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https://doi.org/10.18280/rcma.330208 ABSTRACT

Banana peels (BP) are the outer covering of a banana fruit and are usually discarded as
abundant and underutilized waste from banana production and consumption. This work
investigated the bioresource for one-pot preparation of carboxyl cellulose nanofibers
(CCNF) using the nitro-oxidation method. Briefly, BP was added to a mixture of HNO3
and NaNO: at 30-50°C for 6 h. To characterize the obtained material, different methods,
including X-ray diffraction, TEM images, FTIR spectroscopy, EDX spectroscopy, and
acid-base titration, were used. TEM images reveal that the nanofibers were mainly
formed with a diameter of roughly 20-50 nm. Moreover, the results of FTIR, EDX, and
titration proved the formation of carboxylic acid (-COOH) groups in CCNF with an
amount of 4.9 mmol/g, or 22 wt%. This high carboxyl content makes CCNF an ion-
exchange material, thereby enabling the development of new applications. Compared
with traditional multistep processes for the preparation of cellulose nanomaterials, the
current approach is simpler, uses fewer chemicals, and consumes less energy. Overall,
these successful results not only valorize potential banana peel waste but also introduce
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an advanced material for further use.

1. INTRODUCTION

Presently, agricultural production worldwide creates a
tremendous amount of solid waste [1]. However, inappropriate
management of the waste source has consequences for the
environment, economy, and society [2]. Improper disposal of
agricultural waste, such as animal manure or crop residues, can
contaminate nearby water sources with nutrients and
pathogens [3]. Burning agricultural waste can also discharge
harmful air pollutants, causing respiratory issues for adjacent
residents [4]. Additionally, the expense of addressing
environmental damage due to agricultural waste can be
considerable. Consequently, there is an urgent need to convert
the lignocellulosic-based waste into value-added products [5],
such as carbon-based materials [6, 7], biogas [8, 9], biofuels
[10, 11], engineering plastics [12, 13], biocomposites [14-16].
By implementing waste-to-product strategies, it is possible to
create a more efficient, resilient, and sustainable economy
while simultaneously reducing waste and its environmental
impact.

Banana (Musa sapientum) is a popular herbaceous plant
native to tropical countries [17]. As estimated by FAOSTAT
[18] for 2021, the plant is widely farmed for its edible fruit,
with a global harvested area of 5.34 million ha and an annual
production of 125 million tons. Banana peel, a major
byproduct of the banana processing industry, accounts for 30—
40 wt% of the fruit [19]. As a result, around 38—50 million tons
of banana peel can be released annually. This matter is
commonly regarded as agricultural waste and disposed of in
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municipal landfills, potentially causing environmental
problems [20]. Thus, banana peel becomes an available,
abundant, and underutilized residue, and its valorization is
necessary.

According to Tiwari et al. [21], banana peel is rich in
cellulose (35.3 wt%), moderate in hemicellulose (19.5 wt%),
and poor in lignin (6.7 wt%). This renewable resource can,
therefore, be beneficial for nanocellulose extraction. In
comparison with carbonization processes, the fabrication of
cellulose nanomaterials, which could reduce the release of
greenhouse gas CO into the atmosphere, has recently been an
interesting topic [22]. The nanomaterials not only retain the
basic structure and properties of cellulose but also offer the
advantages of the nanoscale, such as superior mechanical
strength, reproducibility, biodegradability, and facile surface
modification [22-24]. These properties make nanocellulose
attractive for a wide range of potential applications, like
packaging, textiles, cosmetics, biomedical, electronics, and
water treatment [25, 26].

Typical methods for the preparation of cellulose
nanostructures from biomass are alkaline pretreatment with
NaOH, hydrolysis with strong acids like HCI or H>SOs,
biological treatment with cellulase, or oxidation with NaOCI,
NaBr, and TEMPO ([27]. Nevertheless, these methods are
generally multistep, complex, time-consuming, energy-
intensive, and use toxic chemicals [22]. Recently, Sharma et
al. [28] proposed a novel strategy for one-pot preparation of
carboxyl cellulose nanofibers (CCNF) from several biomass
resources using a mixture of HNO; and NaNO,. This nitro-
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oxidation method offers high yield, control over particle size
and morphology, high purity, versatility, and scalability. It is
also simple, saving chemicals, time, and energy. The
wastewater might potentially be neutralized to manufacture
nitrogen-rich fertilizers. Synthetically, lignin is reduced to
benzoquinone compounds, which are soluble in nitrous oxide
species. Nitric acid can break down the hemicellulose
components into xylose and other byproducts [29].
Furthermore, the hydroxymethyl (-CH>OH) groups at the C6
position of cellulose are oxidized into carboxylic (-COOH)
groups, which are not present in most traditional cellulose
nanomaterials [30]. Depending on the pH of the environment,
the carboxyl groups in nanofibers can shift between acid and
salt. In neutral and basic environments, carboxylate (—COQ")
ions could repel other ones, resulting in nanofiber dispersion
in aqueous media [28]. Moreover, carboxylate groups in
CCNF play a key role in ion exchange that can remove
hazardous ions like UO2?" [31], Pb?* [32], and Hg?' [33]. In
addition to heavy metal adsorbents, CCNF can be used as drug
delivery materials [34], hemostatic agents [35], reinforced
composites [36].

