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Sustainably exploiting the waste of the black soldier fly (BSF) to produce chitin and chitosan remains a challenge.
This work valorizes the pupal cases of BSF for chitin and chitosan extraction. Four chemical extraction processes
have been employed. Process 1, the standard method for this source, served as a control. Processes 2 and 3 were
designed to assess and select the most effective delipidation method, while the optimized Process 4 involved
autoclave conditions (121 °C-2.2 Bar). All chitin derivatives obtained were characterized by FTIR, SEM, XRD, H
NMR, TGA, potentiometry, viscosimetry, and ICP-OES. Extraction using Process 4 (P4) proved to be the most
efficient, demonstrating a deproteinization efficiency of 94.25 + 0.6 % in a total reaction time of 1.15 + 0.08 h
and water consumption of 250 + 26.86 L/kg, significantly lower than in other processes. In terms of yield, this
process resulted in chitin and chitosan with respective yields of 34.74 + 1.15 % and 83.33 + 1.28 %, out-
performing the other methods. Regarding physicochemical properties, P4 produced chitin and chitosan with
improved thermal stability, with DTGpax values of 421 °C and 345 °C respectively. Additionally, the crystallinity
of chitin was reduced by 25.68 %. For chitosan, the degree of acetylation (DA) was the lowest, while maintaining
a high molecular weight of 220,378 g.mol~!. These results confirm that P4 is efficient and environmentally
friendly, making it well-suited for industrial applications.

1. Introduction

Edible insects are emerging as promising sources of biomass, due to
their distinctive composition [1] —i.e., they are rich in proteins [2], fats
[3] and biopolymers. Their ability to thrive on biological waste streams,
coupled with their substantial dry matter content, establishes them as
optimal biosources for chitin and chitosan production [4]. Moreover,
they serve as a quintessential model within the framework of the circular
bioeconomy, enabling the efficient conversion of waste into high-value
outputs such as biodiesel, enhanced energy recovery, reduced green-
house gas emissions [5,6] and bioactive materials like chitin and chi-
tosan. Chitin, among the most prevalent polysaccharides globally,

exhibits broad utility upon conversion into chitosan through partial N-
deacetylation under alkaline conditions [7]. Renowned for its renew-
able, biodegradable, and non-toxic nature, chitosan possesses various
properties, including filmogenic, biological, and antifungal activities
[8,9]. The chitin and chitosan industry, owing to its versatile applica-
tions across various sectors such as cosmetics [10], bioplastic production
[11], water treatment [12] and other industries [13-20], is expanding
rapidly and represents a steadily growing global market. Estimations
place its market size at USD 1.75 billion in 2023 and USD 1.96 billion in
2024 [21], with the primary source of commercialized chitin and chi-
tosan derived from waste streams of the marine food industry [22],
notably from shrimp shells and crabs (Table 1). Projections suggest a
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Table. 1
Advantages and disadvantages of each chitin source.
Source Advantages Disadvantages Ref
Crustaceans - Well-established - Seasonal availability [7,22,24]
(Shrimp, Crab, extraction methods can limit supply
Lobster) with high efficiency - Potential allergens
- High chitin content (e.g., tropomyosin)
(up to 30 % of dry that may pose health
weight) risks
- Commercially - Requires harsh
available and widely chemical treatments
used in various (HCI) due to the high
industries mineral content that
- Good mechanical may damage chitin
properties of extracted structure and lead to
chitin, making it environmental
suitable for diverse pollution
applications
Insects (e.g., BSF - Year-round - Less established [25-27]
puparia) availability, allowing extraction methods
for consistent supply compared to
- Higher chitin content crustaceans, requiring
in some species (up to further optimization
40 % of dry weight) - Variability in chitin
- More sustainable and quality depending on
eco-friendly, with species and extraction
lower carbon footprint method
- Potential for higher - Limited commercial
yields and simpler availability and
extraction processes market acceptance,
compared to affecting scalability
crustaceans
Fungi (e.g., - Renewable and - Lower chitin content [25]
Termitomyces, sustainable source with ~ compared to
Ganoderma) minimal environmental crustaceans and
impact insects (typically
- Absence of allergenic around 5-10 % of dry
proteins, making it weight)
safer for consumption - Extraction methods
- More environmentally still being optimized,
friendly with lower with less
disposal costs and standardization
potential for waste - Potential risks of
substrate utilization pathogenic fungi if
not handled properly
Squid Pens - Renewable source - Lower chitin content [28]

with minimal
environmental impact
and year-round

- Can be processed with
fewer environmental
concerns compared to
crustaceans

compared to
crustaceans (typically
around 15-20 %)

- Limited commercial
use and availability,
affecting market
viability

- Extraction methods
may not be as well-
developed as those for
crustaceans

robust growth trajectory, with the market expected to reach USD 4.07
billion by 2030, propelled by a compound annual growth rate (CAGR) of
12.80 %. However, impediments to this growth abound, primarily
linked to challenges surrounding the main chitin resources. Seasonal
fluctuations in the availability of marine food waste [22], supply chain
shortages, and ecological degradation stand as prominent obstacles
[23]. Addressing these challenges necessitates the identification of more
economically viable alternative sources of chitin. Table 1 presents the
advantages and disadvantages of various natural sources used to isolate
chitin.

