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Natural deep eutectic solvents (NADES) are eco-sustainable, non-toxic, non-
volatile, renewable, reusable, and biodegradable, and are composed of natural
compounds. NADES were developed as a new-generation solvent for extracting
chitin from black soldier fly (BSF) pupae, and its effectiveness for
demineralization and deproteinization was determined. Here, two promising
NADES, consisting of mixtures of choline chloride-betaine-xylitol (NADES A) and
choline chloride-malic acid-water (NADES B), were tested. Fourier transform
infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA), X-ray
diffraction (XRD), and scanning electron microscopy (SEM) were used to
investigate the changes in the chemical composition of the extracted chitin.
a- chitin revealed at wavenumbers 1660-1500 cm, in the amide group and
decomposed at 330-350°C. NADES A and NADES B have a crystalline index of
91.65% and 90.65%, respectively. The chitin-NADES A and chitin-NADES B
surfaces reveal the repetition of square, pentagonal, and hexagonal units (250x
magnification) and fibrils (25,000x magnification). This study provides a green
approach for chitin production from BSF and reveals the potential of NADES for
extracting bio-polymers from natural sources.

1. Introduction

After cellulose, chitin, known as poly (b-(1-4)-N-
acetyl-D-glucosamine, is the second most common
chemical. Excellent qualities of biodegradability, bio-
compatibility, renewability, and non-toxicity
characterize chitin and its derivatives, such as chitosan
[1]. It is also insoluble in water and various organic
solvents due to its high degree of crystallinity and strong
hydrogen bonding between its chains. Hence, chitin and
its derivatives find extensive use in various industries,
including paper, plastics, bioengineering, food, textiles,
medical/bio-materials, adsorbents, and cosmetics [2].
By 2027, the chitin market is predicted to reach USD 2.941
billion [3]. The waste of crustaceans, like shrimp and crab
shells, is used to extract chitin that is sold commercially
[4]. However, different crab species have different chitin
contents and physicochemical characteristics. Also,
crustaceans are vulnerable to seasonality and low

reproductive rates, and such changes in raw materials are
generally unfavorable for industry [5].

Insects, unlike crustaceans, are not seasonal and
reproduce quickly due to their high reproductive rate.
Insect molts can contain up to 35% dry weight of chitin,
depending on the species [6]. It is well known that flies,
particularly the black soldier fly, are biodegradable
organic waste species. Native to North America, the black
soldier fly (BSF) is an excellent environmentally friendly
[7]. BSF is the most popular insect species worldwide [8].
It can generate a significant volume of biological wastes,
specifically puparium and dead adults, annually due to
BSF’s short life cycle. They can pollute the environment if
not handled correctly [9]. This process’ waste can provide
free chitin all year long.

The BSF life is categorized into five stages: egg, larva,
prepupa, pupae, and fly. The life cycle of BSF begins from
egg hatching and produces larvae that transform into
prepupae within 14 days to 2 months, alternating
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according to growth conditions [10]. These cyclical
transitions produce shedding, the first chitin-rich
byproduct. Shedding is the epidermal layer of BSF larvae.
Over time, the bright brown prepupae turns dark brown
and eventually black [11]. The pre-pupae are the second
byproduct that is rich in chitin. Subsequently, the
prepupae become pupae by converting soft tissues from
larvae to flies. After ten days, the fly crawls out and leaves
behind an empty shell called a cocoon [8], which is the
third byproduct rich in chitin. The fly lives only a few days
to lay eggs and then dies. BSF contains up to 8% and 24%,
with shedding and cocoon being the most chitin-rich [12].

