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Extraction, Isolation, and Characterization of Nanocrystalline Cellulose
from Barangan Banana (Musa acuminata L.) Peduncles Waste
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showed that the yield of NCCs decreased as sulfuric acid concentration and the time
length of hydrolysis increased. The FTIR spectra of NCCs showed the most relevant
molecular bands, namely O-H, C-H, and C-O, at the wavenumbers range of 3200-4000,
2500-3200, and 500-1500 cm™, respectively. The TGA test showed that the
decomposition of NCCs occurred at a temperature of 275.35-409.40 °C, with a weight
loss ranging from 84.00% to 94.09%. Crystallinity index and crystal sizes range from
53.99% to 57.33% and 22.35 to 36.28 nm, respectively. The brightest color of NCCs
powder was generated with 1 M sulfuric acid and a hydrolysis time of 0.5 h. In conclusion,
barangan banana peduncles waste can be used as raw material for producing NCCs.
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m INTRODUCTION It is estimated that every hectare of banana plantations

Globally, people grow around 5.6 million hectares of produces nearly 220 tons of biomass waste [4]. The

bananas, with a production rate of 120 million tons unused by-product of banana processing is banana

annually. The banana industry is estimated to generate a peduncles. This by-product is promising because it

turnover of 8 billion USD per year [1]. One sector using contains lignocellulose to produce cellulose [5].

the most bananas is the food industry [2]. The abundance Cellulose is widely used as a polymer matrix and

use of bananas leads to banana waste, including bark, has grown rapidly in the last decade [6] because of its

pseudostem, leaves, rejected bananas, peduncles, and advantages, such as being non-toxic, low density, good
fiber [3]. Each banana tree produces one peduncle of

bananas, and the tree will become waste after harvesting.

mechanical properties, environmentally friendly,
inexpensive, and biodegradable [7-8]. Cellulose has a
linear chain structure of a hydro-glucose monomer unit-
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linked via 1-4 B, with amorphous and crystalline regions.
The structures, properties, and sizes of cellulose depend
on the sources [9]. Cellulose is the largest proportion of
lignocellulosic substances; from a structural perspective,
cellulose is a polymer formed by B-D glucose units
(CeH,1,06) [10-12].

Nanocrystalline cellulose (NCCs) are prominent
cellulose derivatives because of their exclusive features
and outstanding mechanical properties, high aspect ratio
to diameter, several micrometers length, high surface
reactivity, and low density [12]. Structurally, NCCs are
basic needle-shaped crystals with intact crystal features.
NCCs are generally 5-10 nm wide and 500-1000 nm long
[13-14]. NCCs are highly crystalline nanocrystals that can
be produced from cellulose substances by acids [15-17].
NCCs produced from empty peduncles were previously
modified by tannic acid and decyl amine [9]. NCCs have
also been successfully extracted from seaweed [18], corn
cobs [19-20], oil palm empty fruit peduncles [21-22], ramie
fiber [23], waste paper [24], bagasse [25], and kenaf [26].

Cellulose hydrolysis in acid can be done by strong
and weak acids at high temperatures and pressures, and
by concentrated acid at low temperatures and pressures
[27-28]. NCCs can be obtained from various sources
using several alkalines or acid hydrolysis [29-30]. The
functional properties of substances can be improved by
modifying chemical or physical processes, such as acid
hydrolysis, oxidation, ultrasonication, and microwave
[31]. Microwave energy has been found as an alternative
to heating in acid or alkali treatment [32]. Recently,
microwave-assisted alkali treatment and microwave-
assisted acid hydrolysis before ultrasonication were used
to generate higher yields of NCCs [33]. Microwave
irradiation can increase the vyield of compounds
drastically in a short time [34-35]. Mechanical treatment,
such as sonication, spreads a stable and uniform
suspension of NCCs [36]. Sonication is an alternative for
degradation [37] in producing NCCs.

