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Abstract

The pomelo peel, a by-product of pomelo processing, is predominantly discarded. To fully exploit
the pomelo peel resources and contribute to environmental improvement and resource recycling, this
study reports a green method for extracting cellulose nanofibrils (CNFs) from pomelo peel through
hydrothermal-assisted alkali treatment. Lemon juice is employed for further ball milling treatment to
purify the CNFs. The chemical structure, crystallinity, thermal stability, and microstructure of pomelo
peel powder and CNFs are analyzed. The study results demonstrate that the combination of alkali
treatment, hydrothermal processing, bleaching, and ball milling progressively eliminates hemicellulose,
lignin, and other impurities from the pomelo peel, yielding high-quality CNFs. The CNFs retain the
natural cellulose structure, with enhanced thermal stability and crystallinity. The diameters of the CNF's
range from 2-30 nm. This method employs lower NaOH concentrations than previous studies, resulting
in CNFs with higher crystallinity and smaller diameters. This study provides a promising method for
enhancing the value-added of pomelo peel and increasing the volume of CNF production.
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1 Introduction

In recent years, the continual advancement of science and technology has dramatically improved
pomelo output. However, the disposal of pomelo peel as a byproduct has resulted in the wastage of
resources and environmental contamination [1]. To address this issue, researchers have conducted
numerous studies on the byproducts of pomelo peel, including the extraction of limonin analogs,
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flavonoids, dietary fiber, pectin and pigment [2]. However, the cellulose nanofibrils (CNFs) ex-
traction from pomelo peel has received relatively lesser attention. Cellulose is a linear polymer
comprising D-glucose as the basic unit and it is connected by (3-1,4 glycosidic bonds [3]. As cellu-
lose is a component of plant cell walls, it exists widely in agricultural wastes. Obtaining cellulose
from agricultural waste will be a meaningful way to transform waste into wealth. CNF's are widely
used in various fields, such as papermaking [4], chlorine adsorption [5], food [6], conductive com-
posite materials [7]. and more, which is due to their unique interwoven network structure, better
biocompatibility, excellent mechanical properties, and larger specific surface area. In addition,
due to their high dielectric constant, excellent puncture resistance, superior chemical stability,
strong thermal stability, etc. CNFs are also employed in the field of battery diaphragm [8].

CNFs can be obtained through physical, chemical, and biological methods. Biological methods
involve processes such as enzymatic hydrolysis [9] and bacterial synthesis [10]. Chemical meth-
ods include acid hydrolysis [11], alkali treatment [12, 13], 2, 2, 6, 6-tetramethylpiperidine oxide
(TEMPO) oxidation [14], deep eutectic solvent [15], and ionic liquid [16], etc. Physical meth-
ods include micro-jet [17], high-pressure homogenization [18, 19], and ball milling [20, 21], etc.
However, each method has its limitations and drawbacks. Acid hydrolysis requires a high concen-
tration of acid solution, which is difficult to recycle and can cause equipment corrosion. Biological
methods produce pure CNFs but are expensive, time-consuming, and difficult to control. The
TEMPO method is expensive and involves toxic reagents [22]. The ionic liquid method is highly
selective but difficult to recover. Alkali treatment requires a high concentration of NaOH [23, 24],
leading to excessive alkali consumption and equipment corrosion. The steam explosion method
can strip cellulose fibers and loosen the cellulose cell wall structure, facilitating nanofibrillation.
However, this method produces non-uniform fiber sizes, requiring reagent waste, equipment corro-
sion, and high energy consumption. Overall, each method has its advantages and disadvantages,
and further research is needed to develop more efficient and sustainable approaches for obtaining

CNFs.

