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Chitin and its derivative, chitosan, are natural polysaccharides with wide
industrial applications due to their biodegradability and multifunctional
biological activities. The black soldier fly (Hermetia illucens, BSF) represents a
promising alternative source of chitin beyond conventional crustacean shells.
However, studies on the optimization of chitin isolation from BSF pupae exuviae
remain limited. This study aims to optimize the demineralization and
deproteinization stages of chitin isolation and conversion to chitosan using a
Box—Behnken design in Design-Expert 13. The effects of acid/base concentration,
immersion time, and temperature were statistically evaluated to maximize chitin
yield. The optimized conditions (3 M HCl, 1 M NaOH, 25°C, 1 h) resulted in a
predicted chitin yield of 52.12%, which was experimentally validated to produce
50.83%. The isolated chitin had a low ash content (1.21%), indicating effective
mineral removal and confirming its relatively high purity. The isolated chitin was
subsequently deacetylated to chitosan, yielding 36% product with a degree of
deacetylation (DD) of 53%. FTIR and XRD analyses confirmed the formation of
partially deacetylated chitosan with a crystallinity index of 57%. It is concluded
that the Box—Behnken optimization effectively enhanced process efficiency and
enabled the systematic identification of optimal extraction conditions from BSF
pupae shells, demonstrating their strong potential as a sustainable, non-
crustacean source of chitin and chitosan for future biopolymer and green-
material applications.

1. Introduction

Chitin, a -(1,4)-N-acetyl-D-glucosamine polymer,

dependence on marine crustaceans presents
sustainability and allergenicity concerns, motivating the
search for alternative sources such as squid, cuttlefish,

is the second most abundant natural polysaccharide after
cellulose and serves as a structural component in the
exoskeletons of arthropods, fungi, and mollusks [1]. Its
deacetylated derivative, chitosan, is a biopolymer with
excellent biodegradability, biocompatibility, and
bioactivity, enabling a wide range of applications in food,
pharmaceuticals, agriculture, and wastewater treatment
[2, 3, 4). Commercially, chitin is primarily obtained from
the shells of shrimp and crabs [5]. However, the

lobster, crayfish, spiders, and insects, including beetles
and silkworms [6, 7].

Insects have recently emerged as a renewable and
underexploited source of chitin. Among them, the black
soldier fly (Hermetia illucens, BSF) has attracted
increasing attention due to its rapid growth, high protein
and lipid content, and ability to convert organic waste
into valuable biomass [8, 9, 10]. The exoskeleton of BSF
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contains substantial amounts of chitin (20-35%) that
can be isolated from pupae shells, a major by-product of
larval cultivation [11]. Compared to crustacean chitin,
BSF-derived chitin exhibits crystallinity values that vary
widely depending on developmental stage and extraction
conditions (25-35%), which enhances its chemical
reactivity and adsorption capacity due to increased
amorphous regions, making it suitable for biosorption
and material modification applications [12].

Despite increasing research on insect chitin, most
studies on BSF have focused on direct extraction using
single-factor =~ experiments  without  systematic
optimization. Critical process parameters such as
acid/base concentration, temperature, and extraction
duration significantly affect yield and chitin quality [13,
14]. The absence of statistically optimized protocols
limits understanding of the process and its optimization
potential. The findings are expected to enhance
understanding and optimization of processes and
promote the use of insect biomass for chitin production at
an industrial scale.

To address this gap, the present study applies a
Response Surface Methodology (RSM) with Box-—
Behnken design to optimize the demineralization and
deproteinization stages during chitin isolation from BSF
pupae shells. This statistical approach allows the
evaluation of interactive effects among multiple variables
and the determination of optimal conditions that
maximize chitin yield. This study provides the first Box—
Behnken optimization of BSF chitin extraction reported
in Indonesia, integrating statistical design with chemical
characterization to improve process optimization and
efficiency. The optimized chitin was subsequently
converted to chitosan and characterized using FTIR and
XRD to evaluate its structural transformation and
crystallinity. The findings contribute to the valorization
of insect biomass as a sustainable source of industrial-
grade biopolymers, supporting circular bioeconomy
initiatives and waste-to-resource strategies.