Nanocellulose can be produced from various wastes
from agricultural crops [38]. Mocktar et al. has produced
nano-cellulose from the kenaf core (Hibiscus cannabinus)
by chemical method [26]. Produced nanocrystalline

cellulose from eucalyptus was hydrolyzed using sulfuric
acid by conventional methods and assisted by
thermostable. The nanocrystalline cellulose produced by
the thermostable method showed much better thermal
stability than hydrolyzed by the conventional method
[39]. Kusmono et al. have produced nanocrystalline
cellulose made from flax fiber by hydrolysis of sulfuric
acid using a conventional method with a hot plate [23].
Rahmawati et al. reported that nanocrystalline cellulose
was isolated from Typha sp. through conventional acid
hydrolysis using a hot plate with a reflux system [40].
There have been many reports on the hydrolysis of
fibers and

agricultural wastes. However, there has been no report

nanocrystalline cellulose from plant
on the hydrolysis method and characterization of NCCs
from the waste of barangan banana (Musa acuminata L.)
Therefore, this

production of NCCs from the waste of barangan banana

peduncles. study examines the
peduncles by studying the alkalizing, bleaching, and
hydrolysis treatment of sulfuric acid with variable
concentrations of sulfuric acid and hydrolysis time using
microwaves-ultrasonics energy on the properties and
characteristics of NCCs. The analysis covered the yield
and characterization of NCCs properties, namely,
morphology, functional groups, crystallinity, heat

resistance, particle size, and color.

m EXPERIMENTAL SECTION
Materials

The waste of barangan banana (Musa acuminata
L.) peduncles was taken from the community around
Banda Aceh, Indonesia. The chemicals used were sulfuric
acid (Merk Emsure® Germany), NaOH (Merk Emsure®
Germany), H,O, 35% food-grade, and distilled water.

Procedure

Fiber preparation

The barangan banana peduncles were cut into
pieces and pressed using a pressing machine to obtain
the fiber. The fibers were then dried and ground using a
grinder GM-400S1 at a speed of 31000 rpm and sieved
using a 40 mesh sieve.
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Cellulose extraction

The alkalization process was done by a microwave
(Samsung ME731K) with a 1 M NaOH solution (1:15 w/v)
at 450 Watt with a temperature of around 90 °C for 1 h. The
fiber was then washed to a neutral pH and dried at 60 °C
using a hot air sterilizer oven (model: YCO-010, Taiwan).
Following the polymerization process, the bleaching
process was conducted for one hour using 35% H,O, with
a fiber-to-solution ratio of 1:15 (w/v) at 180 W microwave
power and a temperature range of 60-65 °C. This process
was to remove compounds other than cellulose [41].

Isolation of nanocrystalline cellulose

The isolation of NCCs was conducted by sulfuric
acid hydrolysis with the concentrations of 1, 2, and 3 M
with a ratio of a sulfuric acid solution of 1:15 (w/v). This
process was done by a microwave (Samsung ME731K) at
100 W for 0.5 and 1.5 h, as presented in Fig. 1. Once the
hydrolysis process was completed, the sample was washed
using distilled water to reach a neutral pH. Next, the
samples were centrifuged using a centrifuge (CMC
supplied by Phillip Harris INT) at 11000 rpm for 30 min.
The water was changed twice, followed by the sonification
process using ultrasonics (Branson model 5510, USA)
with a frequency of 40 kHz for 4 h. It was centrifuged for
30 min and dried using a hot air sterilizer oven (model

Banana
peduncles

2 |

Fibers Preparation

Alkalization
NACH 1 M

Microwave 450 W : 1 hour
Dry at 60 °C : 6 hours

(drying, miling 40
mesh)
Fibers of banana Sonification
peduncles waste ‘ Time : 4 hours
Dry at 60 °C : 6 hours

NCCs

miling 500
mesh

Sample:solution (1:15) wiv

YCO-010, Taiwan) at 60 °C to a maximum moisture
content of 12%. Later, it was ground and sieved using a
500 mesh sieve ASTM No: 11. The design of the NCCs
isolation treatment is shown in Table 1. The analysis was
then conducted for the yield and the characterization of
NCCs properties, namely, morphological properties,
functional heat

groups, crystallinity —properties,

resistance, particle size, and color.