The hydrothermal method is commonly used to synthesise inorganic compounds due to its
ability to create high pressure and tight seal. However, there has been little research on its
applicability in cellulose extraction. In reality, during the hydrothermal process, water vapor
permeate the biomass raw material and degrade the hemicellulose in the cell wall of the biomass
raw material. At the same time, cellulose is minimally affected [25]. Ball milling is a mechanical-
chemical process that utilizes mechanical energy to induce chemical and structural changes in
materials [26]. Under the strong compression and shear force of ball milling, the connection among
hemicellulose, lignin, and cellulose in the cell wall is damaged to a certain extent. Additionally,
the structure of the pomelo peel fiber can be opened, allowing NaOH reagents to enter into the
fiber and remove hemicellulose and lignin. Moreover, by controlling the parameters of the ball
mill, the amorphous area of the cellulose can be destroyed, leaving the crystalline region intact.
As a result, ball milling as a pretreatment method can reduce the concentration of NaOH reagents
required and the size of the CNFs. Most of the fiber bonding materials are removed, and the
cellulose is effectively refined, making it easier to obtain nano-sized cellulose fibers.

In this study, we extract CNFs from pomelo peel by hydrothermal auxiliary alkali treatment
combined with ball-milling without using any chemical buffer to further reduced the use of chem-
ical reagents and simplifies the extraction process. This study presented a more sustainable
and effective extraction process for obtaining cellulose nanofibers from pomelo peel with higher
crystallinity and smaller diameter.
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2 Method

2.1 DMaterials

The pomelo peels were purchased from Daguan Orchard in Zhejiang Province (China). The
lemons were purchased from Hainan Meili Orchard (China). Sodium hydroxide (NaOH) and
sodium hypochlorite (NaClO) solutions were purchased from Shanghai McLean Biochemical Co.,
Ltd. (China). Other reagents and solvents used in this experiment were of analytical grade and
ready for use.

2.2 Sample Preparation

After removing the yellow peel, the pomelo peel was washed with deionized water and dried in
a hot oven at 70°C for 36 hours. Then, the dried pomelo peel was ground into powder using a
high-speed multifunctional grinder, resulting in pomelo peel powder raw materials (PP-R). The
PP-R was weighed and added to a 1% NaOH solution. The mixture was stirred for 10 minutes,
placed in a hydrothermal kettle, and heated at 100 °C for 3.5 hours. After heating, the mixture
was washed with deionized water until the pH was neutral, and then dried at 80 °C. The resulting
product was labeled as PP-A. After centrifugation, the obtained precipitate was immersed in
lemon juice (1:1 V/V%) and then subjected to milling in a planetary ball mill (QM-QX2) for 40
minutes at 25 Hz with ball-to-material ratio of 1:18. The resulting mixture was treated with 1.7%
sodium hypochlorite to bleach the samples, which were then washed and freeze-dried to obtain
cellulose nanofibers (PP-CNFs).

2.3 Characterization

The chemical structure, crystallinity, thermal stability, microstructure of the samples were tested
by FTIR spectroscopy (American Thermoelectric Company, model Nicolet 5700), an X-ray diffrac-
tometer (ARL XTRA, Switzerland), a thermogravimetric analyzer (BerkinElmer Company, USA,
PYRIS 1), field emission scanning electron microscopy (SEM, Carl Zeiss SMT Pte Ltd., Germany,
vltrab5) and electron microscopy transmission (TEM, Japan Electronics/JEM-2100), respectively.

3 Results and Discussion

3.1 Chemical Structure Analysis

The spectra of PP-R (a), PP-A (b), and PP-CNFs (c) are shown in Fig. 1. The positions of the
absorption peaks are nearly similar in the FTIR spectra of PP-CNFs and PP-R; however, the
intensities of the peaks differ. These findings indicated that the cellulose nanofibers extracted
from PP-R maintained their distinctive chemical structure and that no derivatization reaction
occurred during the extraction process.

