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Abstract. Chitosan is a biopolymer of significant industrial interest due to its versatile
physicochemical properties and wide range of applications. In line with sustainability and circular-
economy principles, alternative non-crustacean sources, such as the black soldier fly (Hermetia
illucens), have attracted increasing attention. In this study, chitosan was extracted from H. illucens
using microwave irradiation applied to all three main processing stages: demineralization,
deproteinization, and deacetylation. The performance of this approach was compared with that of
conventional thermal extraction. Structural and physicochemical properties of the resulting
chitosan were characterized using Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-
EDS), and particle size analysis (PSA). The microwave-assisted process achieved 76.01%
deacetylation in 24 minutes, whereas the conventional method required 6 hours to reach a
comparable 76.48%. This substantial reduction in processing time demonstrates the potential of
microwave-assisted extraction as a more time- and energy-efficient approach for valorizing H.
illucens—derived biowaste.
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INTRODUCTION al, 2023). Conventionally, chitosan is
produced from crustacean shells; however,

Chitosan is a biopolymer derived from
the deacetylation of chitin. It has attracted
significant  attention due to its
biodegradability, non-toxicity, and
biocompatibility, which enable its wide
applications in agriculture, pharmaceuticals,
food preservation, and environmental

remediation (Mulyati et al, 2023; Widarti et

growing concerns about sustainability and
resource availability have spurred exploration
of alternative and renewable sources. In this
context, the black soldier fly (Hermetia
illucens) has emerged as a promising non-
crustacean source of chitin and chitosan,
supporting circular bioeconomy principles by
valorizing organic waste streams (Escobar
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Rodriguez et al,, 2025; Mersmann et al., 2025).

H. illucens larvae efficiently convert a
wide range of organic wastes into valuable
biomass and have been reported to generate
substantially lower greenhouse gas emissions
compared to conventional waste treatment
methods (Hoc et al, 2019; Khayrova et al,
2019). Their availability across the life cycle
and high chitin content during early
developmental stages further strengthen
their potential as a sustainable feedstock for
chitosan production (Siddiqui et al, 2024).
Nevertheless, conventional chitosan
extraction methods rely heavily on prolonged
thermal treatment, resulting in high energy
consumption and extended processing times

(Khayrova et al., 2021).
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Fig. 1: Schematic of chitosan extracted from
the pupal of H. illucens

Microwave irradiation has emerged as an
effective alternative heating strategy, offering
rapid and volumetric energy transfer that
significantly accelerates chemical reactions
while reducing energy demand (Horikoshi et
al, 2023; Pérez-Martinez et al, 2020). In
chitosan production, microwave-assisted
processes have been predominantly applied
during the deacetylation stage to enhance
reaction efficiency. However, the application
of microwave irradiation throughout all
stages of extraction remains largely
unexplored. Therefore, this study investigates
the use of microwave irradiation during
demineralization,  deproteinization, and
deacetylation for the extraction of chitosan

from H. illucens. The novelty of this work lies
in the full-stage integration of microwave-
assisted processing, which yields chitosan of
comparable quality with drastically reduced
processing time, offering a rapid,
environmentally friendly approach to insect-
derived chitosan production.

MATERIALS AND METHOD

Materials

The raw material used in this study
consisted of H. illucens pupal, reared at the
Agrotechnology Innovation Center,
Universitas Gadjah Mada (UGM), Yogyakarta,
Indonesia. Commercial chitosan with an
approximate degree of deacetylation of 75%
was obtained from Sigma-Aldrich. All
chemical reagents, including hydrochloric
acid (37%), acetic acid, and sodium
hydroxide, were also procured from Sigma-
Aldrich.

Methods
Chitosan extraction

Chitosan was extracted from the pupal of
H. illucens using two heating methods:
conventional  thermal heating and
microwave-assisted heating (Figure 1). The
extraction process consisted of three
sequential steps: demineralization,
deproteinization, and deacetylation,

conducted under identical chemical
conditions for both methods to enable direct
comparison.