2. Experimental

2.1. Materials

Pupal exuviae of the black soldier fly (Hermetia
illucens) were obtained from a local BSF cultivation by
using organic waste substrates from the Department of
Nutrition and Feed Technology, Faculty of Animal
Science, IPB University, Bogor, Indonesia. The samples
were thoroughly washed with distilled water to remove
adhering impurities, dried in the sunlight, ground in a
blender, and sieved to obtain uniform particles (<500
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pm). Analytical grade reagents, including hydrochloric
acid (HCl), sodium hydroxide (NaOH), and sodium
hypochlorite (NaOCl), were purchased from Merck
(Germany). All solutions were prepared using distilled
water.

2.2. Experimental Design for Process Optimization

The optimisation of the demineralisation (HCl
treatment) and deproteinisation (NaOH treatment)
stages was performed using Response Surface
Methodology (RSM) based on a Box—Behnken Design
(BBD) in Design-Expert version 13 (Stat-Ease Inc., USA).
Six factors were selected as independent variables: HCI
concentration, time, and temperature for
demineralisation, and NaOH concentration, time, and
temperature for deproteinization. The solid-to-liquid
ratio was fixed at 1:20 (w/v). The experimental design and
optimisation model are shown in Table 1. The design
produced 51 experimental runs, including centre points to
estimate experimental error and assess model
robustness. The response variable was the chitin yield
(%). All experiments were performed in duplicate, and the
average values were used for statistical modelling.

2.3. Isolation of Chitin

Ground BSF pupae powder (10 g) was subjected to
acid treatment for demineralisation using HCI solutions
(1-3 M) at varying temperatures (25-50°C) and
immersion times (1—3 h) according to the conditions
listed in Table 1. The solid-to-liquid ratio was maintained
at 1:20 (w/v). Demineralisation using HCl was performed
to remove inorganic minerals, particularly calcium
carbonate, from the pupal shell matrix [15]. Following
demineralisation, the residue was filtered, thoroughly
rinsed with distilled water to neutrality, and then
subjected to deproteinization using NaOH solutions
(1 — 3 M) under the same ratio (1:20 w/v) with varying
temperature and time (25-50°C; 1-3 h).

Deproteinization is a key step designed to remove
proteinaceous materials, which can be achieved through
either chemical or biological means [16]. Chemically, this
process typically employs strong bases such as NaOH or
KOH [17). The filtrates obtained from both
demineralisation and deproteinization were
subsequently analysed for metal and amino acid contents,
respectively. Metal content was determined using ICP-
OES (Agilent Technologies 5100) after acid digestion of
the samples with nitric acid. Calibration was carried out
using certified standard solutions [18]. Amino acid
composition was analysed using HPLC (Shimadzu SCL-
10A) after hydrolysis with 6 M HCl at 110°C for 24 h [19].

Table 1. Experimental design and optimization model

Factor Parameter Unit Range Type
Demineralization HCI concentration M 1-3 Numerical
Maceration Time h 1-3 Numerical
Temperature °C 25-50 Numerical
Deproteinization NaOH concentration M 1-3 Numerical
Maceration Time h 1-3 Numerical
Temperature °C 25-50 Numerical
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A depigmentation step was then conducted by
immersing the chitin in 12% NaOCl under continuous
stirring for 10 mins. This step eliminates residual
pigments, mainly melanins and ommochromes, which
are the principal pigments responsible for colouration in
insects, including BSF [20, 21, 22]. Although NaOCl is
effective for pigment removal, alternative oxidants such
as H.0. may offer a more environmentally friendly
approach. Chitin yield was calculated based on the dry
weight of the initial BSF pupae shell powder (Equation 1).

Weight of chitin
Weight of dried pupal shell

Chitin yield (%)= x 100 (1)

2.4. Deacetylation of Chitin to Chitosan

The isolated chitin (3 g) was mixed with 60 mL of
50% (w/v) NaOH solution (solid-liquid ratio 1:20) and
stirred continuously using a magnetic stirrer at 80°C for
1h. The reaction mixture was then filtered, washed
repeatedly with distilled water until neutral pH, and
oven-dried at 60°C to obtain chitosan powder [23]. The
yield of chitosan was determined using Equation (2).

Weight of chitosan

Chitosan yleld (0/0) = W

x 100 (2)

2.5. Determination of Degree of Deacetylation (DD)

The degree of deacetylation (DD) was analysed using
Fourier Transform Infrared (FTIR) spectroscopy (Bruker
Alpha II, Germany) in the wavenumber range of 4000—
400 cm-twith 4 cm-tresolution [23]. The absorbance ratio
between the amide I band (1655 cm) and the hydroxyl
band (3450 cm™) was used to estimate DD using Equation
(3). Prior to FTIR analysis, all samples were dried at 60°C
until constant weight to minimise moisture interference
in the OH stretching region. Baseline correction was
applied using the standard instrument software prior to
calculating absorbance ratios.