The peak at 2927 cm™! in the infrared spectrum of cellulose is caused by the antisymmetric
stretching vibration of CH, in the -glycosidic bond [27]. The peaks at 1157 cm™! and 1102 cm™*
are caused by the stretching vibration of the ether bond and C-C single bond of the pyranose
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Fig. 1: FTIR spectra of PP-R (a), PP-A (b), and PP-CNFs (c)

ring skeleton; The peak at 1059 cm™! is due to the stretching vibration of the C-O-C bond of the
pyranose ring. The three peaks are characteristic peaks of cellulose and they are used to identify
the presence of cellulose in a sample [28]. In addition, the peaks at 1430 cm™! and 898 cm ™! are
caused by the shear vibration absorption of -CH,- of cellulose and the vibration peak of anomeric
carbon (C1) of cellulose, respectively [29, 30]. The two peaks are also the crystallization spectrum
of cellulose, which are obvious characteristics of cellulose. The appearance or enhancement of these
peaks confirms the CNFs extraction and purification process after hydrothermal and bleaching
treatment. The peak at 750 cm ™! is due to the I, crystalline region of cellulose, while the peak at
710 ecm ™! is due to the I crystalline region. The intensity of the I5 peak is significantly stronger
than that of the Ia peak, indicating that the nanocellulose extracted in this study contains both
I, and I crystalline regions, but mainly the I crystalline region [31, 32].

The peak at 1732 cm™! is related to the C=0 stretching vibration of acetyl or carboxyl in
hemicellulose [33]. However, this peak is hardly observed after hydrothermal treatment, sug-
gesting that hemicellulose has been effectively removed. This may be due to the action of the
alkali solution on the hydrogen bonds between cellulose and hemicellulose molecules during the
hydrothermal process. The alkali solution dissolves hemicellulose, weakening the interaction be-
tween hemicellulose and ester bonds in other components [34]. Additionally, hemicellulose reacts
with NaOH, acetyl groups in hemicellulose is broken down, and it is dissolved in water for removal.

The absorption peak at 1243 cm™! is attributed to the stretching vibration of the C-O group
of the lignin phenol [35]. The intensity of this peak gradually weakens after hydrothermal and
bleaching treatment, which indicates that lignin is gradually removed, especially when alkali
washing is carried out under hydrothermal conditions. The hydrothermal process can destroy the
cell wall of PP-R and promote contact between the alkali solution and the internal structure of
PP-R, leading to lignin removal. The covalent bonds among lignin, cellulose and hemicellulose
in PP-R are sensitive to alkali solutions and destroyed by alkali treatment. NaOH solution can
react with hemicellulose and lignin to dissolve them in water. Hydrophilic groups are introduced
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into the lignin, making lignin dissolve in alkali liquor and remove [36]. Bleaching further weakens
the absorption peak, as NaClO solution reacts with lignin and removes residual lignin [37].

3.2 Crystallinity Analysis

The XRD patterns (Fig.2) indicate that the crystal structure of CNF's in the treated samples is
not change, but the crystallinity is improved. The peaks (at 260 values of 15.8°, 22.6°, and 35°) are
consistent with the characteristic diffraction peaks of cellulose I3 [38]. It is further seen from the
spectrum that the diffraction intensity of (110), (200), and (004) crystal face peaks all increase
to varying degrees after treatments, which indicated that the crystallinity of cellulose materials
increases after hydrothermal treatment and bleaching treatment, and lignin, hemicellulose and
amorphous cellulose were effectively removed from fibers. The crystallinity of PP-R, PP-A, and
PP-CNF's are 7.98%, 54.60% and 83.82% respectively (Table 1). The PP-A exhibits a comparable
degree of crystallinity to our previous research [39], suggesting hydrothermal treatment is as
effective as high temperature, water bath, and long-time treatments but with shorter duration,
lower temperature, and significant energy and environmental benefits. The PP-CNFs shows very
high crystallinity, which indicates that the purity of the sample improve greatly after further
bleaching (with lemon juice) and ball milling.
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Fig. 2: XRD patterns of PP-R (a), PP-A (b), and PP-CNFs (c)

Table 1: Degree of crystallinity of the samples after different treatments

Samples Crystallinity (%)
Raw (PP-R) 7.98
After being hydrolyzed (PP-A) 54.60

After being bleached (PP-CNFs) 83.82
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3.3 Thermal Stability Analysis