Extraction was performed in two
independent batches (n = 2) for each
method. Each batch was processed
separately, starting from raw material
preparation. Before extraction, the pupal of H.
illucens were washed with distilled water,
oven-dried, ground, and sieved to obtain

particles < 100 pm.
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Conventional thermal extraction

The demineralization was conducted for
2 hours at 50°C with constant stirring at 200
rpm, wusing a raw material-to-3 M
hydrochloric acid (HCI) ratio of 1:10 (w/v) (Sari
et al, 2024). The extracted materials were
subsequently filtered and thoroughly rinsed
with distilled water until the pH reached
neutrality. They were then oven-dried at 60 °C
overnight to eliminate residual moisture
(IRiguez-Moreno et al, 2024).

Deproteinization was performed by
alkaline treatment with 2 M sodium
hydroxide (NaOH) at a solid-to-liquid ratio of
1:10 (w/v). The mixture was continuously
stirred at 200 rpm and maintained at 80 °C for
2 hours to effectively remove protein content
(Rehman et al,, 2023). Following the reaction,
the mixture was filtered and thoroughly
washed with distilled water to eliminate any
residual NaOH. The resulting sample was
then oven-dried at 60 °C overnight to ensure
complete moisture removal.

The deproteinized material underwent
deacetylation using a 12 M sodium hydroxide
(NaOH) solution at 100°C for 2 hours, with a
solid-to-liquid ratio of 1:20 (w/v) and
continuous stirring at 200rpm (Triunfo et al,
2022). Upon completion of the reaction, the
material was thoroughly rinsed with distilled
water. The solid residue was then separated
from the reaction mixture by filtration or
centrifugation. To achieve a neutral pH, the
residue was repeatedly washed with distilled
water. Finally, the product was oven-dried at
60°C overnight to attain a consistent, dry
form (Ifiguez-Moreno et al.,, 2024).

Microwave-assisted extraction
Microwave-assisted extraction followed
the same extraction sequence and chemical
conditions as the conventional method, with
microwave irradiation applied as the heating

source. The process was conducted in a glass
beaker placed inside a household microwave
oven (Electrolux EMG23K22B) operating at
800 W.

To determine the optimal microwave-
assisted condition, solvent contact times of 4,
6, 8, and 10 min were evaluated. The degree
of deacetylation (DD%) was used as the
selection criterion, and the contact time that
yielded a DD comparable to that obtained
with conventional heating was selected for
further comparison.

Purification of chitosan

The deacetylated material obtained from
each independent extraction batch was
dissolved in 1% (v/v) acetic acid under
continuous stirring at room temperature for
24 h (Triunfo et al, 2022). The solution was
centrifuged at 6,000 rpm for 15 min, and the
supernatant was collected. Chitosan was
precipitated by adjusting the pH to alkaline
conditions using 6 M NaOH and incubated
overnight at 4 °C (Das et al, 2025; Triunfo et
al, 2022). The precipitate was recovered by
centrifugation, washed repeatedly with
distilled water, freeze-dried, and stored at
room temperature.

Film formation

Film preparation was carried out using
chitosan obtained from the independent
extraction batches. Briefly, 0.1 g of chitosan
was dissolved in 10 mL of 1% (v/v) acetic acid,
cast onto a 100 mm polystyrene Petri dish,
and dried in a desiccator for three days
(GUrbuz et al,, 2024; Hahn et al.,, 2020).

Characterization of chitosan

The structural and physicochemical
properties of the extracted chitosan were
comprehensively characterized using a suite
of analytical techniques, including Fourier
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Transform Infrared Spectroscopy (FTIR), X-ray
Diffraction ~ (XRD),
Microscopy

Scanning  Electron
combined  with  Energy-
Dispersive X-ray Spectroscopy (SEM-EDS),
and Particle Size Analysis (PSA).

The FTIR spectra of the chitosan samples
were obtained using a Shimadzu FTIR
spectrophotometer operating in attenuated
total reflectance (ATR) mode over a
wavenumber range of 500-4000 cm™. A total
of 45 scans were accumulated at a spectral
resolution of 4cm™ to ensure high-accuracy
spectral analysis. The degree of deacetylation
(DD%) was determined by measuring the
absorbance ratio of the amide | band at
1655cm™ to the hydroxyl band at 3450cm™,
which served as an internal standard (Islam et
al,, 2023). The degree of deacetylation (DD%)
was determined from the relative absorbance
of characteristic functional groups, as
described below, using a reported method
(Domszy and Roberts, 1985).