DD (%)= [1 —%] %100 (3)
2.6. Characterization of Chitin and Chitosan

2.6.1. Determination of the Water and Ash Content

Moisture content determination followed the AOAC
method [24]. An empty weighing dish was first dried in an
oven at 105°C for 1 h, cooled in a desiccator for 15 mins,
and weighed. Approximately 1 g of chitin/chitosan sample
was then placed in the dish and dried at 105°C for 2 h. After
cooling in a desiccator for 30 mins, the dish containing
the dried sample was reweighed. The drying and weighing
steps were repeated until a constant weight was obtained.
The moisture content (%) was calculated using Equation

(4).

Weight of dried sample

i 0/,) =
Moisture content (%)= Weight of initial sample

x100% (4)

Ash content determination followed the AOAC
procedure [25]. A porcelain crucible was dried in an oven
at 105°C for 1 h, cooled in a desiccator for 15 mins, and
weighed. Approximately 1 g of the chitosan sample was
placed in the crucible and preheated over a Bunsen burner
until no smoke was observed. The crucible was then
transferred to a muffle furnace at 550-600°C for 3 h.
After ashing, it was cooled in air for 15—-30 min, then

placed in a desiccator for 30 min, and reweighed. The
process was repeated until a constant weight was
obtained. The ash content (%) was calculated using
Equation (5).

Weight of ash

0fp) = —— 6O
Ash content (%) = Weight of sample

x 100 (5)

2.6.2. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were recorded to identify functional
groups and confirm the conversion of chitin to chitosan.
The samples were analysed using the KBr pellet method
in  transmittance mode. Characteristic = bands
corresponding to amide, amine, and hydroxyl groups
were used for qualitative confirmation.

2.6.3. X-ray Diffraction (XRD)

Crystallinity of the chitosan sample was determined
using an X-ray diffractometer (Rigaku Miniflex 600)
operating at 40 kV and 30 mA with CuKa radiation (A =
0.1546 nm). The diffraction patterns were recorded over a
20 range of 5-90° [23]. It should be noted that the Segal
method provides only an approximate estimation of
crystallinity and may overestimate values compared with
whole-pattern fitting methods. The crystallinity index
(CrI) was calculated using Equation (6).

Crl (%) = ’“I"ﬂx 100 (6)

110

Where, Lo is the intensity of the crystalline peak at 26
= 20°, and L.m is the intensity of the amorphous region at
26 2 16°.

3. Results and Discussion

3.1. Optimization of Chitin Isolation from BSF Pupal
Shells

The optimisation process using the Box—Behnken
design (BBD) was successfully applied to identify the
optimal parameters of acid-base concentration,
immersion time, and temperature during
demineralisation and deproteinization. The response
variable was the chitin yield (%). The three-dimensional
response surface (Figure 1A) and contour plots (Figure 1B)
indicated that the interaction between HCl and NaOH
concentrations significantly influenced the chitin yield.

The response surface (Figure 1A) and contour plot
(Figure 1B) illustrate that HCl and NaOH concentrations
interact strongly in determining chitin yield. Yield
increased with higher acid strength (1-3 M HCI) as
mineral dissolution improved, while excessive base
concentration (> 2 M) slightly reduced yield due to partial
depolymerisation. At moderate temperatures (25-30°C),
deproteinization was efficient and polymer integrity was
preserved, but prolonged or elevated temperatures
(>50°C) decreased yield, consistent with previous studies
[26, 27]. The optimal condition (3 M HCl, 1 M NaOH, 25°C,
1h)yielded 50.83%, reflecting a balance between effective
mineral/protein removal and minimal chitin degradation.
Effervescence observed during demineralisation
confirmed CO. evolution from CaCOs, and the resulting
brownish-white product indicated successful pigment
and protein removal, supporting the good purity of the
isolated chitin.
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Figure 1. Response surface (A) and contour plots (B) for the effect of HCl and NaOH concentration on chitin yield
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Figure 2. Diagnostic plots for the Box—Behnken regression model: (a) normal probability plot of externally studentized
residuals for the initial model, (b) normal probability plot of externally studentized residuals for the refined model, and
(c) predicted versus observed response plot demonstrating improved model adequacy after refinement

The optimisation model recommended by Design
Expert 13 showed the highest desirability at 3 M HCl, 1 M
NaOH, and 25°C for 1 h each step, predicting a chitin yield
of 52.12%. Experimental validation under the same
conditions produced 50.83%, confirming good
agreement between predicted and experimental values
(difference < 2.5%). The ANOVA analysis (Table 2)
confirms that the quadratic model is statistically
significant (p < 0.0001). Among the factors, HCl
concentration (A), NaOH concentration (D), and NaOH
soaking temperature (F) exerted the strongest effects (all
p < 0.05), with a significant AxD interaction (p = 0.0465).
The lack-of-fit term was not significant (p = 0.6487),
indicating that the residual variation arises mainly from
experimental error rather than model misspecification.