Chitin can be isolated in two stages: demineralization
and deproteinization. Generally, chitin isolation is done
by conventional chemical methods. However, the
treatment includes strong acids and alkalis at high
temperatures that produce waste with high
environmental toxicity. In addition, this process requires
large amounts of water for the neutralization stage
between the acid and base treatments, high
temperatures, and long reaction times [13]. All these
factors limit the sustainability of conventional chemical
methods. Alternatively, biological methods utilizing
enzymatic reactions and microbial fermentation are used.
Still, the drawback of this method is the range of time in
the fermentation cycle and the high cost of the enzyme
[13, 14, 15]. The low efficiency of demineralization and
deproteinization and the challenges for large-scale
processing are the weaknesses of chitin isolation by
biological methods. Therefore, chitin is isolated with
ionic liquids, considering their low vapor pressure, non-
flammability, and good solubility. However, ionic liquids
have been reported to have harmful effects, such as
toxicity and non-biodegradability [14].

Natural deep eutectic solvents (NADES) are a
promising eco-friendly and sustainable method due to
their safe multi-component eutectic mixtures with low
melting points [16]. The components of NADES consist of
hydrogen bond acceptors (HBAs) and hydrogen bond
donors (HBDs) [17]. Generally, the HBAs and HBDs used
are derived from natural compounds, especially primary
metabolites, including organic acids, sugars, and amino
acids, with a molar ratio of 1:2 [18]. However, the molar
ratio can be different depending on the solubility. NADES
are biocompatible, sustainable, biodegradable, non-
volatile, low-cost, and simple to manufacture [19]. These
properties make NADES a potential solvent for chitin
isolation. Generally, the NADES component used for
chitin isolation consists of ChCl/organic acid due to its
low toxicity and ability to remove calcium carbonate.

According to research by Huang et al. [18], chitin
isolation using ChCl/malic acid can remove most
minerals and proteins. Using NADES in chitin isolation is
a superior method to other methods. Betaine can also be
used as a hydrogen bond acceptor (HBA) for chitin
isolation with other components such as HBDS, organic
acids, and alcohols. Rodrigues et al. [20] mentioned that
using water in NADES for chitin isolation can increase
efficiency. Because the presence of water can facilitate
mineral removal and protein hydrolysis, based on this
background, this study divided NADES into two types:

NADES A (xylitol-betaine-choline chloride) and NADES B
(choline chloride-xylitol-water) with a certain ratio
based on their solubility to extract chitin from BSF pupae.
More specifically, to evaluate their properties, chitin
samples purified from BSF biomass with NADES A and
NADES B were tested using FTIR, XRD, TGA, and SEM.

2. [Experimental
2.1. Materials and Instrumentation

Chemicals such as choline chloride (Sigma-Aldrich),
betaine monohydrate = 99.9% (Sigma-Aldrich), xylitol =
98.9% (Sigma-Aldrich), sodium hydroxide (analytical
grade, Merck-EMSURE), sodium hydroxide (PT. Pasifik
Kimia Indonesia), ethanol (analytical grade, Merck-
Supelco), chitin extra pure (LOBA CHEMIE PVT. LTD.),
silica gel (CAT. 297-011-020R), and distilled water were
used to produce NADES solvent and to isolate the chitin
compound from BSF which collected by Putra Maggot
Tangerang. The instruments used were a rotary
evaporator (Heidolph, Hei-VAP Value G3 Vertical),
hotplate (Thermo Scientific, CIMAREC+), analytical
balance (FUJITSU FSR-A220), refractometer (KRUSS
DR201-95), Oven (redLINE by BINDER RL12-16015), and
vacuum pump gas (Gilson, DOA-P504 BN).

2.2. Synthesis of NADES

This study synthesized NADES by mixing choline
chloride, betaine, xylitol, and malic acid with the molar
ratio in Table 1. ChCl is a hygroscopic material; it was
placed in a glass desiccator with silica gel for 24 hours
before use to remove any moisture content. The HBD and
the HBA were weighted using an analytical balance with
0.0001 g precision and then placed in a 100 mL Schott
bottle and dried in an oven at 90-110°C for 15 minutes to
remove any water droplets. Afterward, the specified
molar proposition and the mixed solution were heated for
1-2 hours, at 50-90°C, in a water bath with continuous
agitation at a constant rotational speed of 250 rpm until
the transparent liquid was obtained. The liquid of NADES
was stored at room temperature.