The Black Soldier Fly (BSF), Hermetia illucens, is one of the edible
insects that play a pivotal role in organic waste recycling, effectively
converting waste nutrients into valuable resources and reducing waste
volume. The BSF larvae have also been used to recycle meat and bone
meal [6], and to convert protein-rich waste into biodiesel [5]. It is
recognized for its abundant proteins, lipids, minerals, and chitin content
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[29], being considered a key species in this regard. Additionally, BSF
reproduce rapidly under suitable environmental conditions and could
serve as alternative sources to produce chitin and chitosan [30]. Several
research studies have been focused on obtaining chitin from its various
stages, particularly the puparial cases, known as the third chitin-rich
byproduct in the life cycle of the BSF. However, due to its richness in
proteins, lipids, and minerals, the pupal stage of Hermetia illucens re-
quires more stringent conditions for the isolation of chitin, its purifica-
tion, bleaching to eliminate impurities and pigments that resist
extraction [10,31,32]. To achieve this, more chemicals are consumed,
including additional acids and bases for demineralization and depro-
teinization due to the increased number of repeated baths and steps
required for chitin and chitosan purification. Consequently, the reaction
will systematically last longer, and reflux heating during the reaction
with the washings sample will consume more water and energy, which
contradicts Sustainable Development Goals (SDGs) 6 and 12, which aim
to ensure sustainable management of water resources and promote
sustainable consumption - i.e., water, chemical products and energy.
Additionally, all these severe conditions will impact the quality and
yield of both chitin and chitosan. Indeed, the major problem encoun-
tered in chitin chemistry lies on its preparation and extraction to obtain
chitin with characteristics close to its native form in terms of molar
mass, acetylation degree and crystalline properties.

To address the need for sustainable scalability in chitin and chitosan
production, this study explores alternative, rapid and eco-friendly
extraction methods aimed at industrial feasibility. This approach was
based on autoclave-assisted extraction, which has been adopted for the
deproteinization step, resulting in a significant reduction in extraction
duration compared to conventional methods [33] and for the steriliza-
tion of the raw material after the demineralization step by Lagat et al.
[34] maintaining the high quality of chitin.

This work aims to elucidate the impact of each extraction step,
specifically examining BSF puparial cases as a chitin source without any
additional nutritional modification. To the best of knowledge, this
method has not been previously applied to extract chitin from BSF
puparial cases or to produce chitosan under the specific conditions
tested (121 °C, 2.2 bar) using a mixture of 50 % KOH, 25 % ethanol, and
25 % mono-ethylene glycol. Various chitin extraction methods were
evaluated, with particular attention to delipidation, a step often over-
looked but shown here to significantly impact the purity of both chitin
and chitosan. Four distinct extraction processes were compared: the
standard chemical method without delipidation (P1), methods incor-
porating delipidation through Hexane solvent (P2) and Methanol-
chloroform mixture (P3) and a fourth process (P4) that applied the
autoclave-assisted technique for deproteinization and deacetylation.
This work identifies an optimal, scalable extraction protocol that mini-
mizes chemical and water consumption, reduces processing time, and
improves the physicochemical properties of the final chitosan product.

2. Material and methods
2.1. Insect material

The BSF samples used in this study were supplied by the company
EntomoNutris located in Marrakech (Morocco). The larvae were reared
from hatching until pupation on chick feed (Alf Sahel S.A) at 70 % water
content, within plastic containers (37 x 31 x 10 cm), with a density of
8.7 larvae/cm? (1 0,000 larvae/crate). The larvae were raised in climate-
controlled conditions at 28 °C and 60 % relative humidity. Upon adult
emergence, puparial cases of BSF were harvested, dried at 50 °C for 24 h,
and then finely ground using a Retsch RM 200 mortar grinder to obtain
particle sizes between 0.4 mm and 0.6 mm.
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2.2. Composition of the insect material

2.2.1. Ash content

Ash content was determined by incinerating samples at 550 °C at a
constant rate of 50 °C every 30 min for 4 h, followed by cooling in a
desiccator [35]. The ash content was calculated using the following Eq.
(1):

W, — W,

Ash(%):w W
1= 0

x 100 (€]
where Wy is the constant weight of crucible, Wy is the weight of the
sample and crucible and Wy is the weight of the ash and the crucible.

2.2.2. Water content
The water content was determined by dehydrating samples at 110 °C
for 24 h. It was calculated based on the following Eq. (2):

Water (%) = Mas 100 (2)

m

where mgys is the weight of dehydrated samples and m,y, is the weight of
the raw material.

2.2.3. Lipid content

Lipid content was analyzed by a rotavapor (Heidolph) at 60 °C for 20
min after the defatting step [36]. The delipidation bath was then placed
under the rotavapor to remove the solvent; the remaining residue cor-
responded to the eliminated lipids. Lipid (%) content was calculated by
weighing.

2.2.4. Protein content

Kjeldahl method has been employed following the procedure
described by Liu et al. [37], to determine the protein content in the BSF
samples. 1 g of the sample was subjected to catalytic heating to break
down the proteins present in the raw material. Subsequently, 0.5 M of
sulfuric acid was added to convert the released ammonia into ammo-
nium sulfate. Alkaline distillation was employed to separate the free
ammonia, which was then absorbed by boric acid and titrated with
hydrochloric acid (0.1 M). The results are reported as a percentage.

2.2.5. Mineral content

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES), using the iCAP 7000 instrument from ThermoFisher Scientific,
with a high sensitivity of <1 ppm, was utilized for the quantitative and
qualitative determination of mineral content.