Characterization of nanocrystalline cellulose

Yield. The yield was calculated as a percentage (%) of the

initial weight after hydrolysis. The samples obtained

after the treatment were dried and compared to the

initial weight. Yield is determined using Eq. (1) [42].
Ma

Yield(%) = v (1)

The final (Ma) and initial sample weights (Mi) were
measured to calculate the yield.

Table 1. Design of NCCs isolation treatment

Samples Treatment
SA-1 Sulfuric acid 1 M/0.5 h
SA-2 Sulfuric acid 1 M/1.5h
SU-1 Sulfuric acid 2 M/0.5 h
SU-2 Sulfuric acid 2 M/1.5 h
SM-1 Sulfuric acid 3 M/0.5 h
SM-2 Sulfuric acid 3 M/1.5h
Bleaching

» H;0, 35%
Sample:solution (1:15) wiv

Microwave 180 W : 1 hour
Dry at 60 °C : 6 hours

Acid hydrolysis
H,S0, 1M, 2 M, 3 M
Times : 0.5 81.5 hours
Sample:solution (1:15) wiv
Microwave 100 W:0.581.5 hours
Dry at 60 “C : 6 hours

J

Centrifugation
30 minutes : 11000 rpm
Repeat 2 times

Fig 1. Schematic diagram of the NCCs insulating process
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Functional groups. Fourier transform infrared
spectroscopy (FTIR, Shimadzu, Japan) was used to
determine the functional groups of NCCs products. The
NCCs sample was dried in an oven at 60 °C until constant
weight to ensure it was free from water content. Then, the
NCCs sample was placed on the FTIR panel, and the
functional groups were read in the wavenumber of 4000-
400 cm™.
Heat resistance. The heat resistance of gelatin was
analyzed using a Thermogravimetric Analyzer (Shimadzu
DTG-60, Japan). The sample (10 mg) was put into a
platinum pan and then heated to a temperature of 600 °C
at a nitrogen atmosphere flow rate of 50 mL/min and a
temperature rate of 40 °C/min.
Morphological properties. Morphological studies of
samples were done by Scanning Electron Microscopy
(SEM, JEOL, JSM-6510LA, Japan) with a resolution of
3.0nm at 30 kV. To obtain quantitative data on the
particle size of NCCs, the SEM images were analyzed
using Image] software. Image] software was used to
determine the particle diameter (d) of the NCCs. The
particle measurement in the SEM test is based on the
sphere's diameter because it cannot be equated with the
particle length of the NCCs.
Crystallinity properties. Crystallinity and crystal size
were measured using an XRD (Shimadzu-7000, Japan)
operated at a voltage of 40 kV and a current of 30 mA,
with a scan speed of 2.00 deg/min. The crystallinity index
(CI) was calculated based on the deconvolution method,
as formulated in Eq. (2).
c1=2002 ~Tam 10000 )
To02
where Ioo, is the highest peak intensity for the crystalline

region and L., is the minimum peak intensity for the
amorphous region. Iy, represents the crystalline and
amorphous regions, while I., only represents the
amorphous region of the maximum intensity of the lattice
peak diffraction at 22° to 23° and L., is the amorphous part
of the material (at the minimum intensity between 18°
and 19°) [43-44]. The crystal size was calculated using the
Scherrer formula, as given in Eq. (3).
KA

tzBl/ZcosG 3)

where K (0.91) is the Scherrer constant, A (1.54060 A) is
the wavelength of the radiation, $1/2 is the full width at
half maximum (FWHM) of the diffraction peak in
radians (20), and 6 is the Bragg angle [40].

Particle size analyzer. Particle size distribution
analysis was performed using a particle size analyzer
(HORIBA Scientific SZ-100, Japan) with a scattering
angle of 90°, holding temperature of 25.1°C, and
measurement time of 5.12 sec at a rate of 225 kcps. The
average particle diameter size of each sample was taken
from the average value of three repetitions.