Table 1. The composition of NADES A and NADES B

Sample Composition Ratio

NADESA  Choline chloride: betaine: xylitol  1:1:1

NADES B Choline chloride: malic acid: water 1:1:2

2.3. Extraction of Chitin from Black Soldier Fly

The pretreated BSF powder was weighed and
dispersed with various NADES solvents. Then, the
mixture was heated on a hotplate for at least 2 hours with
continuous agitation at a constant rotating speed of 200
rpm. The chitin was filtered using a Buchner funnel
containing Whatman paper No. 42 and washed using
distilled water until the chitin was neutral. The remaining
NADES were collected for further use. After separation,
the chitin was dried in an oven at 55°C. The chitin yield
was evaluated by calculating the weight ratio of extracted
chitin to raw prepupae BSF.
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2.4. NADESs Viscosity and Density

The intrinsic viscosity of DESs was determined using
a Cannon-Fenske viscometer (Gratech, Type No. 513 03)
at room temperature (24°C). NADES were inserted into
the Cannon-Fenske viscometer and sucked using a bulb
to the upper limit. Then, NADES were allowed to flow to
the lower limit. The flow rate time was recorded, and the
experiment was repeated three times.

The intrinsic density of NADES was determined using
a10 mL Pycnometer (Gratech). An empty pycnometer was
weighed with an analytical balance. The pycnometer was
filled with NADES and then weighed. The weight
difference is calculated, and the density is determined
using Equations (1) and (2).

_ tNADES-n X PNADES—n
TINADES—-n = X Nwater at 25°C (1)
twater X Pwater
__ MNADES-n
PNADES-n = X Pwater at 25°C (2)

Mwater

2.5. Characterization of Extracted Chitin

2.5.1. Fourier-Transform Infrared Spectroscopy
(FTIR)

The purified chitin samples were measured in a
Nicolet iS5 spectrometer (Thermo Scientific, USA)
equipped with an iD7 ATR accessory. The spectra were
recorded in the wavelength range of 4000 cm™ and
400 cm™.

2.5.2. Thermogravimetric Analysis (TGA)

TGA curve was obtained using Discovery Thermal
Analysis 650 SDT. Pre-weighed chitin samples (about
1000 mg) were analyzed in the temperature ramp from 20
to 800°C at 10°C min in a nitrogen atmosphere with a
flow of 50 mL min-.

2.5.3. X-ray Diffraction (XRD)

XRD measurement was performed at 26 with a Cu-Ka
radiation source, a scanning speed of 10° min~, and a
scanning angle from 3-45° using Rigaku of the 6th
generation MiniFlex. Chitin crystals are calculated using
Equation (3).

Xc (%) = Ae

Aot Ay X 100% (3)
2.5.4. Scanning Electron Microscope (SEM)

SEM was employed to analyze the surface structure
of BSF chitin after the samples were coated with Pt/Au

using a Scanning Electron Microscope (JEOL JSM-6510
LA) operated at 250x and 25,000x magnifications.

3. Results and Discussion
3.1. Synthesis of NADES

In this study, the synthesis NADES is made up of
mixing two or more components, HBA and HBD, in their
solid or liquid form, capable of associating via hydrogen
bonds. Both HBD and HBA were combined by proper
mixing and heating to form a liquid mixture with a
melting point lower than the individual components
called eutectic temperature [21]. Visualization of
interactions in NADES A and NADES B can be seen in
Figure 1.