The TGA curves (Fig.3(A)) indicate that the residue remaining in the PP-R is higher than
PP-A and PP-CNFs. The degradation temperature of PP-R is lower than that of PP-A and
PP-CNFs. The main quality loss of the three samples occurs between 150-400°C [40], but it
is clear that the degradation temperature of PP-R is lower than that of PP-A and PP-CNFs.
Hemicellulose and lignin are amorphous and begin to degrade before cellulose. Due to the presence
of acetyl groups, the thermal stability of hemicellulose is poor, and its degradation range is
between 220-315°C [41]. Lignin contains a large number of aromatic rings and various branching
structures. It is degraded in 160-900°C [42]. The PP-R contains many amorphous substances
with loose and porous structures, which result in a low initial degradation temperature. The
TGA curve of the processed sample shows three main degradation stages. The first stage has a
degradation temperature range of 30-120°C [43]. During this stage, weight loss is mainly due to
the evaporation of water molecules from the sample surface and the dehydration of some glucose
in the sample, resulting in a reduction in mass [44-46]. The second stage has a degradation range
of 200-395°C. In this stage, the weight change of the three sample is the most significant, and
two changes occur: the thermal decomposition of hemicellulose, partial lignin, and non-cellulose
components occur between 275-315°C [47], while the remaining lignin and high crystallinity
cellulose undergo decomposition at a high temperature between 315-395°C [48, 49]. The third
stage has a degradation range of above 400°C, mainly due to the degradation of carbonaceous
residues in the sample and the decomposition of monomeric D-glucose units into residues [50].
The trend of I cellulose degradation observed here is similar to the previous study by KELLY
et al. [51] on Brazilian white fescue nanocellulose.
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Fig. 3: A) TGA and B) DTG curves of PP-R (a), PP-A (b), and PP-CNFs (c)

The DTG (Fig.3(B)) analysis of the samples reveal that PP-R underwent two degradation
peaks between 200°C and 400°C. The first peak, with a valley of about 220°C, is attributed
to pectin degradation, while the second peak, with a valley of about 349°C [52], is associated
with cellulose degradation. However, no distinct degradation peak is observed for lignin due to
its wide degradation temperature range. On the other hand, PP-A and PP-CNFs exhibit only
one cellulose degradation peak with peak valleys at around 375°C and 380 °C, respectively. The
thermal stability of PP-CNFs is higher than that of PP-R and PP-A, which may be due to an
increase in the crystallinity of cellulose after the final bleaching treatment [53], which is consistent
with XRD data. This increase in crystallinity may lead to a higher maximum decomposition
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temperature [54, 55]. The degradation peak of pectin only appear at 220°C in the PP-R curve,
indicating that pectin was removed after hydrothermal treatment [56]. Consequently, there is no
such weight loss peak in the curves of PP-A and PP-CNF. DTG curves reveal that the degradation
rate of cellulose in PP-A is higher than that in PP-R, likely due to the hydrothermal treatment
reducing the protective layer on the cellulose surface. This exposed the extracted CNF's structure
directly to the thermal environment, accelerating the degradation rate. After bleaching, the
degradation rate of PP-CNFs relative to PP-A is further accelerated. This is because the NaClO
solution, used as a strong oxidant during bleaching, reacted with lignin, removing residual lignin
and making cellulose more easily degradable [57].

3.4 Microscopic Analysis

The surface of the PP-R is smooth and even, with a neat and tight combination of impurities
and cellulose (Fig.4(a)). It is because lignin is a constituent of the outer cell wall in plant cells,
and it is connected to cellulose through an ether bond [58]. Lignin fills in the gaps between the
cellulose skeletons and improves the plant cell wall’s mechanical strength while protecting cellulose
from degradation. Hemicellulose, which has an amorphous structure, is found within cellulose
and between cellulose and lignin, and is connected to cellulose through hydrogen bonding [59].
Cellulose, hemicellulose, pectin, and lignin are closely linked together, resulting in a relatively
smooth surface in the SEM image of the pomelo peel material. After hydrothermal treatment,
the dense structure of the PP-R material is destroyed, becoming porous and showing many holes
(Fig.4(b)). This may be due to the effective removal of ash, oil esters, and other non-cellulose
components that were wrapped on the surface of cellulose during the extraction process, exposing
the internal structure of cellulose. This finding is consistent with the research results of Owolabi A
F et al. [60]. The bleached sample shows many slender fiber structures (Fig.4(c1)), and the final

Fig. 4: SEM micrographs of PP-R (a), PP-A (b), and PP-CNFs (cy, c2)
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cellulose nanofibers with smooth surfaces can be seen through the magnified image (Fig. 4(cs)).