The reported R2 value of 0.4086 indicates moderate
explanatory capability, suggesting that additional factors
beyond those investigated may influence chitin yield.
Therefore, the model is primarily useful for identifying

trends and local optimal conditions within the tested
experimental range. Further studies incorporating
additional variables may improve predictive accuracy.
Factors with p-values greater than 0.1 were considered
statistically insignificant and excluded during model
refinement to improve model simplicity and
interpretability. Consequently, only significant factors
(A, D, F) and their interaction (AD) were retained in the
final quadratic model. Diagnostic plots, including normal
probability plots of residuals before and after model
refinement, and a predicted-versus-observed response
plot, were examined to assess model adequacy (Figure 2).

To contextualise these findings, Table 3 summarises
the extraction conditions and reported chitin yields from
various studies on Hermetia illucens (BSF) at different
developmental stages. Reported chitin yields vary widely,
ranging from 3.8% to 46%, depending on the
concentration of acid and base, temperature, and
extraction time.
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Table 2. Analysis of variance (ANOVA) for the refined quadratic model
Source Sum of Squares df Mean Square F-value p-value
Model 364.54 A 91.13 8.30 < 0.0001
A - [HCI] 45.78 1 45.78 417 0.0470
D — [NaOH] 110.24 1 110.24 10.04 0.0027
F — NaOH soaking
temperature 162.50 1 162.50 14.80 0.0004
AD 46.02 1 46.02 419 0.0465
Residual (Error) 493.96 45 10.98 - -
Lack of fit 470.50 43 10.94 0.93 0.6487
Pure error 23.46 2 11.73 - -
Corrected total 858.50 49 - - -
Table 3. Extraction conditions and chitin yields from different BSF sources in previous studies
Demineralization Deproteinization .
BSF Sour Chitin = peferen
ource Reagent Temp. Time Reagent Temp.  Time Yield (%) clerence
(conc.) (°C) (h) (conc.) (°C) (h)

Larval shell 0.5 M HCOOH RT 1 2 M NaOH 80 2 31-35 [9]
Pupal shell 1M HCI RT 1 1 M NaOH 80 1 30 [26]
Pupal shell 3 M HCI RT 36 2 M NaOH RT 36 11.8 [27]
Pupal shell 1M HCI RT 1 1 M NaOH 80 1 21.8-31.4 [28]
Prepupal shell 1 MHCl RT 1 1M NaOH 80 1 9.1-11.6 (28]
Pupal shell 1 MHCl RT 1 1M NaOH 80 1 9.6-11.0 (28]
Larva 0.5 M HCI RT 2 1.9 M NaOH 50 2 46 [17]
Larva, 1M HCI 100 0.5 1 M NaOH 80 24 3.8-6.3 [29]

prepupa, pupa

Note: Differences in chitin yield arise from variations in BSF developmental stage and extraction conditions (acid/base

concentration, temperature, duration). RT = room temperature.

Compared with previous reports, the optimised
chitin yield obtained in this study (50.83%) is moderate
yet consistent with the broad range of values reported for
BSF pupae shells, which vary between 3.1 to 96.3% and 3
to 81% for chitin and chitosan, respectively [30]. The ash
content of isolated chitin was 1.21%, which is comparable
to values reported for purified insect-derived chitin,
confirming effective mineral removal and supporting the
purity of the extracted chitin. The yields of chitin and
chitosan from insects are influenced by multiple factors,
including species, developmental stage, rearing media,
and extraction parameters. In Hermetia illucens, chitin
content varies across developmental stages, from 3.0% in
late larvae to 18.8% in pupae exuviae and 11.8% in adults,
reflecting biological variability. Process conditions such
as extraction time, temperature, solvent concentration,
and solid-liquid ratio also play crucial roles in
determining recovery efficiency. Therefore, identifying
alternative chitin sources and optimising extraction
parameters are essential for improving yield and
achieving cost-effective industrial-scale production.