2.3. Quantification of water consumption

An iPERL water meter from SENSUS is used to count the quantity of
water during each extraction process and the water used for washing.
The meter has a DN15-3/4" (20x27mm) size - L.110 mm - 2.5m°/h
capacity.

2.4. Chitin extraction

To extract chitins, four processes with several steps were adopted in
this study (Table 2). For delipidation, the Soxhlet extraction method
using hexane solvent [38] and Folch method using Methanol-chloroform
mixture 1:4 (v/v) as a solvent were selected. Demineralization was
carried out using an HCl solution (0.55 M) with a ratio of 1:10 (w/v) at
room temperature for 1 h. The deproteinization step involved an alka-
line treatment using repeated baths of NaOH solution (1 M) at a ratio of
1:10 and maintained at 80 °C under reflux heating and a 1 M NaOH
solution within an autoclave at 121 °C for 15 min at a ratio of 1:20 (w/
v). In parallel, deproteinization was carried out concurrently with the
quantification of proteins removed at 595 nm using the Bradford method
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Table. 2
Chitin extraction by processes P1, P2, P3 and P4.
Processes  Delipidation Demineralization Deproteinization
P1 - 0.55MHCl/25°C 1 M NaOH / 80 °C
1h/1:10 (w/v) 18 h / 1:20 (w/v)
P2 Hexane / 60 °C 0.55MHCl/25°C 1 M NaOH / 80 °C
1h/1:20 (w/v) 1h/1:10 (w/v) 18 h / 1:20 (w/v)
P3 Methanol-chloroform 0.55MHCl/25°C 1 M NaOH / 80 °C
/25°C 1h/1:10 (w/v) 18 h / 1:20 (w/v)
1h/1:20 w/v)
P4 Methanol-chlorofrom 0.55MHCl/25°C 1MNaOH /121 °C-2.2
/25°C 1h/1:10 (w/v) Bar

1h/1:20 w/v) 1 h15 / 1:20 (w/v)

[391, a volume of 20 pL of each deproteinization bath is mixed with 3 mL
of Bradford solution (Coomassie Blue G-250, ethanol and water). All
obtained chitins were washed until pH neutral and dried at 40 °C for 24
h. The chitins yield (%) was determined using the following Eq. (3):

Mchitin

Chitin (%) = x 100 3

Myaw material
Where mchitin represents the weight of chitin obtained after demin-
eralization, delipidation and deproteinization steps, Myaw material T€Pre-
sents the weight of the insect material.

2.5. Chitosan preparation

Chitosans were prepared using two processes. A mixture of 50 %
potassium hydroxide (KOH), 25 % ethanol and 25 % mono-ethylene
glycol with a ratio of 1:60 (w/v) was used at 120 °C for 24 h under
agitation. The same mixture was used under autoclave conditions
(121 °C - 2.2 bar) for 1 h with a ratio of 1:10 (w/v), which provided <6
times the quantity of chemical products for the deacetylation step. Four
chitosan samples were washed with distillate water until neutrality and
dried at 40 °C for 24 h. The chitosan yield (%) was determined using the
following Eq. (4):

. M
Chitosan (%) = chitosan 100 4)
Mechitin
where mpjtosan represents the weight of chitosan obtained after deace-
tylation, mchitin represents the weight of the chitin.

2.6. Physicochemical characterization

2.6.1. FTIR characterization

FTIR spectra were performed on Jasco 4600 A Gemini FT-IR sam-
pling spectrometer. The spectra allowed for the determination of the
characteristic area of the acetylated amine function around 1655 cm ™2,
and the reference peak of the amine function around 3450 cm™!. Sub-
sequently, the degree of acetylation (DA) was calculated using the

following formula (5) [40].

 A1655

= a3as0 <110 ®

DA (%)

2.6.2. SEM-EDX

Samples were analyzed in VEGA3 TESCAN device. The morphology
of the prepared chitins (CHT P1, P2, P3 and P4) and chitosans (CHS P1,
P2, P3 and P4) was observed by magnification at 50 pm.

2.6.3. Molecular weight determination

The Ubbelohde capillary viscometer (0.5-3 mmz/s, 15-20 mL) was
used to determine the viscometric molar mass of chitosan at 25 °C. The
solution used is a mixture of 0.3 M acetic acid and 0.2 M sodium acetate
[41]. The average molecular weight viscosity was calculated from the
following Mark Houwink Eq. (6) [42].
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ml = KM° ®)

With [n] is the intrinsic viscosity, M is the viscometric molar mass. K
and a are the viscometric constants determined in the literature [43].

2.6.4. X-ray diffraction XRD analysis

The device used for recording the results is a Rigaku III diffractom-
eter (Rigaku Corp, Japan) with Cu radiation (40 kV, 30 mA). Data were
collected with a scan angle of 5° to 40°. The crystallinity index (I¢,) is
determined using the following [44].

Ier (%) — % %100 %)

where Sc is the area of the crystal domain and St is the area of the total
domain.

2.6.5. Potentiometry titration

Chitosan was solubilized in a 0.1 M HCI solution and then neutral-
ized with a 0.1 M NaOH solution. The titration curve showed two in-
flection points: the first corresponding to excess acid and the second to
the neutralization of protonated chitosan [45]. The acetylation degree
(DA) was calculated according to the Eq. (8) [46].

].67 1 (Xz — X])

DA (%) = 1 :
m-—m

x N €]
where N is the molarity of NaOH solution, m is the mass in grams of
chitosan and m’ is the mass of water content in a sample.

