A2900 A1429/A897 A3400/Al

(TCI) (LOI) 320
MFC 1,0769* 0,9792° 0,5890?
Ngg 1,0915° 1,1394b 0,9754°

Different superscript letters in the same column indicate
significantly different according to the t-test (p < 0,05)

The infrared crystallinity ratio and hydrogen bond
intensity of microfibre cellulose (MFC) and
nanocellulose after 60 minutes of ultrasonication are
shown in Table 1. The LOI values obtained from this
study are 0,9792 and 1,394. The HBI values recorded in
this study are 0,5890 and 0,9754, and the TCI values are
1,0769 and 1,0915. Based on the data, the TCI value
showed no significant impact on ultrasonic treatment.
However, the LOI and HBI values increased slightly
after ultrasonication. This indicating that the ultrasonic
treatment did not change the overall degree of
crystallinity. However, it slightly increased its ordered
structure. The rise in HBI indicated that more hydroxyl
groups became available for forming inter- and
intramolecular hydrogen bonds within the sample [29].
This increase was likely attributed to the cavitation
effect produced by ultrasonication, which caused the
disruption of inter-fibrillar hydrogen bonds and raised
the number of hydroxyl groups in the sample [11].
Previous study reported that ultrasonication decreased
the hydrogen bond distance in pure cellulose, promoting
the alignment of linear glucose chains and, thereby,
enhancing crystallization [30].

4 Conclusion

The ultrasound method has been successful in
synthesizing nanocellulose from OPEFBs. Morphology
analysis confirmed that nano-dimensioned cellulose
fibres were observed, and 60 minutes of ultrasonic
treatment is optimal, resulting in an average diameter of
8.939 + 0.714 nm and a diameter distribution of 1-60
nm. Ultrasonic treatment did not significantly impact on
the total crystalline index (TCI). However, it had a slight
effect on the chemical composition, as confirmed by the
spectral patterns at wavenumbers 3300 cm™ and 1427
cm™, showing the increased intensity of OH-stretch and
CH> bond (corresponding to the cellulose crystallinity
band), correlating with increased HBI and LOI values
after 60 minutes of ultrasonic treatment. Based on the
characterization data, the ultrasound method is a
promising and efficient treatment for synthesizing
nanocellulose from microfibre cellulose of OPEFBs.
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