This improvement highlights the advantage of using
RSM in capturing multi-factor interactions that are often
overlooked by conventional one-factor-at-a-time
approaches. The optimal combination of high acid
concentration (3 M HCl) and mild base conditions (1 M
NaOH, 25°C) enabled efficient removal of minerals and
proteins without causing polymer degradation.
Consequently, the developed model provides a systematic
framework for identifying key process parameters
influencing chitin extraction and enables the
determination of locally optimal conditions, yielding
results comparable to previously reported insect-derived
chitin, such as beetles (20%) and desert locusts (12%) [6,
15]. Moreover, the optimised chitin yield obtained in this
study (50.83%) was comparable to or even higher than
those typically reported for shrimp and crab shells, which
range between 19.36% and 26.08% depending on species
and processing conditions [31]. This finding underscores
the competitive and sustainable potential of BSF pupal
shells as a non-crustacean source of chitin for future
industrial applications.
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3.2. Metal and Amino Acid Profiles in Demineralization
and Deproteinization Filtrates

The chemical composition of the filtrates obtained
during demineralisation and deproteinization of BSF
pupae shells provides insight into the removal efficiency
of inorganic and organic constituents. The quantitative
data for metal elements and amino acids detected in the
filtrates are shown in Tables 4 and 5, respectively.

Table 4. Metal content in the demineralization filtrate of

BSF pupal shells
Element Concentration Fraction
(ng/g) (%)
Ca 7,218.50 7.22 x 107!
Cu 1.85 1.90 x 1074
Fe 34.79 3.48 x1073
K 3,256.98 3.26 x 101
Mg 4,621.50 4.62 x 1071
Mn 1,133.86 113 x 107!
Na 201.73 2.01x 1072
P 1,017.48 1.02 x 10!
Zn 30.69 3.07 x 1073
Total 17,517.38 1.75

Table 5. Amino-acid profile in the deproteinisation
filtrate of BSF pupal shells

Amino acid Concentration Fraction
(mg/kg) (%)
Aspartic acid 38.28 3.83 x1073
Threonine 12.96 1.30 x 1073
Serine 26.88 2.69 x 1073
Glutamic acid 55.45 5.55 x 1073
Proline 2415 2.42 %1073
Glycine 36.11 3.61x 1073
Alanine 31.13 3.11x 1073
Cysteine 17.41 1.74 x 1073
Valine 30.78 3.08 x 1073
Methionine 17.01 1.70 x 1073
Isoleucine 11.22 112 x1073
Leucine 26.32 2.63 x1073
Tyrosine 36.12 3.61x1073
Phenylalanine 33.70 3.37 x 1073
Histidine 223.79 22.38 x 1073
Lysine 79.80 7.98 x 1073
Arginine 326.29 32.63 x 1073
Total 1027.40 102.74 x 1073

Figure 3. Physical appearance of chitin and chitosan
products

Chitin, together with various proteins and calcium
carbonate, is attached to the protein to form a complex
network system. Demineralization refers to the removal
of mineral components, mainly calcium carbonate and
phosphate minerals, from organic matter by releasing
CO. from the chitin—-mineral complex. During the
demineralization stage, the acid treatment with 3 M HCl
dissolved most mineral salts, particularly calcium
carbonate (CaCO;) and calcium phosphate (Ca3(P0O;)2),
resulting in effervescence caused by CO. evolution. The
filtrate analysis showed calcium (Ca) as the predominant
metal at 0.72 %, followed by magnesium (Mg, 0.46 %),
potassium (K, 0.33 %), and phosphorus (P, 0.10 %).

The dominance of calcium is consistent with the
known composition of insect exoskeletons, where CaCO;
acts as the primary structural mineral [8, 9]. The presence
of residual magnesium and potassium indicates their role
as cofactors in enzymatic proteins and the natural ionic
components of the insect cuticle matrix. The relatively
low concentrations of these metals in the filtrate
demonstrate that the acid demineralization step was
effective in removing inorganic impurities from the pupal
shell matrix. These results are consistent with previous
findings, which also identified calcium as the
predominant mineral released during HCl-based
demineralization of BSF pupae shells [26, 27].