2.6.6. H NMR characterization

H NMR was carried out on a 400 MHz Brucker, using D20/DCl (2 %)
to solubilize 20 mg of chitosan. The solution was heated at 70 °C for 1 h
to accelerate the dissolution. NMR chemical shifts are reported in ppm
[471.
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2.6.7. Thermal analysis

Thermogravimetry (TGA) measurements were performed using a
TGA Q500 instrument under N» gas atmosphere at 0.1 MPa. The chitins
and chitosans were heated from 20 to 600 °C with a heating rate of
20 °C.min .

2.6.8. Statistical analysis

Statistical analysis of the data was carried out using GraphPad Prism
version 9.00 software (San Diego, California, USA). Results are pre-
sented as mean + SEM. An analysis of variance (ANOVA) was per-
formed, followed by Tukey post-hoc tests with a significance level of p =
0.05.

3. Results and discussion
3.1. Chitin and chitosan production

Before any extraction process, it is essential to characterize the
composition of the raw material, the steps of chitin and chitosan
extraction are presented in Fig. 1 according to the chemical composition
of the insect material.

The analyses of BSF (puparial cases) show that they are composed of
7.80 + 0.02 % of water, 16 + 0.01 % of ash and 5.50 + 0.01 % of lipid
(Table 3). Compared with the literature, the lipid content determined is
close to that cited by Triunfo et al. [48], which is around 5 %. Regarding
this lipid content concerning the other stages of the BSF, the content of
lipids remains lower than in other stages due to the transformation of
lipids into an energy source during metamorphosis in the life cycle of
these insects [37,49].

Table. 3
Chemical composition of BSF puparial cases.

The integrals of the H-1-D peak and the integrals of the H-Acetyl peak Lipid Mineral Protein Water Ash Other
serve as a basis to calculate the DA of chitosan following the Eq. (9) [40]. content
(H-1-D) Weight 550+  4.34+ 42,60 +  7.80 + 16 + 23.66 +
DA (%) =1-— H-1-D+1/3HAc) x 100 9 (%) 0.01 0.03 0.02 0.02 0.01 0.03
o
\ AN N\ N N\, N 2 o §(
O O O (@) @ @ Lipids layer e -
,/ S 00888 chitin ’_: (,Q\Q;m\’o /,}:g\
e Chitosan
Pupal cases & 6 6 6
paliases ¢ lpids ,ayerl % %6 %e %0 %0 I i ekt
K °C * 2 °C-2.2 Bar
.- 200000000000000000 24h 4 h
£ Cotaina —() Deacetylation
\ layers <
o CHT P«
\\ Chitin 009000 0000000000000 e CHT P2 & 00000000 hiin
\ e ©6 @ © 0 0. LA AN P eoo00000
\ L & 4 N N Lipids layer
o & |
Delipidation .. Proteins Proteins
Hexane Jl Methanol-Chloroform EJ .
1:20/60°C . 1:20/25°C -— @
1h 1h Q’ NaOH (1 M) NaOH (1 M)
g 1:20/80°C 1:20/121°C-2.2 Bar
= Th 15min
(@ Demineralization (Deproteinization
@ @2
Lipids Lipids €O HCI (0.55 M)
* o 1:20/25°C
Ly
@Minerals

Fig. 1. Steps for chitin extraction and chitosan elaboration from BSF (puparial cases).
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The pupal stage of BSF contains a total mineral content of 4.34 +
0.03 % predominantly comprised of 1.37 % K, 0.92 % Cl and 0.78 % Na.
Additionally, tiny amounts of other elements such as Mg, Ca, Al and P
were detected at lower percentages varying from 0.19 to 0.49 %
(Table 4). Generally, empty puparia of BSF is known for its low mineral
content compared to other stages of BSF and other insects fed [37],
which is confirmed by the absence of effervescence during the demin-
eralization step. The lowest concentration of hydrochloric acid was used
compared to the literature [50] reducing acid consumption by 75 % in
this step.

The protein content composed the insect material is around 42.60 %,
this value is correlated with that determined in Hermetia illucens larvae
by Nafisah et al., with a content of 42.99 % [51], and by Liland et al.,
which is around 40 % [52]. This data shows us the diversity of com-
pounds contained in BSF puparial cases and confirms the significance of
this study and the need to proceed with the elimination of lipids, min-
erals and even proteins and total impurities.

The kinetics of deproteinization were evaluated using four extraction
processes (P1, P2, P3 and P4). The protein content for each extraction
bath was quantified using the Bradford method, allowing the construc-
tion of individual curves for each method and a comparison of their
efficiency and rate (Fig. 2). These observations revealed a progressive
increase in the quantity of eliminated proteins across all four extraction
processes compared to the respective baths. However, the deproteini-
zation rate varies depending on the extraction process used.

Even though the researcher relied on the disappearance of the bath
coloration as evidence of deproteinization [53], the kinetics studied by
Bradford assay at 595 nm do not confirm it in this case. The baths were
found to be colorless for processes P1, P2, P3, and P4 respectively at the
9th, 8th, 6th and 3rd baths. This confirms that the pupal stage of BSF
remains rich in proteins [37], whether responsible or not for the
pigmentation of this species. After deproteinizing up to the 5th bath by
process P4, the obtained chitin is clear and whitish in appearance
(Fig. 3). This was deemed unnecessary for whitening purposes. Notably,
the autoclave process P4, emerged as the most proficient, successfully
eliminating 94.25 + 3.79 % of protein in just 5 baths for 75 min (15
min/bath) (Fig. 4). This method stands out as the most efficient process
for rapid and economical deproteinization.