DD% = 100 — [(4xe22) x 122 | (1
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An XRD analysis was conducted to
investigate the crystalline structure of
chitosan, a key parameter that influences its
functional properties. This technique was
used to evaluate the degree of crystallinity in
the chitosan samples. The relative crystallinity
was quantified as the ratio of the area under
the crystalline peaks to the total area under
the diffraction curve, providing a quantitative
assessment of the material's crystalline
content (Abdou et al,, 2008).

SEM-EDS analysis was employed to
examine the surface morphology and
microstructural characteristics of the chitosan
samples. This technique enables high-
resolution imaging at extreme
magnifications, facilitating the detailed
visualization of surface features. Additionally,

EDS enables qualitative and semi-
quantitative elemental analysis, offering
insights into the material’s composition and
the presence of residual elements or
impurities (Hayes et al, 2019). SEM-EDS
analysis was conducted to assess the
structural integrity, surface texture, and
elemental distribution of the synthesized
chitosan.

Particle Size Analysis comprises a set of
techniques for measuring the size, shape, and
distribution of particles within a given
sample. In this study, PSA was utilized to
determine the particle size distribution of the
chitosan  samples, providing valuable
information on their physical characteristics
and suitability for various applications.

Data analysis

Quantitative  extraction data are
presented as mean * SD from two
independent extraction batches (n = 2).
Material characterization analyses were
conducted once per sample and are therefore
reported descriptively without statistical
testing, as the study focuses on comparative
process evaluation rather than hypothesis-
based analysis.

RESULTS AND DISCUSSION

Chitosan Yield

The extraction of chitosan from H.
illucens using microwave irradiation has
attracted increasing attention for sustainable
waste valorization and resource-efficient
processing. Microwave-assisted extraction
(MAE) has been reported to enhance mass
transfer and reaction kinetics through rapid,
and volumetric heating, thereby reducing
processing time compared with conventional
thermal methods (EI Knidri et al, 2016;
Lertjindaporn et al, 2025).
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In the present study, the effectiveness of
MAE was evaluated by comparing impurity
removal efficiencies at each extraction stage
with those obtained using the conventional
method. For the conventional process,
demineralization,  deproteinization, and
deacetylation removed 53.10 £ 10.04%, 67.50
t+ 0.71%, and 88.60 = 0.14% of impuirities,
respectively. In contrast, the MAE approach
achieved higher removal efficiencies of 56.80
+ 3.15%, 87.54 + 0.73%, and 90.56 + 0.08%,
respectively. These trends are consistent with
previous studies reporting enhanced reaction
efficiency under microwave irradiation due to
improved reagent  penetration  and
accelerated reaction kinetics (El Knidri et al,
2016; Siddiqui et al., 2024).

The resulting chitosan yield was 3.28 +
0.35% for the conventional method and 3.89
t 2.35% for the MAE process. These values
fall within the range reported for H. illucens-
derived chitosan (2-8%), as obtained using
formic acid demineralization and alkaline
deproteinization followed by deacetylation
(Triunfo et al, 2022). Although slightly lower
than yields typically reported for crustacean
sources (approximately 4-15%), the results
are consistent with previous findings that
insect-derived chitosan generally exhibits
lower extractable fractions due to differences
in cuticle composition and mineral content
(Coltelli et al., 2025).

While direct energy consumption was
not measured in this study, previous work has
demonstrated  that  microwave-assisted
deacetylation can substantially reduce energy
demand, from 382.1 to 8.9 kJ g™ of chitosan,
compared with conventional heating (Bruno
et al, 2024). This literature-based evidence
supports the potential of MAE as a more
energy-efficient approach, consistent with
the shorter processing time observed in the
present work.