Although certain biomass resources, such as jute fiber,
spinifex grass, bamboo cellulose [28], moringa plant [33], and
sorghum stalk [37], were used for the preparation of CCNF,
considerable research on banana peel has never been reported
before. As a result, the current work explored this abundant
waste for one-pot preparation of carboxyl cellulose nanofibers
using the nitro-oxidation method. The goal of the investigation
was to create carboxyl groups with high content for future ion-
exchange applications.

2. MATERIALS AND METHODS
2.1 Materials

Banana peel was collected from Thu Duc Market, Ho Chi
Minh City, Vietnam. The waste was washed with tap water
and distilled water to remove any dust and cut to 3-5 cm. It
was put in an oven at 70°C until its mass remained unchanged.
The dried material was then crushed, sieved, and stored in a
plastic bag for future use. HNOj3 (65.0-68.0%), NaHCOs (>
99.5%), and NaOH (= 96.0%) were purchased from Xilong
Scientific Co., Ltd. NaNO; (= 99.0%), Ca (CH3;COO0),.H,0 (=
98.0%), and ethanol (= 99.5%) were procured from
Guangdong Guanghua Sci-Tech Co., Ltd., Shanghai Zhanyun
Chemical Co., Ltd., and VN-Chemsol Co., Ltd., respectively.
All chemicals were used as received without any additional
purification.
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Figure 1. (a) Dried banana peel and (b) CCNF-40 product
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2.2 Preparation of carboxyl cellulose nanofibers

The nitro-oxidation method for the preparation of CCNF
was referenced in such reports [28, 38]. The detailed procedure
was adjusted for banana peel. Briefly, 1.00 g of dried BP
(Figure 1a), 1.00 g of NaNO», and 15.0 mL of HNO3 (65 wt%)
were added to a 250-mL round-bottom flask. The mixture was
continuously stirred by a hotplate stirrer. The reactions were
carried out at 30, 40, and 50°C. After 6 h of reaction, the
mixture was primarily added to 250 mL of distilled water and
centrifuged to decolorize. Next, the colloidal suspension was
cleaned with a mixture of ethanol and water (volume ratio of
1:2) and centrifuged to remove the waste solution. This step
was repeated many times until the pH of the suspension
reached ~3.5. Carboxylic acid groups were converted into
carboxylate groups by adding a 40 g/L. NaHCOs solution to the
suspension of CCNF until its pH reached ~7.5. To eliminate
excess NaHCO; from CCNF, washing with distilled water and
centrifuging were repeated. Finally, the cleaned suspensions
were freeze-dried to obtain solid samples (Figure 1b). These
product samples are denoted by CCNF-X, where X (°C)
represents the synthesis temperature.

2.3 Characterization of carboxyl cellulose nanofibers

The crystalline structures of CCNF samples were
characterized by X-ray powder diffraction (XRD) using a
Bruker AXS DS diffractometer over the 26 range of 5-50°.
The Cu-Ka radiation (A\=1.5418 A) was used as the target. The
crystallinity (x) was calculated by the Segal equation [39],
using the heights of the peak 200 (Tiota1, 26=22.6°) and the peak
Lam (26=18.0°). Liotal represents both crystalline and amorphous
structures, while I.n indicates the amorphous structure only
[40].