Based on the use of the flowmeter during the deproteinization step, a
flow rate of 23 mL/min is used for reflux heating during this reaction to
ensure the conservation of the solution used. A volume of 100 mL of
distilled water is used to prepare the 1 M NaOH solution for 5 g of raw
material, and 3 L is also used for washing the deproteinized material
after each bath. Projecting this onto the number of baths, which is sys-
tematically linked to the variation in water consumption during reflux,
reaction, and washing, nearly 80 L of distilled water is consumed to
deproteinize 5 g of H. illucens empty puparia with a low deproteinization
efficiency of <40 % by the usual process P1. However, an 80 % reduc-
tion in water consumption is achieved by using process P4 —i.e. around
15 L vs 80 L for P1 - with a deproteinization efficiency >94 %. Projected
onto a normalization of water consumed for the production of 1 kg of
chitin across the four processes (Fig. 4), >1300 1 of water are saved by P4
(instead of P1).

Following the protein analysis, process P4 exhibited the highest
protein removal efficiency. Therefore, the elimination of proteins across
the various processes can be ranked in the following order, where QPE is
the quantity of proteins eliminated by each process:

QPE (P4) > QPE (P3) > QPE (P2) > QPE (P1).

From a performance standpoint, a significant difference is observed

Table. 4
Mineral content of BSF pupae.
Minerals K Cl Na Mg Ca Al P
(%) 1.32 0.92 0.78 0.49 0.30 0.29 0.19
+0.01 +0.01 + 0.00 + 0.02 + 0.02 +0.01 + 0.00
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20+
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Fig. 2. Kinetic of deproteinization step by processes P1, P2, P3 and P4.

between the two lipid removal methods adopted in the extraction pro-
cesses. This could be attributed to the heating involved in the Soxhlet
protocol, which may degrade the material during delipidation. Consid-
ering this variance, a methanol-chloroform mixture in a 1:4 ratio was
chosen for processes P3 and P4 to maintain a higher yield of 97.27 %.
Due to the low mineral content in the insect material, only one bath is
utilized for this step. However, in terms of deproteinization, there is a
considerable discrepancy in yield ranging from 19 % to 41 %.

Regarding the chitin yields obtained by the four processes (Table 5),
P4 shows the highest yield at 34.74 & 1.15 %. This yield is higher than
the chitin yields reported in several studies on the extraction of chitin
from BSF using chemical and biological methods [29,34,54,55]. How-
ever, chitosan yields (related to chitin) obtained vary from 68.57 +
1.15to 83.33 + 1.15. This range is similar to the yield of chitosan pre-
pared from Tenebrio molitor beetles, which typically falls between 76.43
% and 78.26 % [56].

3.2. Physicochemical properties

The XRD analysis of chitins (CHT P1, P2, P3 and P4) (Fig. 5(a)) shows
two peaks around 9° and 19°, corresponding to (020) and (110)
reflection planes respectively [57]. Additionally, three low-intensity
peaks were observed at 13°, 23° and 26°, corresponding to (021),
(101) and (130) planes. These peaks exhibit the characteristic alpha
chitin form [58]. Moreover, in CHT P1, a peak at 28° is observed, which
could indicate interactions with mineral components present in this
source that persist even after the demineralization step [59]. Following
the deacetylation of chitins, the results of chitosan (CHS P1, P2, P3, and
P4) show the disappearance of peaks around 9°, 13°, 19°, 23°, and 26°
(Fig. 5(b)), with the appearance of two new peaks at around 10° and 20°,
which are characteristic of chitosan [60]. The peaks became less intense
after deacetylation, indicating a difference in crystallinity between the
original chitins and the resulting chitosan. Process P4 exhibited the most
significant crystallinity difference, around 25.68 %. This change can
influence various physicochemical and functional properties of chitosan,
including its solubility and viscosity [12]. In the CHS P1 spectrum, the
presence of a peak around 22.8°, characteristic of chitin and corre-
sponding to the (120) plane, suggests an incomplete transformation of
chitin into chitosan. Additionally, a peak at 27° is observed in CHS P2, as
well as in the CHS P3 spectra, with another peak at 23.7°, indicating
impurities that could be attributed to minerals or persistent proteins/
pigments in the chitosan [61]. In contrast, only the two characteristic
peaks of chitosan are observed in CHS P4, confirming that chitosan P4 is
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Fig. 3. Visual comparison of raw material (RM) and chitin extracted through P1 (CHT P1), P2 (CHT P2), P3 (CHT P3), and P4 (CHT P4).
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Table. 5
Influence of different extraction processes on yields (%) after each step.
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Steps Delipidation (%) Demineralization Deproteinization Chitin yield (%) Chitosan yield (%)
(%) (%)
Processes
P1 - 53.50 + 2.30 19.66 + 0.58 13.84 +£1.15 68.57 £ 1.15
P2 87.87 + 0.62 69.34 + 5.77 21.43 + 0.57 15.43 £+ 0.07 72.02 £ 0.57
(@] ns ns ns
P3 97.27 + 0.05 71.30 + 0.05 34.58 + 0.07 25.72 £ 1.15 74.37 £ 0.66
#) (@] /#) C/#) ™
P4 97.27 £ 1.15 71.30 £1.15 41.70 £1.15 34.74 £ 1.15 83.33 £1.15
#) (@) C/#/w) C/#/w) C/#/w)

Values are presented as means + standard deviation. Statistically significant differences (n = 3; p < 0.05) compared with the P1 process (Control) are indicated by *
from the P3 process by # and from the P4 process by (). Statistical evaluation was performed using ANOVA with p < 0.05 considered statistically significant between

control and treated groups.
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Fig. 5. XRD spectra of chitins (a) and chitosans (b).

purer than P1, P2, and P3, with the highest crystallinity difference.