FTIR Analysis

The degree of deacetylation (DD%) was
estimated from FTIR spectra, and the results
are presented in Figure 2. A microwave
irradiation time of approximately 8 min
produced a DD value comparable to that
obtained using the conventional method. The
reported DD values represent representative
measurements from single experimental runs
and are intended for qualitative comparison
of process performance. Similar trends have
been reported in previous studies, indicating
that microwave irradiation can substantially
shorten the deacetylation process while
maintaining comparable levels of chemical
conversion (Bruno et al,, 2024).

Transmittance (%)

4000 35'00 SOIOO 25IOO 20I00 1 SIOO 1OIOO 560
Wavenumber (cm™)
Fig. 2: FTIR spectra of chitosan extracted
using microwave and conventional methods

The microwave-assisted process reduced
the total extraction time from 6 h to 24 min
while yielding comparable DD values of
76.01% and 76.48% for microwave-assisted
and conventionally extracted chitosan,
respectively. This represents an approximately
fifteen-fold reduction in processing time.
Although direct energy consumption was not
quantified in this study, the markedly shorter
processing duration supports the potential of
microwave-assisted extraction as a more
time-efficient approach, consistent with
previous reports highlighting its improved
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energy efficiency for chitosan production.
Figure 3 shows the FTIR spectra of
chitosan films obtained by microwave-
assisted extraction, conventional extraction,
and commercial reference. All spectra exhibit
the characteristic absorption features of
chitosan, confirming successful deacetylation
regardless of the extraction route. The broad
absorption band in the region of 3600-3200
cm™ is attributed to overlapping O-H and N—
H stretching vibrations, reflecting extensive
intra- and intermolecular hydrogen bonding
within the polymer network (Jadoon et al,
2022). The bands observed at 2960-2878
cm™ correspond to C—H stretching vibrations
of aliphatic groups (Ruiz Matute et al, 2013).
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Fig. 3: FTIR spectra of chitosan films
obtained by (a) microwave-assisted
extraction, (b) conventional extraction, and
(c) commercial chitosan, showing
characteristic functional groups of chitosan.

The absorption bands located at
approximately 1645, 1552, and 1413 cm™ are
assigned to amide | (C=0 stretching), amide
I (N-H bending), and amide Il (C-N
stretching coupled with N-H bending),
respectively (Kumar et al,, 2021; Triunfo et al,
2022). These bands are directly related to the
acetylated and deacetylated functional
groups of chitosan and thus indicate the

degree of deacetylation. The comparable
relative intensities of these bands in
microwave-assisted and  conventionally
extracted samples suggest that both
methods achieve a similar extent of acetyl
group removal.

Characteristic polysaccharide vibrations
were also observed at approximately 1153
cm™, corresponding to the asymmetric
stretching of the C-O-C bridge in the
glycosidic linkage, while bands near 1070 and
1027 cm™ are attributed to C-OH stretching
vibrations of the polysaccharide ring of
chitosan (Kumar et al., 2021; Paduretu et al,,
2019). The presence of these peaks across all
samples confirms the preservation of the
polysaccharide backbone during extraction.
Minor variations in peak intensity among
samples are likely associated with differences
in hydrogen-bonding interactions and local
molecular ordering induced by the distinct
heating mechanisms.

Overall, the FTIR analysis demonstrates
that microwave-assisted extraction does not
alter the fundamental chemical structure of
chitosan and produces functional group
features  comparable to those  of
conventionally extracted and commercial

chitosan.

XRD Analysis

The crystalline structure of chitosan films
was examined using X-ray diffraction, and the
corresponding diffractograms are shown in
Figure 4. All samples exhibit diffraction
features characteristic of semi-crystalline
chitosan, indicating the coexistence of
ordered crystalline domains and amorphous
regions within the polymer matrix.

Distinct diffraction peaks were observed
at 20 values of approximately 38.26°, 44.46°,
64.83°, and 77.82° for all samples, reflecting
the presence of crystalline domains formed
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through intermolecular interactions among
addition,  the
conventionally extracted chitosan showed
additional peaks at 26 = 13.91°, 16.76°, and
25.38°, indicating a higher degree of

chitosan chains. In

molecular ordering than in the microwave-
assisted and commercial samples. Peaks near
20 = 20° are commonly associated with
hydrated or partially crystalline chitosan and
are sensitive to processing history, solvent
interactions, and drying conditions (Qiao et
al, 2021; Rahmi et al,, 2024).