I —1
X = total am

, (1)

total

Transmission electron microscopy (TEM) images of CCNF
were observed with JEOL JEM-1400 equipment. Fourier-
transform infrared (FTIR) spectra of BP and CCNF were
analyzed using a Tensor 27 spectrometer (Bruker Optics,
Germany). Element composition was evaluated using a JSM-

7401F microscope incorporating a JED-2300 energy
dispersive X-ray (EDX) spectrometer.
To determine the carboxyl content (molar mass = 45.0

g/mol), cleaned CCNF samples without adding NaHCO3 (acid
form) were freeze-dried. After that, 0.500 g CCNF samples
were mixed with Ca (CH3COO); (2.00 wt%). The suspensions
were continuously stirred for 30 min to reach equilibrium. The
mixture was finally titrated with V (mL) of NaOH solution
(0.100 M) using phenolphthalein as an indicator. The titration
was performed in triplicate, and the mean values of carboxyl
contents are presented in Table 1. They were calculated using
the following equations:

0.100xV
Carboxyl content (mmol/g) = ————
yl ( 9) 0.500 )
0.100xVx45.0x100%
Carboxyl content (wt%) =
v (wt36) 0.500x1000 (3)



3. RESULTS AND DISCUSSION
3.1 XRD patterns of banana peel and CCNF
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Figure 2. XRD patterns of banana peel and CCNF samples
prepared at different temperatures

Figure 2 shows the X-ray diffraction patterns of BP and
CCNF samples. All materials possess characteristic peaks at
20=16.2 and 22.6°, corresponding to the cellulose crystal
planes of (110) and (200) [40, 41]. However, the peak
intensities of CCNF samples were much higher than those of
BP, leading to higher crystallinity (Table 1). In lignocellulosic
materials, part of cellulose is a crystal phase, while
hemicellulose and lignin are amorphous phases [21, 38].
Therefore, the combination of these three compositions causes

(a) CCNF-40

low crystallinity (21%). As mentioned before, HNO; and
NaNO; can convert hemicellulose and lignin into soluble
components [29]. Hence, the amorphous phases of
hemicellulose and lignin could be removed from BP, leaving
solid cellulose fibers with higher crystallinity. When the
temperature was raised from 30 to 50°C, the crystallinity of
CCNF increased from 40% to 63%. This demonstrates that
higher temperatures could speed up the extraction of CCNF
from BP.

3.2 TEM images of CCNF

Figure 3 shows TEM images of CCNF prepared at 40 and
50°C. Almost all nanofibers were dispersed well rather than
agglomerated. The presence of carboxylate groups could repel
each other to aid in the dispersion of CCNF. Although the
bundles were not entirely separated, nanostructures were
created at 40°C. The fibers are roughly 0.5-2.0 um in length
and around 50 nm in diameter. This result indicates that the
synthesis process removed the amorphous phases of lignin and
hemicellulose present in banana peel, resulting in the
formation of cellulose nanofibers. When the temperature
increased from 40 to 50°C, the diameter of the CCNF samples
decreased to around 20-40 nm. The morphology of the
nanofibers became obvious when the bundles were separated.
Sharma et al. [28] reported that CCNF synthesized from jute
fibers at 50°C for 12 h has a length of 190—370 nm and a width
of 4-5 nm. Although the as-prepared CCNF was larger in size,
the synthesis time and/or temperature were reduced. It could
therefore save time and energy. Herein, the carboxyl content
rather than the size of CCNF was the major goal. Therefore,
reducing the size of CCNF is not essential. Carboxyl content
in CCNF is presented in the next part.

Y

(b) CCNF-50

Figure 3. TEM images of CCNF samples prepared at (a) 40°C and (b) 50°C
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3.3 Carboxyl content in CCNF

The carboxyl contents of banana peel and CCNF samples
are shown in Table 1. BP contained almost no acid groups.
Conversely, all CCNF samples exhibited high carboxyl
content (3.1-4.6 mmol/g), demonstrating that the mixture of
HNO3 and NaNO; oxidized BP effectively. According to Chen
et al. [33], the oxidation of hydroxymethyl groups into
carboxylic acid groups could be expressed as follows:

R-CH,OH+HNO3; - R—-COOH+NO+H,0 4

Without heating (30°C), HNO3; and NaNO; partially

oxidized BP to vyield carboxylic acid groups. When the

synthesis temperature was raised from 30 to 40°C, the
carboxyl content significantly increased from 3.1 to 4.6
mmol/g (14 to 21 wt%). Higher temperatures could accelerate
the process. However, increasing the temperature from 40 to
50°C resulted in a slight improvement in carboxyl content
from 4.6 to 4.9 mmol/g (21 to 22 wt%). These results suggest
that at 40°C, the conversion of hydroxymethyl groups into
carboxylic acid groups was nearly complete. Compared with
other reports in the literature (Table 1), the current study
provides much higher carboxyl content. Although the
synthesis conditions were less severe, it seems that the soft
structure of BP might be convenient for the nitro-oxidation
process. Thus, biomass resources could play an important role
in the formation of carboxylic groups in the CCNF products.