Based on the characteristic X-ray peak intensities of chitins and
chitosans, the crystallinity indices (I¢;) were calculated using Eq. (7).
The results in Table 6 show that the I¢, values of chitin (CHT P1, P2, P3,
and P4) are consistently higher than those of chitosan (CHS P1, P2, P3,
and P4). These results are consistent with those of [47,62].

Further observation from the results of XRD analysis of chitin
revealed a distinct contrast between delipidated chitin (CHT P2, P3 and
P4) and non-delipidated chitin (CHT P1). Delipidated chitin exhibited

Table. 6
XRD parameters of chitins and chitosans.

Chitin Chitosan A Crystallinity (%)
20 () Ier (%) 20 () Ier (%)

P1 9.1 53.3
19.06 10.32 34.8 18.5
23.16 19.72
26.6

P2 9.42 59.49
12.9 10.16
19.38 19.78 36.23 23.26
23.44
26.2

P3 9.3 62.23
12.6 10.4
19.14 19.84 45.3 16.93
23.28
26.44

P4 9.08 73.38
19.06 10.26
23.24 19.84 47.7 25.68
26.02

well-defined and intense diffraction peaks, indicative of a highly ordered
crystal structure. Conversely, non-delipidated chitin (CHT P1) exhibited
less intense and less sharp peaks, suggestive of a less ordered crystal
structure. These interpretations are similar for chitosan with (CHT P2,
P3 and P4) and without any delipidation (CHT P1). These findings
reinforce the important role of delipidation by obtaining a more ordered
crystalline structure for both chitin and chitosan [63].

The peaks observed in all FTIR spectra (Fig. 6 (a)) of chitins (CHT P1,
P2, P3, and P4) included an amide I absorption band at 1659 em ™Y,
corresponding to CO—HN intermolecular hydrogen bonds [59], and an
amide II band at 1560 cm™ ! [64]. Additionally, a broad band was
observed at 3100-3600 cm ™!, corresponding to the stretching of -NH
and -OH groups. The peak at 894 cm ™! represents a ring stretching band
characteristic of the f-1,4 glycosidic bonds and the absorption peak
around 1050 cm ™! is associated with the stretching vibration of the -C-
O-C bridge of the glucosamine ring [65]. Peaks at 3258 cm ™" and 3108
em™! correspond to the axial deformation of the NH group involved in
intermolecular hydrogen bonds. The band observed at 1315 cm ™! in-
dicates CO-NH deformation and the CHy grouping. These results are
therefore consistent with those of [12,47,65]. Furthermore, the amide I
band at 1659 cm ™! is distinctly split in the FTIR spectra, indicative of a
doublet that results from differential hydrogen bonding. This splitting is
a defining feature of a-chitin [66], thereby confirming the a-chitin
structure in all isolated samples.

After the deacetylation of chitins, a significant change in the in-
tensity of the bands was observed, along with the disappearance of some
bands (Fig. 6(b)). Specifically, the band observed at 3108 em~! dis-
appeared. Additionally, the intensities of the bands at 1642 cm ™! and at
1560 cm ! observed in the chitin spectra, decreased after deacetylation.
These bands are indicative of chitosan [67,68]. The degree of
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Fig. 6. FTIR spectra of chitins (a) and chitosans (b).

acetylation (DA) of chitosans P1, P2, P3 and P4 was calculated using the
Eq. (5) to be 9.09 + 0.18 %, 6.33 + 0.05 %, 6.35 + 0.78 % and 5.80 +
0.07 % respectively.

'H NMR is considered to be the best and most accurate method
currently available for calculating the degree of acetylation (DA) [69].
Fig. 7 shows the TH NMR spectra of chitosans (CHS P1, P2, P3 and P4). A
peak at 4.55 is assigned to the amine proton (H-1-D) with an integration
value of 1.00 [62]. Additionally, protons at positions 1 to 6 in the
molecule (H-1/6) are observed between 1.5 and 4 ppm [53]. The H-2 of
the N-deacetylated units (H-2-D) appears at 1.08 ppm [69]. The acetyl
proton peak (CHg) is more intense in CHS P1 comparing to CHS P4, with

integration values of 0.16 for CHS P1, 0.15 for CHS P2, 0.12 for CHS P3
and 0.09 for CHS P4. The peak at 4.1 ppm is attributed to the solvent
used. The DA of chitosans CHS P1, P2, P3 and P4 was calculated to be
5.04 + 0.02 %, 4.77 + 0.20, 3.85 + 0.14 and 2.92 + 0.08 respectively.
These results are in line with those calculated using FTIR method.

The titration curves obtained from the recovered chitosan (CHS P1,
P2, P3 and P4) (Fig. 8) show a clear difference between the two in-
flection points, which corresponds to the amount of acid consumed for
the neutralization of the amine groups within the chitosan molecules
[46]. The DA were calculated according to the Eq. (8) (Fig. 9).