13.9116.76 25.38 38.26 44.46 64.83 77.82

Intensity (a.u.)
O

20 30 40 50 60 70 80
2 Theta (°)

Fig. 4: XRD patterns of chitosan films
obtained by (a) microwave-assisted
extraction, (b) conventional extraction, and
(c) commercial chitosan, showing the
characteristic semi-crystalline structure of
chitosan.

The calculated crystalline indices were
37.76% for conventionally extracted chitosan,
20.33% for microwave-assisted chitosan, and
19.35% for commercial chitosan. The higher
crystallinity observed for the conventionally
processed sample can be attributed to
prolonged thermal exposure, which allows
polymer chains to rearrange into more
ordered  conformations. In  contrast,
microwave irradiation  provides  rapid

volumetric heating that may disrupt

intermolecular hydrogen bonding and limit
chain  realignment, thereby  reducing
crystallinity.

Crystallinity in chitosan is strongly
influenced by the degree of deacetylation
and the availability of free amino (-NH,)
groups, which promote intermolecular
hydrogen bonding and facilitate ordered
chain packing (Li et al, 2020; Margret, A. A,
Begum, T., & Kumar, 2017). Although the DD
values of the samples are comparable, slight
differences in heating mechanism and
molecular mobility can lead to variations in
crystalline ordering. The semi-crystalline
nature observed for all samples is consistent
with previous reports on insect-derived
chitosan (Qashqoosh et al, 2019; Triunfo et
al, 2022).

From a  functional  perspective,
differences in crystallinity may influence
physicochemical behavior such as solubility,
flexibility, and film-forming performance.
Lower crystallinity, as observed in microwave-
assisted chitosan, is often associated with
enhanced chain mobility and processability,
whereas higher crystallinity is associated with
improved rigidity and structural stability
(Ferreira et al, 2020). These findings indicate
that microwave-assisted processing not only
reduces extraction time but also enables
modulation of chitosan structural
organization, which may be advantageous for
tailoring material properties toward specific

applications.

SEM-EDS Analysis

The surface morphology and
microstructural features of chitosan films
were examined using scanning electron
microscopy (SEM), as shown in Figure 5.
Chitosan obtained via microwave-assisted
extraction, conventional extraction, and

commercial sources all exhibit irregular,
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porous, and microfibrillar surface structures,
which are characteristic of chitosan-based
materials. Similar morphologies have been
widely reported for chitosan derived from
crustacean and insect sources, where partial
disruption of the native chitin matrix during
deproteinization and deacetylation leads to
fibrillar and porous architectures (Dong et al.,
2023; Triunfo et al., 2022).
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Fig. 5: SEM images (left) showing surface
morphology and EDS spectra (right) showing
elemental composition of chitosan obtained

by (a) microwave-assisted extraction, (b)
conventional extraction, and (c) commercial

chitosan.

Notably, differences in surface
compactness and pore distribution are
observable among the samples. The
microwave-assisted chitosan displays a
relatively more homogeneous and less
compact morphology, which may be
attributed to rapid volumetric heating during
microwave treatment. Such heating promotes
faster solvent penetration and limits polymer
chain rearrangement, resulting in a looser

network structure with increased surface
porosity. Similar effects have been reported
for microwave-assisted extraction of chitosan
and other biopolymers, where accelerated
heating reduces crystallite growth and
promotes more open microstructures (Poppi
et al, 2022).

In contrast, chitosan obtained via
conventional thermal extraction exhibits
denser and more compact surface regions.
Prolonged heating under conventional
conditions facilitates molecular
rearrangement and stronger intermolecular
hydrogen bonding, leading to tighter packing
of polymer chains. Comparable compact
morphologies have been observed in
chitosan extracted from shrimp shells and
insect biomass under extended thermal
treatment (Qashqoosh et al, 2019; Triunfo et
al, 2022). These morphological differences
are consistent with the higher crystallinity
observed in the XRD analysis of
conventionally extracted chitosan.