NCCs powder color test. The color of the NCCs was
analyzed using the CIE method. CIE is the most
comprehensive L* a* b* color space defined by the
International Commission on color illumination
(French Commission Internationale de l'eclairage,
CIELAB). CIELAB can describe all kinds of colors
visible to the human eye. This method is often used for
color space references [44]. The NCCs image was then
analyzed for color using the MVtec Halcon ver.20
software. The sample object was separated by 15 times
erosion treatment to get the RGB value. The resulting
RGB (Red, Green, Blue) values were converted to the
L* a* b* color space.

m RESULTS AND DISCUSSION
Yield

Yield is the result of the processing activity. The
average yield of fiber from the waste of fresh banana
peduncles was 5.4%. The alkalization treatment used
1 M NaOH and 35% H,O: for bleaching. The fiber yield
produced in the alkalization process and the bleaching
process was 39.5%, with a mass loss of 60.5, and 71%,
with a mass loss of 29%, respectively. The more stages in
the process, the higher the result because most of the
[45].
Alkalization treatment can remove hemicellulose,

lignin and hemicellulose were removed
reducing weight from 33% to 12%. The alkalization
process can reduce the lignin and hemicellulose content
and enable the fiber to be easily damaged by the
hydrolysis media [35]. Also, H,O, can remove more lignin
[46]. Alkalization triggers a color change linked to the

different pigmentation of the lignin fraction remaining in
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Fig 2. The yield of NCCs isolated from the waste of
banana peduncles

the substance [47]. It effectively purifies cellulose fibers,
removing non-cellulose components, such as parts of
lignin and hemicellulose [13]. The treatment of NaOH
solution converts cellulose I to cellulose II with a crystal
structure that is much more stable than cellulose I, with
stronger hydrophobic interconnections. The hydrolysis
yield is shown in Fig. 2.

The yield of NCCs from the treatment variables of
different sulfuric acid concentrations and hydrolysis time
ranged from 72% to 89.67%, with a mass loss of around
28.00-10.33%. The highest yield was in the treatment of
SA-1 (89.67%). Meanwhile, the lowest yield was at the
treatment of SM-2 (72%). The yield of NCCs decreased
with the increasing sulfuric acid concentration and the
hydrolysis time, as shown in Fig. 2. This decrease in yield
may be due to the changes in amorphous cellulose or
damage to crystalline cellulose [8].

The low yield may result from the gradual
disintegration of the amorphous region and degradation
of the crystalline moiety during the increasing hydrolysis
time. Raja et al. [28] glucose microfibers of cellulose
molecules were bonded to form long polymer chains, and
the content of lignin and hemicellulose around the
cellulose was the main obstacle to hydrolyzing cellulose.
Ilyas et al. [8] produce sugar palm cellulose yield in the
hydrolysis process using sulfuric acid with a concentration
of 60%, which is 82.33%. Seta et al. [6] reported that the
yield of NCCs bamboo pulp hydrolyzed using maleic acid

was in the range of 2.8% to 24.5%. In this study,
treatment with sulfuric acid concentration and hydrolysis
time assisted by microwave and ultrasonic energy was
able to produce yields ranging from 72% to 86.67%.

Functional Groups of NCCs

Fig. 3 displays the results of the FTIR spectrum of
NCCs from barangan banana peduncles using the
hydrolysis treatment of sulfuric acid concentration and
hydrolysis time. It shows three main absorption spectra,
the largest indicated at the absorption region around
3200-4000 cm™ was O-H, 2500-3200 cm™ was C-H,
and 500-1500 cm™ was C-O. The
concentration of sulfuric acid and the hydrolysis time

increasing

did not affect the absorption and functional groups of
NCCs, showing that the NCCs did not contain
functional groups of other compounds, such as lignin
and hemicellulose. Acid hydrolysis did not show any
absorption region for C=C, C-O-C, and -CH, bonds
[48]. The C=C and C-O-C bonds are found in lignin.
The absorption region around 1420 cm™ showed a
deformed -CH, bond in cellulose. It showed the
crystalline area, where the absorption area increases with
the purification process. After hydrolysis, three main
absorption regions were found: 3288.08, 1636.43, and
1089.92cm™, indicating O-H O-H
deformation, and C-C stretching, respectively. The

stretching,

absorption region that emerged indicates no lignin
generated from the acid hydrolysis treatment.