Fig. 9 presents the DA determined for the different types of chitosan
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Fig. 7. 1H NMR spectra (400 MHz, 2 % DCl, 70 °C) of H. illucens chitosans (CHS) extracted by P1, P2, P3 and P4.

(CHS P1, CHS P2, CHS P3 and CHS P4). These results are in consistent
with the literature for the same categories of beetle species [70,71]. The
DA values obtained by the three methods show slight differences, which
could be attributed to the precision, accuracy, and reliability of each
method [47]. However, the trend of these values is coherent, and the
results indicate that CHS P4 is the most deacetylated compared to CHS
P1, P2, and P3. This property could be advantageous for environmental
applications, such as heavy metal removal and as a plant fortifier
[72,73], due to the presence of free amine groups that can rapidly ex-
change with metals and be protonated to facilitate solubilization.

From the SEM images (Fig. 10), a contrast emerged between the
delipidated chitin (CHT P2, P3 and P4) and non-delipidated chitin (CHT
P1). Delipidated chitin shows a smoother surface and more regular or-
ganization. The lipids associated to chitin form an irregular and granular
layer, which gives a rough appearance to the surface observed in SEM.
Removal of these lipids reveals a chitin with a more uniform and regular
surface, highlighting the high structural purity of the chitinous matrix.
Additionally, delipidated chitins (CHT P2, P3 and P4) revealed fine
details such as pores and ridges present on the surface contributing to a
more homogeneous structure and smoother appearance [63].

The SEM images of chitosan (P1, P2, P3 and P4) show relatively
uniform structures with heterogeneous surface presenting disorganized
microfibrils, consequently reflecting a reduction in the crystallinity
index (Table 6). Additionally, the presence of lighter pores was notable
on the surface, particularly evident in for chitosan from process P2 and
P3 (Fig. 11).

After plotting the curves of reduced viscosity as a function of the
concentration of chitosan solution (P1, P2, P3 and P4), it was possible to
deduce the value of the viscometric molar mass of each chitosan by
applying the previous equation. Upon the obtained results, a noteworthy

trend emerges: the viscometric molar mass of chitosan varies according
to the production processes and can be categorized in the following
order:

M, CHS P4 > M, CHS P1 > M, CHS P3 > M, CHS P2

Process 2 led to a high degradation of chitosan P2 compared to other
processes, resulting in a lower viscometric molar mass of 95,316 g.mol !
(Fig. 12). This degradation can be attributed to the use of hexane during
the delipidation step. The interactions between apolar hexane and polar
groups of chitosan disrupt its chemical structure [74]. This results in the
breakdown of chemical bonds within the polymer, thereby weakening
its strength and mechanical properties. This renders the biopolymer
brittle and susceptible to deformation.

Conversely, the chitosan P4 was obtained by the autoclave process,
as evidenced by the higher viscometric molar mass of 220,378 g.mol !
(Fig. 12). This can be attributed to the shorter duration of the deacety-
lation step (1 h), this molar mass is considered a good quality for com-
mercial use from shrimp, as it falls within the typical molecular weight
range for commercial chitosan products [75,76].

Thermal stability, a critical property in assessing the potential ap-
plications of chitin and chitosan, can be evaluated through TGA tech-
niques. Focusing on the thermal degradation of the backbone of chitin
and chitosan, Fig. 13 displays a mass loss after water removes, i.e. after
150 °C. The thermal degradation is largely affected by the crystallinity,
morphology and molecular weight [77]. Then, the TGA results could not
be used alone for chitin configuration determination without the com-
bined use of multiple instrumental analyses, i.e. FTIR, 'H NMR, XRD and
SEM [78]. The thermal degradation of chitins occurs between 280 °C
and 450 °C, primarily attributed to the degradation of the chitin chain
[79]. The DTGax values for chitins are shown in Table 7. CHT P1, P2, P3
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and P4 exhibit DTG values of 384 °C, 386 °C, 411 °C and 421 °C,
respectively. This confirms the a-chitin form, which is usually higher
than 350 °C [80]. The around 40 °C shift of DTG,y between P1-P2 and
P4, with the same onset behavior, can indirectly, be attributed to a
possible higher molecular weight but also to the crystalline structure
being more homogeneous and the crystallinity rate (Fig. 5 and Table 6)
obtained with P4 process. The TGA curves of different chitosan (CHS P1,
P2, P3 and P4) (Fig. 13) display a mass loss between 290 °C and 450 °C,
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and it can be attributed to the decomposition of chitosan, especially the
acetylated and deacetylated units [81].

Furthermore, the maximum degradation temperatures (DTG,,x) are
observed at peaks of 323 °C, 338 °C, 343 °C, and 345 °C, corresponding
to CHS P1, CHS P2, CHS P3, and CHS P4, respectively (Table 7). This
variation in DTGp,x among the four chitosans can be attributed to the
distinct degrees of deacetylation associated with each process, the
number of hydrogen bonds, and the influence of crystallinity on their
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Fig. 11. SEM images of chitosans P1, P2, P3 and P4.

thermal stability [82]. The results suggest that chitin CHT P4 and chi-
tosan CHS P4 possess the highest thermal stability and longer chain
lengths compared to the other three chitins and chitosans, as well as
compared to chitins obtained through green preparation methods re-
ported in the literature [83].