The commercial chitosan sample shows
relatively uniform and smoother surface
features, reflecting its industrial processing
and controlled purification conditions. Such
morphology is commonly reported for
commercially refined chitosan products and
is associated with standardized processing
steps that reduce surface heterogeneity (de
Farias et al., 2019).

Energy-dispersive X-ray spectroscopy
(EDS) analysis confirms the presence of
carbon (C), oxygen (O), and nitrogen (N) as
the dominant elements in all samples,
consistent with the chemical composition of
chitosan. Minor sodium (Na) signals were also
detected and are attributed to residual
sodium species originating from alkaline
treatment  during  deacetylation  and
neutralization, as previously reported in the
literature (Lima et al, 2014). No significant
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qualitative  differences in  elemental
composition were observed among the
microwave-assisted,  conventional,  and
commercial chitosan samples, indicating that
the extraction method does not alter the

material’s elemental composition.

Particle Size Analysis

Particle size plays an important role in
determining the solubility, mechanical
behavior, and bioactivity of chitosan-based
materials, with smaller, more uniform
particles generally exhibiting improved
performance (Thanakkasaranee et al, 2021).
The particle size distributions of chitosan
obtained by different extraction methods are
shown in Figure 6.

Frequency (%)

T T T T T 1
0 2000 4000 6000 8000 10000 12000
Particle Diameter (nm)

Fig. 6: Particle size distribution of chitosan
obtained by (a) microwave-assisted
extraction, (b) conventional extraction, and
(c) commercial chitosan.

Chitosan obtained via microwave-
assisted extraction exhibits a predominantly
monodispersed particle size distribution,
characterized by a single dominant peak at
1,135.6 + 964.9 nm. Commercial chitosan
shows a similar monodispersed profile with a
peak at 8988.7 + 237.6 nm. In contrast,
conventionally extracted chitosan displays a
polydisperse distribution, evidenced by two

distinct peaks at 539.4 £ 19.3 nm and 6,840.0
+ 522.8 nm. In this context, a monodispersed
system refers to a narrow particle size
distribution with a single dominant
population. In contrast, a polydisperse system
exhibits a broader or multimodal distribution,
indicating greater heterogeneity in particle
size.

The more uniform particle size obtained
by microwave-assisted extraction can be
attributed to rapid and homogeneous
volumetric  heating, which  promotes
simultaneous nucleation and limits excessive
particle growth. This mechanism suppresses
agglomeration and leads to a narrower size
distribution (Forouzandeh et al, 2022; Poppi
et al, 2022). In contrast, conventional heating
involves slower and less uniform heat
transfer, allowing prolonged particle growth
prior to nucleation and resulting in broader,
heterogeneous size distributions (Poppi et al.,
2022).

Monodispersed particle systems are
generally associated with more predictable
flow behavior and improved stability
compared with polydisperse systems, which
may exhibit complex interparticle interactions
due to size variability (Fazli et al, 2024;
Seiphoori et al, 2020). Therefore, the
narrower particle size distribution observed
for microwave-assisted chitosan suggests
potential advantages for applications
controlled

requiring  uniformity  and

physicochemical behavior.

CONCLUSIONS

Chitosan was successfully extracted
using both conventional and microwave-
assisted heating methods. The application of
microwave heating significantly reduced the
extraction time from 6 hours to only 24
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minutes, while maintaining a comparable
degree of deacetylation (DD%) to that
achieved by the conventional method—
76.48% and 76.01%, respectively. Structural,
morphological, and chemical analyses
confirmed that the chitosan obtained via
exhibited
characteristics similar to those produced by

microwave irradiation
conventional heating. Furthermore, the
crystallinity of chitosan extracted by both
methods closely resembled that of
commercial chitosan, indicating consistent
structural integrity. This environmentally
friendly approach offers a fifteen-fold
reduction in processing time, underscoring its
potential as a more efficient and sustainable
alternative to traditional extraction methods.
Future research should aim to optimize
further microwave parameters, such as power
level, irradiation time, and temperature
control, to enhance chitosan yield and quality
while  minimizing energy input and
processing costs.
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