The spectra were identified at the absorption of
3350 cm™ (O-H stretching/intramolecular hydrogen
bond stretching for cellulose I), 2900 cm™ (C-H
stretching), 1640 cm™ (O-H bending due to adsorbed
water), 1510 cm™ (aromatic ring in lignin), 1420 cm™
(due to the scissoring motion of CH, in cellulose),
1375cm™ (C-H bending), 1340 cm™ (O-H in the
bending plane), 1311 cm™ (CH, wagging), 1250 cm™ (C-
O exiting the stretching plane because of the aryl groups
in lignin), 1205cm™ (S=O vibrations, due to the
esterification reaction occurred in the hydrolysis),
1159 cm™ (C-C stretching ring), 1109 cm™ (C-O-C
glycosidic bond), 1061 cm™ (C-O-C pyranose ring
stretching), and 897 cm™ (cellulose glycosidic bonds)
[19,50-52]. The vibrational modes of amide I at 1616 cm™
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Fig 3. FTIR spectra of NCCs from barangan banana peduncles; (a) SA-1; (b) SA-2; (c) SU-1; (d) SU-2; (e) SM-1; and

(f) SM-2

and II at 1597 cm™ were observed. The moderate to
strong IR absorption band at 1200-970 cm™" was mainly
due to the C-C and C-O stretching of the pyranoid ring
[49]. The IR spectra of the NCCs showed a typical
absorption band for cellulose substances. The signals at
1429, 1163, 1111, and 897 cm™ indicated the NCCs in
cellulose I [50]. The absorption bands at around 1430,
1370, and 2900 cm™ indicated the characteristic of the
crystalline region in the polymer, and the absorption band
at 890 cm™' showed the type of the amorphous region [51].
Hydrolysis with sulfuric acid did not modify the
functional groups of cellulose; instead, discontinuities in
the glucose ring only [52].

Heat Resistance of NCCs

The TGA method is a rapid test for measuring a
material’s thermal stability to predict its real-life and long-
term stability. The thermal decomposition process
occurred in the compound follows first-order kinetics
[53]. The results of the thermogravimetric analysis to
examine the thermal stability of NCCs from banana
peduncles hydrolyzed with 1, 2, and 3 M sulfuric acid for
0.5 and 1.5 h can be seen in Fig. 4. It shows the initial
weight loss of the NCCs was in around region 2 with a
temperature range of 95.0 to 180.0 °C because volatile
compounds and water molecules evaporated. In regions 3

— SA-1
——SA-2
—Su-1
—Su-2

SM-1

i N
60 |

|

|

Weight (%)

Region 1 | Region 2 Region 3 Region 4

-10 T T T T T T 1
0 100 200 300 400 500 600
Temperature (°C)

Fig 4. Heat resistance of NCCs from barangan banana
peduncles

and 4, the NCCs decomposed at a temperature of 275.35
to 409.40 °C.

Table 2 that the degradation or
decomposition of NCCs began to occur in the
temperature range of 275.35 to 409.40 °C. The greater
the concentration of sulfuric acid, the higher the endset

shows

temperature (temperature of degradation). Likewise, the
hydrolysis time also showed the difference in the
decomposition temperature because of hemicellulose and
amorphous cellulose, which were more easily degradable
than crystalline cellulose. The wider lignin peak covered
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Table 2. Thermal degradation, weight loss, and residue of the NCCs from barangan banana peduncles