Chitin is always associated with proteins, forming a
chitin—protein complex. Deproteinization is the process
of removing the protein associated with chitin, forming a
water-soluble amino acid. Deproteinization not only
removes proteins but also pigments such as carotenoids
and lipids. In the deproteinization filtrate, amino acid
analysis revealed arginine (0.032%) and histidine
(0.022%) as the dominant amino acids, while aspartic
acid (0.014%) and glutamic acid (0.010%) were present in
smaller amounts. The predominance of arginine and
histidine, both basic amino acids, indicates that the
proteins solubilised during the NaOH treatment were rich
in nitrogen-containing residues, typical of structural and
enzymatic proteins.

The presence of small amounts of acidic amino acids
(aspartic and glutamic acids) reflects the partial
hydrolysis of protein fragments. The alkaline
deproteinization can cleave peptide bonds, liberating free
amino acids and short peptides into the filtrate [1], and
may vary with BSF developmental stage and diet, which
influence protein composition [10, 32]. The relatively low
overall amino acid concentrations indicate that the
protein removal was efficient, leaving the extracted chitin
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matrix with minimal organic residues. These results
demonstrate that the optimised combination of 3 M HCl
for demineralisation and 1 M NaOH for deproteinization
successfully removed both inorganic and proteinaceous
materials from BSF pupae shells [26, 27]. This efficiency
contributed to a high chitin yield (50.83%) and to
improved chitosan purity after deacetylation.

The inclusion of a bleaching step during chitin
extraction depends on the desired colour of the final
product [33]. The pigmentation in insects, including BSF,
mainly arises from melanins and ommochromes.
Melanins in BSF are typically classified according to their
water solubility and are generally identified as
eumelanins or semiquinones in nature [20, 21, 22].
Ommochromes, which possess a phenoxazine-based
structure, represent another major pigment group in BSF
and consist of dimers and oligomers of kynurenine. These
pigments not only determine the colouration of BSF but
also offer promising potential as renewable pigment
sources for future applications [34, 35]. Physical
appearance of chitin obtained from BSF pupae shells after
the demineralisation, deproteinization, and bleaching
step appears as a brownish solid, while the chitosan
product obtained from the deacetylation process shows a
lighter brown colour (Figure 3).

The pattern of metal release confirms that Ca and Mg
are the key inorganic constituents of BSF pupae shells,
while the low P and K levels suggest that phosphate and
salt residues were effectively removed. The efficient
demineralisation is further supported by the clear colour
change and CO. effervescence observed during acid
treatment, indicating complete dissolution of carbonate
minerals. The amino acid composition of the
deproteinization filtrate supports the conclusion that
alkaline treatment effectively solubilised protein
components, as basic amino acids were predominant
while acidic and neutral amino acids were present only in
trace amounts. This suggests that the optimised
deproteinization conditions (1 M NaOH, 25°C, 1 h) were
sufficient to hydrolyse surface-bound proteins without
degrading the polysaccharide backbone. Overall, these
findings demonstrate that the optimized acid—base
treatment protocol not only maximised chitin yield but
also enhanced purity by minimising mineral and protein
residues. The released amino acids and dissolved
minerals in the filtrate further confirm that the waste
generated in the process could be valorised for nutrient
recovery or biofertilizer applications, supporting the
concept of resource-efficient and circular bioprocessing.

3.3. Characterization of Chitin and Chitosan Derived
from BSF Pupal Shells

The physicochemical characteristics of chitin and
chitosan isolated from BSF pupae shells are summarized
in Table 6. The optimized extraction and deacetylation
processes resulted in the successful conversion of chitin
to chitosan, as reflected in the yield, degree of
deacetylation (DD), crystallinity index (CrI), and spectral
features. The chitosan exhibited a yield of 36%, a DD of
53%, and a CrI of 57%, confirming the effective

transformation of chitin into partially deacetylated
chitosan with moderate crystallinity.

The optimised extraction process produced chitin
from BSF pupae shells with a yield of 50.83%. This chitin
was subsequently converted to chitosan by alkaline
deacetylation with 50% NaOH at 80°C for 1 h. The process
yielded 1.08 g of chitosan from 3.01 g of chitin,
corresponding to a conversion yield of 36% relative to
chitin mass. The moisture and ash contents of chitin and
chitosan derived from BSF pupae shells are shown in
Table 6. The moisture content complies with the national
quality standard (<£12%) [36], while the ash content
indicates the presence of residual inorganic components,
suggesting that further purification may be required to
meet stricter industrial specifications. These parameters
reflect the material’s purity and overall quality. Ash
content indicates the proportion of inorganic residues
remaining after combustion, where lower values
correspond to higher chitosan purity. Excessive ash can
impair chitosan’s performance in biomedical or food
applications. Hence, maintaining optimal moisture and
minimal ash levels is essential to ensure the production of
high-quality  chitosan suitable for industrial,
agricultural, and environmental uses.