The bleached PP-CNFs display a single, slender, root-like fiber structure with interwoven fibers
forming a network structure (Fig. 5(a)). properties of the composite can be substantially improved
[61]. The PP-CNFs produced in this study possess a unique porous network structure that
improves materials’ wettability and liquid absorption rate, making them an excellent matrix for

18

14
12
10

Count (%)

N B~ O o

0 5 10 15 20 25 30
Diameter (nm)

Fig. 5: TEM micrographs (ai, ag, ag) and diameter (b) of PP-CNFs (after bleaching)

Table 2: Diameters of cellulose nanofibers obtained with different raw materials and treatment methods

Raw Main chemical reagents Diameter

Pomelo peel (this study) 1% NaOH, Lemon juice, 1.7% NaClO 2-30 nm
Pomelo peel [39] 2% NaOH, Lemon juice, 1.7% NaClO 6-43 nm
Bagasse [63] 4% NaOH, 64% H,S04, 2% NaClOy, DMSO 20-60 nm

Chaff [64] 3% NaOH, 65% HySO,, 20% Hy0, 10-48 nm
Bleached cork pulp [65] 10% NaOH, 6% NaClO 10-95 nm
Non-woody plants [66] 17% NaOH, 1.5% NaClO, 20-50 nm
Eucalyptus kraft pulp [67] 60% H2S04 5-40 nm

Syngonanthus nitens [68] 4% NaOH, 65% HoSOy4, 1.7% HCI10, 4.540.86 nm
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battery separator materials. The diameter of PP-CNFs obtained in this study ranges between
2-30 nm (Fig.5(b)), indicating that by using low-concentration chemical reagents and pomelo
peel as raw materials, nano-scale cellulose fibers successfully prepared through a straightforward
process. The morphology of the nanocellulose fiber obtained in this study is similar to that of the
pomelo peel cellulose fiber obtained by Feng Tang et al. [62]. However, the diameter is smaller.
Table 2 lists findings from this study with previous literature. Compared to commonly used
methods of alkali treatment and acid hydrolysis where NaOH/KOH concentrations range from
10-17.5% and HNO3/H5SO, concentrations range from 60-65%, the amount of alkali (1% NaOH)
and acid (lemon juice, 1:1 V/V%) in this study were relatively low. Moreover, the diameter of
the obtained CNF's is much lower than reported in the literature studies.

4 Conclusion

In this study, cellulose nanofibers (CNF's) were extracted from polypropylene reinforced (PP-R)
materials using hydrothermal alkali treatment. The extraction process involved using a weak alkali
solution and lemon juice, along with low-energy ball milling. The results demonstrated that the
extracted CNF's retained the natural chemical and crystal structure of the original PP-R materials.
The pre-treatment process effectively removed non-cellulose components, resulting in CNF's with
high crystallinity and thermal stability. The CNFs obtained in this study were mainly of the
I type, with a crystallinity of 83.82%. Microscopic analysis revealed that the extracted CNFs
exhibited an intertwined network structure, with a high aspect ratio and diameters ranging from
2-30 nm. The raw materials used in this study were simple and easily obtainable. Compared to
commonly used 2-17.5% NaOH and 60%-65% H,SO, solvents, the low concentration solvents and
simple equipment utilized in this study offered environmental friendliness and efficiency. However,
it should be noted that there was a reduction in the yield of CNFs due to the repeated transfer
of samples during the extraction process. This study proposes an environmentally friendly and
efficient approach to enhance the value and usage of pomelo peel by utilizing low-concentration
chemical reagents and readily available equipment through easy-to-follow procedures.
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