Cellulose thermal degradation

Samples T Totoom T Weight loss Resi:iue at
(%) 600 °C (%)
4 Y 0
SA-1 319.67 348.29 380.83 94.09 591
SA-2 340.01 366.69 398.83 87.14 12.86
SU-1 294.10 345.60 405.62 84.10 15.90
SU-2 347.15 373.91 404.08 88.83 11.17
SM-1 314.13 351.22 399.19 87.71 12.29
SM-2 275.35 338.62 409.40 84.00 16.00

the range from 200 to 500 °C, with the maximum at
350 °C. In a nitrogen atmosphere, the main peak appeared
at around 360 °C due to the decomposition of a-cellulose
[54]. In addition, lignin degradation occurred gradually
from 100 to 900°C, with the disintegration peak
occurring after 380 °C. Thus, an additional endothermic
peak after 350 °C happened due to the degradation of
residual lignin molecules. The presence of foreign
material in cellulose samples increased the energy needed
for degradation [12]. In the initial temperature region of
70 to 140 °C, the peak endothermic heat energy absorbed
was used to evaporate water vapor. Outside of 200 °C, the
second and third endotherms were 257.1 and 282.7 °C.
This endotherm was related to the decarboxylation and
depolymerization of cellulose [13]. The bleaching and
alkali processes generated a-cellulose as a crystalline
residue. The higher the crystal structure, the higher the
degradation temperature [42].

The weight loss due to the treatment of sulfuric acid
concentration and hydrolysis time ranged between 84%
and 94.09%, with the highest weight loss occurring in the
treatment of SA-1 and the lowest in the treatment of SM-
2. The treatment of SA, SU, and SM resulted in
degradation in the same region, namely region 4. This
indicates that the resistance of NCCs to temperature is the
same even though the weight loss shows different values.
This shows that the resistance characteristics of the NCC
samples to temperature are the same. A high weight loss
indicates a small residue [13]. The relatively low weight
loss indicates a strong cellulose structure to withstand
high-temperature conditions. The water loss and the
structural hydrophilic nature of the functional groups of
each polysaccharide occur between 50 and 100 °C [25].

Hemicellulose loss occurred between 220 and
340 °C, with the main degradation peak around 320 °C.
The thermal stability of NCCs with sulfate groups could
be improved when the acid sulfate groups were neutralized
[39]. Under different conditions, samples of NCCs
showed gradual weight loss at around 210 to 378 °C [55].

Morphology of NCCs

Fig. 5 images the morphological microstructure of
NCCs from barangan banana peduncles treated with
sulfuric acid concentrations of 1, 2, and 3M and
hydrolysis times of 0.5 and 1.5 h. Although the sulfuric
acid content and hydrolysis time are different, the
morphology of the NCCs has the same structure (as
displayed in Fig. 5). The size of the resulting NCCs was
also the same for all treatments, namely 1 pm. The
structure looks like the occurrence of aggregates in the
NCCs particles. Wu et al. [38] resulted in the size of the
structure of okara nanocellulose (using the method of
ultrasound or

high-pressure high-pressure

homogenization) based on scanning electron
microscopy, which was in the range of 2 to 10 um.
Samples of okara nanocellulose also showed the
occurrence of aggregation.

Seta et al. [6] convey that the fibers are reduced in
size to micro size, and there is a possibility of reaggregation
of the fibers of small size. It can be caused by the milling
process's activation/interaction of the fiber surface, and
the high fiber concentration will increase the friction
and shear forces between the fibers. This study resulted
in a smaller structure size of NCCs from barangan
banana peduncles (1 um) than that produced by Wu et

al. [38], which is 2 to 10 um. The particle diameter (d) of
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Fig 6. Histogram distribution of NCCs particles from SEM images; (a) SA-1, (b) SA-2, (c) SU-1, (d) SU-2, (e) SM-1,

and (f) SM-2

the NCC samples from the SEM test results can be
quantitatively analyzed using Image] software. Regarding
the SEM image analysis using Image] software, the
histogram of the NCCs particle distribution can be seen
in Fig. 6, and the diameter of particles can be seen in Table
3. The particle diameter analysis using Image] software of
NCCs for all treatments of sulfuric acid concentration and
hydrolysis time ranged from 25 to 100 nm.