Density and viscosity are the most important
physical properties of NADES. NADES have a higher
density than water. The carbon chain length influences
the density of NADES and the number of hydroxyl groups
contained therein [22]). Among NADES, NADES B has a
higher density than NADES A. It can occur due to
differences in the degree of hydrogen bonding in NADES.
The minor degree of hydrogen bonding indicates that the
liquid is highly organized, and the bonds are connected
through stronger interactions. Consequently, a much
smaller space is formed in its structure, leading to an
increased density of NADES [23]. As shown in Table 2, the
viscosity of NADES B has a smaller value than that of
NADES A due to their different components. In the case of
NADES B, the presence of a water component contributes
to viscosity reduction [24]. This effect occurs because
water tends to weaken the interactions between the
components [25].
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Figure 1. Interaction between components of
(a) NADES A, (b) NADES B

Table 2. The properties of NADES A and NADES B

Sample Density (g/cm3) Viscosity (mPa.s)
NADES A 0.99 3.39
NADES B 1.09 2.43
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3.2. Fourier-Transform Infrared Spectroscopy

FTIR spectra of NADES (Figure 2) with different
component compositions show strong absorption bands
atwavenumbers 3307, 3339, and 1638 cm . Wavenumbers
3307 and 3339 cm™ show the vibrations of the O-H
stretching group formed. Wavenumbers 1638 and 1714
cm are C-O stretching absorption bands that indicate
the formation of hydrogen bonds between precursors.
The absorption band at 1638 cm™ is associated with
angular deformation of the O-H group of water molecules
contained in NADES [23, 26, 27]. A summary of bond
vibration value data is in Table 3.

——NADESs B
——NADESs A

C=0 Stretching =0 Stretching

e
O-H Stretching

Transmittance (a.u)

!
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_-
O-H Stretching

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

Figure 2. FTIR spectra of NADES A and NADES B
Table 3. Vibration modes of NADES A and NADES B

Wavenumber (cm-1)

Vibration mode

NADES A NADES B
O-H stretching 3307 3339
C-O stretching 1638 1638, 1714

Figure 3 shows the ATR-FTIR spectrum of the chitin
extracted with NADES, chitin-NADES A, and chitin-
NADES B. It shows peaks at wavenumber 3435 cm™ for
O- H stretching vibration and 3256 and 3103 cm~ for N-H
stretching vibrations. These peaks are similar to research
by Koshy et al. [28]. At the same time, two peaks at
wavenumbers 2925 and 2854 cm™ show C-H vibrations
consisting of CH, and CH;. The range of wavenumbers
1660-1500 cm™ indicates the presence of amide groups,
such as amide I and amide II. Wavenumbers 1651 and 1619
cmindicate amideI, revealing a-chitin [29]. Meanwhile,
amide II is detected at wavenumber 1549 cm™.
Furthermore, two other peaks at wavenumbers 1440 and
1370 cm™ show the asymmetric deformation of CHs.
Meanwhile, the wavenumber 1014 cm™ shows C-O
stretching vibrations. The FTIR spectra of chitin produced
in this study are similar to previous studies using
different shells [28, 30, 31, 32] and chitin isolated from
BSF pupae [29, 33, 34]). Asummary of bond vibration value
data is in Table 4.

Chitin-NADESs B
Chitin-NADESs A

//\

C-O Stretching  N-H Bend
Amide 1 Amide 1T

Transmittance (a.u)

N-H Bend

C-O Stretching
Amide [ Amide IT

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

Figure 3. FTIR spectrum of chitin-NADES A and chitin-
NADES B

Table 4. Vibration modes of NADES A and NADES B

Wavenumber (cm-)

Vibration mode

Chitin-NADES A Chitin-NADES B

O-H stretching

N-H stretching

Symmetric CHj; stretching and asymmetric CH.
stretching

C=0 stretching (amide I)
N-H bending (amide II)
C-H bending

C-O stretching

3456 3456
3253 3253
3095 3095
2925 2925
2834 2834
1670 1670
1613 1613
1546 1534
1444 1444
1376 1376
1025 1003
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3.3. Thermogravimetric Analysis

TGA analysis aims to determine the thermal stability
of the BSF pupae-based chitin samples. Figure 4 shows
the TGA and DTG curves for the chitin samples extracted
with NADES A and NADES B, respectively. In these curves,
both samples experienced two degradations. The first
degradation occurred in the temperature range of 50°C to
100°C, indicating the evaporation of water [35]. The
second degradation experienced a significant weight loss,
indicating the decomposition of the main chitin chain
[30], where the degradation is caused by dehydration of
the saccharide ring [36].