The higher ash content observed in chitosan (7.45%)
compared to chitin (1.21%) may be attributed to the
formation of inorganic sodium salts during alkaline
deacetylation with concentrated NaOH. Residual sodium
ions may remain trapped within the polymer matrix or
form stable mineral complexes that are not completely
removed during washing. Additionally, partial
carbonisation during high-temperature ashing may
contribute to apparent ash values. Similar observations
have been reported in insect-derived chitosan subjected
to strong alkaline treatment.

Table 6. Physicochemical characteristics of chitin and
chitosan derived from BSF pupal shells

Parameter Chitin Chitosan
Color Brownish-white Light brown
Yield (%) 50.83 36
Water content
(%) 8.29 441
Ash content (%) 1.21 7.45

. 3450 (0—H/N-H), 3450 (O—H/N-H),
bMa"ﬂg; (FCTIE:) 1667 (AmideI), 1650 (Amide ),

1560 (Amide II) 1560 (Amide II)
Degree of
deacetylation 35 53
(%)
Crystallinity .
index (%) 57
Dominant peaks o o 9.4°,19.36°,
(26,°) 9.6°and 19.6 26.21°,39.07°

Mineral residues CaCOs (traces) CaCoO; (traces)




Jurnal Kimia Sains dan Aplikasi 29 (4) (2026): 265-275 272

Chitin
Chitosan
=
w
=
8
£
(%]
g
[
r T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm')

Figure 4. FTIR spectra of chitin and chitosan obtained
from optimized extraction and deacetylation processes
of BSF pupal shells

FTIR spectroscopy was employed to identify the
molecular structure and functional groups of chitin and
chitosan extracted from BSF pupae shells. The
representative spectra are shown in Figure 4. The
absorption band at 1615-1665 cm corresponds to the
C=0Ostretching of acetyl (—COCH3;) groups, confirming the
presence of N-acetylglucosamine in chitin. In chitosan,
this band appears slightly broadened and shifted toward
lower wavenumbers (1635-1670 cm™!), reflecting partial
deacetylation and the coexistence of acetyl and amino
functionalities. The amide I band (1560-1667 cm™),
attributed to N-H bending vibrations, becomes more
distinct as deacetylation progresses, indicating an
increased proportion of glucosamine units. The presence
of the amide I band at ~1560 cm™ confirms partial
deacetylation, consistent with the moderate DD value
obtained. A broad band at 3330-3490 cm™ corresponds to
overlapping O—H and N-H stretching vibrations, related
to intermolecular and intramolecular hydrogen bonding
within the polymer matrix [30]. Overall, these changes
confirm conversion of chitin to chitosan with a DD of
approximately 53%, consistent with FTIR estimation.

Deacetylation in insects involves removing acetyl
groups from chitin to produce chitosan, commonly using
NaOH as the deacetylating agent. This process hydrolyzes
N-acetylglucosamine (GIcNAc) units into glucosamine
(GIcN) units, and the DD expressed as a percentage
represents the proportion of GlcN units within the
chitosan chain. The DD of chitosan is a critical parameter
because it directly affects its physicochemical and
biological properties, determining its suitability for
various industrial applications.

In this study, DD values were determined by FTIR
analysis, yielding 35% for chitin and 53% for chitosan
(Table 6). The increase in DD confirms successful
cleavage of acetamide (GIcNAc) groups and the
introduction of amine (GlcN) functionalities, marking the
structural conversion from chitin to chitosan. According
to Kozma et al. [37], DD values above 50% indicate the
formation of chitosan, while lower values suggest a
predominance of chitin. Previous studies on Dipteran
insects, such as Hermetia illucens, reported DD ranges of
66—-93% [16, 38, 39, 40, 41]. Reaction temperature, time,
particle size, and alkali concentration are key factors
influencing DD (27, 42]. The moderate conditions applied

in this study (80°C for 1 h) achieved sufficient
deacetylation while minimising polymer degradation.
Higher DD corresponds to a greater proportion of GlcN
units and increased protonated amino groups, enhancing
the cationic nature of chitosan. Thus, high-DD chitosan is
suitable for antimicrobial, drug delivery, and wastewater
treatment applications, whereas lower-DD chitosan is
more suitable for biodegradable films, coatings, and
controlled-release systems [30]. FTIR-based DD
estimation provides a semi-quantitative approximation,
and a more accurate determination may be achieved using
1H NMR or titration methods.