Crystallinity Properties of NCCs

Enhanced crystallinity can increase the heat
resistance and thermal stability of a material. A further
decrease in the degradation temperature of NCCs may

Intensity (counts)

20 25 30

correlate with sulfate groups into crystalline cellulose
during the hydrolysis of sulfuric acid [56]. Fig. 7 presents
the X-ray diffraction pattern of the NCCs from banana
peduncles. The diffraction peaks at 20 for 1, 2, and 3 M
sulfuric acids with the hydrolysis times of 0.5 and 1.5 h
ranged from 22.19°-22.41°. All diffraction patterns for
all treatments are at the highest peak at 26 above 22°
[9,57-58]. The observed peaks in the XRD pattern of
cellulose and NCCs at 26 of 14.5° and 15.5° correspond to
Lm planes. The peak of 20 = 22.5° corresponds to the Ios
crystallographic plane, indicating that cellulose and
nanocellulose had amorphous and crystalline regions
and showed the crystal structure of cellulose I.

SM-2

35 40 45 50 55 60 65

260 (degree)
Fig 7. X-ray diffraction pattern of NCCs from barangan banana peduncles
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Table 3. Crystallinity index (CI), crystal size, and diameter particle (SEM image) of NCCs

Indones. J. Chem., 2023, 23 (1), 73 - 89

Samples 20 (am) 260 (002) CI Crystal size Image] (SEM image)
() () (%) (nm) d (nm) R?
SA-1 14.82 22.23 57.33 34.38 25 0.72
SA-2 14.75 22.41 56.69 22.35 30 0.98
SU-1 15.04 22.31 54.96 27.94 50 0.98
SU-2 14.98 22.19 55.38 36.28 100 0.98
SM-1 14.99 22.33 53.99 27.43 25 0.78
SM-2 14.81 22.35 55.19 23.67 25 0.81

In the XRD pattern, the absorption peaks tend to
have a narrower peak width and higher peaks with high
crystallinity. For materials with low crystallinity, the
absorption peaks show a wider peak width and lower peak
height [59]. Sharp diffraction peaks and flat dispersion
curves simultaneously emerge since the composition of
the crystalline and amorphous phases of the polymeric
material. Structural changes can be due to forces that
occur during mechanical processes. The shearing force by
a high-pressure homogenizer can remove amorphous
cellulose, increasing crystallinity [57]. Ultrasonication
hydrolyzes the amorphous regions of cellulose and some
parts of the broken cellulose fragments to produce oligo
and monosaccharides [30]. Table 3 shows the crystallinity
index (CI) of NCCs from the treatment of sulfuric acid
concentration and hydrolysis time, ranging from 53.99%
to 57.33%. The highest CI value was obtained in the
treatment of SA-1 (57.33%), while the lowest CI value was
in the treatment of SM-1 (53.99%). The crystal size of
NCCs was between 22.35 and 36.28 nm, with the largest
size being in the treatment of SU-2 (36.28 nm) and the
smallest in the treatment of SA-2 (22.35 nm). Hydrolysis
at lower concentrations of sulfuric acid (16% and 40% by
weight) reduced the amorphous component of the initial
pulp. However, the conditions are insufficient to
resynchronize the crystals structurally or reduce the
crystal size [58,60].

In addition, the intense cavitation force by
ultrasound can remove the amorphous zone and decrease
the crystalline zone, ultimately decreasing the crystallinity
index [61]. The stronger the strain, the wider the
diffraction peaks, increasing the microstrain lattice and
decreasing the crystal size [62]. This study resulted in the
crystal size of NCCs based on the results of the

crystallinity test and the particle diameter of the NCCs
based on the results of the SEM image test using Image]
software, which was in the 100 nm range.