Table 1. Crystallinity and carboxyl content of banana peel and CCNF samples

Temperature  Time

Crystallinity

Carboxylic acid content

Sample ©C) (h) (%) (mmol/g) (Wt%) References
Banana peel - - 21 ~0 ~0
CCNF-30 30 6 40 3.1 14 .
This study
CCNF-40 40 6 47 4.6 21
CCNF-50 50 6 63 49 22
CCNF (Jute fibers) 40 16 0.9 4 [36]
CCNF (Jute fibers) 50 12 1.1 5 [28]
CCNF (Spinifex) 50 12 0.2 1 [28]
CCNF (Moringa) 40 16 1.0 4 [33]
CCNF (Sorghum stalk) 50 12 0.7 3 [37]

3.4 FTIR spectra of banana peel and CCNF
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Figure 4. FTIR spectra of (a) banana peel and (b) CCNF-40
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Figure 4 shows a similar vibration band at around 3300-
3500 cm?, corresponding to O—H stretching band of cellulose
[42]. The peak observed at approximately 2980 cm™ is due to
the aliphatic saturated C—H stretching vibration of cellulose
[43, 44]. These functional groups of cellulose are present in
both BP and CCNF-40. Additionally, the characteristic peak
at 1715 cm for C=0 bond in hemicellulose and the minor
signature at 1570 cm* for C=C bond in lignin were only found
in BP but disappeared in CCNF-40 [45]. These results prove
that the synthesis process removed most of hemicellulose and
lignin from BP to extract cellulose nanofibers. Conversely, the
presence of the peak at 1643 cm™ in CCNF-40 demonstrates
that —COO" groups were formed from the oxidation of —
CH,OH groups [28, 33].

3.5 EDX spectra of banana peel and CCNF

The elemental compositions of banana peel and CCNF-40
were determined using EDX analysis (Figure 5 and Table 2).
The raw material contained the primary elements C and O, as
well as trace elements Mg, K, and Si. These minerals, which
might be absorbed from the living environment of bananas,
have been reported in the literature [24, 44]. Compared with
BP, the synthesis procedure dramatically lowered the C
content but significantly increased the O content. The
oxidation of —CH,OH groups into —COO" groups could
increase O content. Furthermore, the O content of lignin is
generally lower than that of cellulose. As a result, the
elimination of lignin during the synthesis process could
contribute to the increase in O content. Mg, K, and N did not
appear in CCNF-40, indicating that the cleaning process
removed these ions as well as perhaps extra NaNO, and
NaHCOs. Nonetheless, the high Na content of CCNF-40 could



be attributed to —COONa groups rather than soluble salts of
NaNO; and NaHCOs. Overall, the results of acid-base titration,
FTIR spectra, and EDX spectra confirmed the formation of
carboxyl groups during the nitro-oxidation of banana peel.

Spectrum 12

Spectrum 11
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Figure 5. EDX spectra of (a) banana peel and (b) CCNF-40

Table 2. Elemental compositions of banana peel and
CCNF-40 from EDX analysis

Sample C (o) Mg Si K Na

BP (%mol)  78.42 21.07 0.08 0.09 0.34 -

CCNF-40

(%mol) 4455 4832 - 0.92 - 6.21

4. CONCLUSIONS

In this study, carboxyl cellulose nanofibers were
successfully fabricated from banana peel via the nitro-
oxidation method using a mixture of HNO3; and NaNO at 30—
50°C for 6 h. The results of XRD, EDX, and FTIR proved that
most of the hemicellulose and lignin in BP were removed to
obtain CCNF. TEM images show that the diameter of CCNF
roughly ranges from 20 to 50 nm. In addition, the nitro-
oxidation formed carboxylic acid groups with a content of 4.9
mmol/g (22 wt%), which was better than such previous studies.
Compared with traditional cellulose nanomaterials, the as-
prepared CCNF with this high carboxyl content can open new
applications as an ion-exchange material. The current one-pot
method is also simple, saves time, chemicals, and energy, and
can be scalable. The wastewater can be used for the production
of nitrogen-rich fertilizer. In spite of this, the use of strong acid
(HNO3) and the possible release of nitrogen oxides during the
nitro-oxidation process can pose a significant safety hazard to
workers if not handled properly. Addressing these limitations
will improve the sustainability of the method. Overall, the
primary findings valorize the abundant banana peel for the
facile one-pot preparation of cellulose nanofibers with high
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carboxyl content. The process can be optimized and modeled,
and the obtained material can be explored for further use.
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