XRD analysis was employed to evaluate the
crystalline structures of chitin and chitosan samples.
Crystallinity assessment is essential for understanding
the molecular organisation of insect-derived chitin and
chitosan, as it directly affects their mechanical strength,
solubility, and interaction potential. The XRD pattern of
BSF-derived chitosan (Figure 5) displayed distinct
diffraction peaks at 26 = 9.35° and 19.73°, corresponding
to the (020) and (110) planes of chitosan (JCPDS #39-
1894) [23]. Additional minor reflections observed at
26.27°, 29.41°, and 39.09° were attributed to CaCO;
residues (JCPDS #47-1743), indicating the presence of
trace mineral impurities [23, 43].

CrI of the chitosan was calculated to be 57% (Table
6), signifying a moderate level of crystallinity. Wang et al.
[44] reported that the crystallinity of Hermetia illucens
chitin varies considerably across developmental stages
33.09% in larvae, 35.14% in prepupae, 68.44% in puparia,
and 87.92% in adults. Compared with crustacean-derived
chitosan (70-80%), this lower Crl reflects the less
ordered and more amorphous microstructure typical of
insect chitin. Moderate crystallinity enhances solubility
and chemical reactivity, making BSF-derived chitosan
suitable for functional modification and adsorption-
based applications [45]. Therefore, crystalline analysis of
insect-derived chitin and chitosan is crucial for
elucidating  their = fundamental physicochemical
properties and tailoring these biopolymers to meet the
requirements of future industrial and biomedical
applications.
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Figure 5. XRD patterns of chitosan extracted from BSF
pupal shells, showing a reduction in crystallinity after
deacetylation
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The combined results of FTIR, XRD, and
compositional analyses demonstrate that the optimised
process successfully produced chitosan with a DD of 53%,
CrI of 57%, and a yield of 36% from chitin with a yield of
50.83%. The material exhibited low residual mineral and
protein content, confirming substantial removal of these
impurities. The BSF-derived chitosan exhibited balanced
physicochemical properties: sufficient rigidity from
crystalline domains, yet reactive enough for chemical
modification via amine groups. This semi-crystalline
structure makes it suitable for use in biosorbent,
bioplastic, or biomedical applications where moderate
solubility and mechanical integrity are required [46].
These results highlight the potential of BSF pupal shells
as a sustainable, renewable source of chitin and chitosan,
providing quality comparable to that of crustacean-based
materials while aligning with green chemistry and
circular bioeconomy principles [47].

This study provides the first systematic optimization
of chitin isolation from BSF pupae shells using a Box—
Behnken design, achieving higher yields and improved
process optimization compared to previous non-
optimized methods. The combination of FTIR and XRD
characterization confirmed the chemical integrity and
structural transformation of chitin into partially
deacetylated chitosan. Although the DD is lower than
commercial high-grade chitosan (>70%), this level is
adequate for applications such as biosorbents,
biodegradable films, and controlled-release materials.
The process demonstrates a sustainable and efficient
valorization of BSF waste into eco-friendly biopolymers,
supporting circular bioeconomy initiatives. Future
optimization could include extended deacetylation or
multi-step alkali treatment to achieve higher DD, as well
as functional testing of the resulting chitosan for
applications in biosorbent systems, biodegradable
packaging, or biomedical materials.

4. Conclusion

The Box—Behnken design provided a systematic
framework for identifying key process parameters
influencing chitin yield and for determining locally
optimal extraction conditions, achieving chitin yields of
50.83% and chitosan conversion yields of 36%. The
degree of deacetylation increased from 35% to 53%,
confirming the formation of partially deacetylated
chitosan. FTIR and XRD analyses verified the structural
transformation and moderate crystallinity (Crl = 57%).
The optimized process effectively removed mineral and
protein impurities, producing chitosan with moderate
purity suitable for further modification. These results
demonstrate that BSF pupae shells are a sustainable
source of chitin and chitosan and highlight the potential
of statistical optimization for future scale-up of
biopolymer production. This grade of chitosan is
particularly suitable for adsorption-based applications,
biodegradable materials, and environmental
remediation, where moderate DD and crystallinity are
advantageous. Further work should focus on scaling up
the optimized process and evaluating the
physicochemical stability of BSF-derived chitosan for
practical applications.
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