The Particle Size of NCCs

Particle size analysis is an analysis of the average
particle size distribution in a liquid. Fig. 8 shows the
average particle size distribution of NCCs treated with
sulfuric acid concentrations of 1, 2, and 3 M and
hydrolysis times of 0.5 and 1.5 h (Table 4). The particle
sizes of NCCs ranged from 250.9 to 4214.6 nm. The most
petite particle sizes, 250.9, 257.9, and 259.2 nm, were
obtained at concentrations of 1, 2, and 3 M sulfuric acid,
respectively, with a hydrolysis duration of 1.5 h. The
smaller the particle size of the NCCs produced, the
higher the sulfuric acid concentration. Similarly, the
longer the hydrolysis period, the smaller the particle size
of the formed NCCs. The criteria for determining
particle size and distribution depend on various factors,
including sample structure, acid concentration, and
hydrolysis time. On the other hand, the particle size
distribution depends on the degree of aggregation [63].
Dimas et al. [64] reported that the average size of NCCs
hydrolyzed with 6, 8, and 10 M HCI were 8334, 3024, and
2086 nm, respectively, as measured by PSA.

Table 4. Particle size distribution of NCCs barangan
banana peduncles

Sample Particle size (nm) PI
SA-1 4214.6 1.025
SA-2 250.9 0.808
SU-1 4157.3 1.062
SU-2 257.9 0.908
SM-1 3267.5 0.965
SM-2 259.2 0.902
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Fig 8. Particle size analyzer of NCCs; (a) SA-1, (b) SA-2, (c) SU-1, (d) SU-2, (e) SM-1, and (f) SM-2

It indicates that NCCs dropped as the concentration
of hydrochloric acid increased. After the long fiber
amorphous areas were hydrolyzed by acid disintegration
to form shorter NCCs particles, the size of the NCCs was
reduced. Agglomerates can cause dynamic light
scattering, and PSA cannot precisely measure the particle
size of single NCCs. In this study, there was a large

agglomeration marked by a significant PI (polydispersity
index) value above 0.5. The research of Wu et al. [38]
produced a particle size of okara nanocellulose (using
the method of high-pressure ultrasound or high-
pressure homogenization) based on the PSA test, which
was in the range of 233-2430 nm with PI values ranging

from 0.22 to 0.91.
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effect

Color of NCCs Powder

Fig. 9(b) describes the brightness of NCCs powder.
The L* value is the brightness value; the higher the L*, the
brighter the NCCs powder. The L* values range from
69.14 to 83.81. The highest L* brightness value was found
in the treatment of SA-1 (83.81). The lowest was in the
treatment of SM-2 (69.14). In contrast, the higher the
sulfuric acid concentration and hydrolysis time, the
higher the a* and b* values. The higher the L* value, the

lighter (whiter) the color of the NCCs. Brightness is
denoted by L*, ranging from L* = 0 (black) to 100 (white)
[65].

The higher the concentration of sulfuric acid and
the hydrolysis time, the darker the color of the NCCs
powder, as shown in Fig. 9(a). The expected color of the
NCCs powder is bright, and thus the best color of NCCs
powder was the one that resulted from the treatment of
SA-1. The cellulose content in the fiber influences the
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fiber absorption of color, resulting in differences in color
absorption in each fiber [5]. The increasing amount of
polymer will increase light diffusion [65]. Good light
reflection is the one directed at the surface of an object. If
the surface of an object reflects light in all directions, it
will be blunt. The microwave effect is through ionic
conduction, which is resistance heating [66]. The collision
between the dye molecules and fiber particles depends on
the acceleration of the particles through the dye solution.

m CONCLUSION

Treatment of sulfuric acid concentration and time of
hydrolysis assisted by microwave energy resulted in
different yields of NCCs. The yield of NCCs decreased
with increasing sulfuric acid concentration and hydrolysis
time. FTIR test results showed that the concentration of
sulfuric acid and hydrolysis time produced NCCs with the
same functional groups in the same absorption spectrum
zone. TGA test results showed that the decomposition of
NCCs occurred at a temperature of 275.35-409.40 °C,
with a weight loss ranging from 84% to 94.09%. In
addition, the XRD test results revealed that all diffraction
patterns for all treatments were at the highest peak of 20
above 22°, with index crystallinity values ranging from
53.99% to 57.33% and crystal sizes ranging from 22.35 to
36.28 nm. The brightest NCCs powder was obtained from
the treatment of 1 M sulfuric acid and 0.5 h of hydrolysis
time.
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