11

3.3. Influence of the process and role of deacetylation

Optimizing chitin and chitosan extraction from Hermetia illucens
breeding waste offers a unique opportunity to enhance waste valoriza-
tion through sustainable and efficient processing. In insect waste valo-
rization, the primary objective is to achieve high-purity chitin with
structural integrity that closely resembles its native form, while also
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enabling efficient N-deacetylation to produce chitosan with desirable
properties. Process 4 (P4), optimized in this study, demonstrates sig-
nificant advantages in purity, yield, and efficiency, making it a prom-
ising candidate for industrial applications. This aligns with the
fundamental requirements for sustainability and industrial scalability in
chitin extraction processes, which rely heavily on maximizing yield,
minimizing processing time, and ensuring operational simplicity.

This process allows the production of chitosan that is almost fully
deacetylated with a high molecular weight, providing several options for
environmental applications. The involvement of an autoclave-assisted
process represents an environmentally friendly approach, minimizing
processing time while achieving desirable physicochemical properties.
When comparing chitin yields from BSF pupal cases across various
studies (Table 8), Process 4 stands out with a yield of 34.74 + 1.15 %,
which is significantly higher than those reported in other studies
employing different extraction methods [10]. For instance, chemical
methods have reported yields of 14.1 %, 10.7 %, and 9 %, indicating a
marked inefficiency compared to P4. Additionally, the microwave
assisted process reported by Elouali et al., considered as an ecofriendly
method for chitin extraction, yields a lower amount of chitin from pre-
pupal cases of BSF compared to the optimized process P4, which ach-
ieves around 21.14 % [84]. Although continuous fermentation
technique, recognized as a biological method for chitin extraction, has
yielded up to 59.9 % [26], they often require longer processing times
and more complex operational requirements, making them less practical
for industrial production. In the study by Lin et al., microbial fermen-
tation was applied to BSF pupal waste using Bacillus licheniformis A6,
achieving a chitin yield of 12.4 % after 10 days of fermentation [85].
While this method leverages a biological approach, its extended dura-
tion and lower efficiency highlight the trade-off in yield and operational
complexity. Additionally, it is important to note that the described
biological approaches [26,85] are limited to the extraction of chitin. For
subsequent deacetylation to produce chitosan, chemical methods
remain indispensable. Specifically, the chemical protocols employed in
related studies utilized 30 % NaOH for 3 h at a ratio of 1:50 [26] and 50
% NaOH for 4 h at the same ratio [85]. Moreover, the microbial method
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used in this study retained 7.51 % protein content in the chitin, sug-
gesting lower purity. In contrast, P4 achieved a deproteinization effi-
ciency of 94.25 + 0.6 % within a markedly shorter duration (1.15 +
0.08 h), reinforcing its suitability for practical and scalable applications
with minimal resource expenditure.

Regarding chitosan yields, Process 4 achieves a yield of 83.33 +
1.15 %. This is notably higher than the yields obtained through chemical
methods, with Elkadaoui et al. reporting only 74 % from BSF pupal cases
[32] and Hamdan et al. reporting 75.36 % from Akis granulifera [47].
These results highlight the advantages of the autoclave technique, which
combines the use of potassium hydroxide, ethanol and mono-ethylene
glycol mixture under a pressure of 2.2 bar at 121 °C in a total time of
1 h. This approach facilitates obtaining the highest yield of chitosan by
effectively removing proteins and acetyl groups without causing any
degradation or yield loss of the chitosan.

In terms of physicochemical properties, the chitin obtained by pro-
cess 4 shows the highest crystallinity and thermal degradation compared
to the other three processes conducted in this study. This indicates that
these properties are also advantageous compared to studies that re-
ported extraction from the same source, where the DTG« did not
exceed 373 °C, and crystallinity did not surpass 69 % (Table 8). This
confirms the successful extraction of chitin, which is close to its native
form, primarily existing as a semi-crystalline polymer [87]. After N-
deacetylation, the crystallinity and thermal stability of chitin decreased
to 47.7 % and 345 °C, respectively, confirming its successful trans-
formation into chitosan, which inherently has lower crystallinity and
thermal stability due to the loss of acetyl groups and increased disorder
in the polymer chains [88].

4. Conclusion

Four extraction processes were developed to standardize and deter-
mine the best method for extracting chitin and producing chitosan from
Hermetia illucens breeding waste (pupal cases). Among the processes
studied, process P4 showed the highest efficiency in terms of poly-
saccharide purification, with a yield of 34.74 % for chitin and 83.33 %
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Table. 7
DTGax Of chitins and chitosans from P1, P2, P3 and P4 processes.

DTGrmax (°C)

Chitin Chitosan
P1 384 323
P2 386 338
P3 411 343
P4 421 345

for chitosan, outperforming the other processes. This process also stands
out for its environmentally friendly approach, reducing water use by 80
%, chemical consumption by 83 %, and reaction time by 95 % during the
deacetylation step. Additionally, the physicochemical and thermal
properties of the chitosan obtained through this process are significantly
better than those from the other methods, with a degree of acetylation
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(DA) of 2.92 %, crystallinity of 47.7 %, a molecular weight of 220,378 g.
mol’l, and a DTGpax of 345 °C. A distinguishing aspect of this process is
the incorporation of an autoclave technology, combined with a delipi-
dation step, which preserves the structure and quality of the poly-
saccharides, unlike the other methods. Therefore, it is more suitable and
recommended for extracting polysaccharides from insect waste. How-
ever, while this process has proven the most efficient, further de-
velopments are necessary. Scale-up studies are needed to fine-tune
extraction parameters, ensuring the production of chitosans with phys-
icochemical properties tailored for specific applications using diverse
insect biomass types.
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Table. 8
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