Thermal stability was assessed based on the
maximum degradation temperature (Tm) value. The
maximum degradation temperature of chitin-NADES A
was 374.55°C. In comparison, the maximum degradation
temperature of chitin-NADES B was 363.67°C. Based on
these data, chitin-NADES A has a greater maximum
degradation temperature value than chitin-NADES B.
This shows that chitin extracted from NADES A has a
higher maximum degradation temperature. This
indicates that chitin extracted with NADES A undergoes
less demineralization and deproteination than chitin
extracted with NADES B. More minerals and proteins in
chitin-NADES A will affect the molecular weight. Thus,
degrading the sample requires greater energy [37]. Based
on the thermal stability data, it is also concluded that
chitin extraction with NADES B is much better than
NADES A. This aligns with research conducted by Huang
et al. [18] that chitin extraction is more effective using
ChCl and organic acids. In addition, based on the research
of Saini et al. [38] the presence of water in the synthesis of
NADES leads to a reduction in viscosity, resulting in
higher extraction efficiency for NADES B.

—— Chitin-Hydrated DESs
——Chitin-NADESs

100

80

60 -

Weight (%)

40

204

100 200 300 400 500 600 700 800

Temperature (°C)

Figure 4. TGA curves of chitin-NADES A and chitin-
NADES B

3.4. X-ray Diffraction

The crystallinity of chitin was measured under the
curve for 3° < 20 < 45°, based on a method proposed for
cellulose and used here for chitin [39]. It is configured
with a copper source, providing X-rays with a wavelength
of 1.54 A. The 26 positions of diffraction peaks are directly
proportional to the wavelength of the incoming X-rays
(1) according to the Bragg equation: nd = 2dsind [40]. XRD
was used to confirm the a-, -, and y-forms of the chitin
extracted from BSF. a-chitin is characterized by sharp
peaks, while broader peaks represent g- and y-chitin.
Previous studies have shown that the peaks of the three
forms of chitin are in the range of 9-29°[4, 41, 42, 43, 44].

XRD involves the diffraction of X-rays by a crystal
structure in the sample. Figure 5 visualizes the XRD
diffractograms of chitin-NADES A and chitin-NADES B.
chitin-NADES A showed two sharp peaks at 9.46° and
19.42° and weak peaks at 12.70° and 22.86°, confirming
the a-form of the chitin polymer [4, 45]. The peak also
appears on chitin-NADES B. It showed two sharp peaks at
9.40° and 19.46° and weak peaks at 12.84° and 23.34°.
Meanwhile, peak 26.56° (chitin-NADES A) and 26.40°
(chitin-NADES B) shows the p-form, proven by Jang et al.
[45] in their research. These chitin peaks were very
similar to those of other insect species [46, 47, 48, 49]
and Hermetia illucens itself [4, 41, 42, 43, 44] in the range
of 9-29°.

The degree of crystallinity of chitin-NADES A and
chitin-NADES B are 91.65% and 90.65%, respectively. At
the same 26 range (3° < 26 = 45°), the degree of
crystallinity has the same value as the study by
Soetemans et al. [12]. Triunfo et al. [44] stated that the
degree of crystallinity of insect chitin is in the range of 40
to 90%, mainly 60-80%. The degree of crystallinity can
be affected by the source or species, gender, growth stage,
and preparation or purification process [44].

19.46 —— Chitin-NADESs B
—— Chitin-NADESs A

Intensity (cps)

T
5 10 15 20 25 30 35 40 45

Position [°2 theta] Copper

Figure 5. The diffractogram of chitin-NADES A and
chitin-NADES B
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Figure 6. SEM images of chitin-NADES A and chitin-NADES B with (a) 250x magnification and (b) 25,000x
magnification
3.5. Scanning Electron Microscope (SEM) References

The surface morphology of chitin produced from
Hermetia illucens was observed using SEM and shown in
Figures 6a and 6b. First, chitin-NADES A and chitin-
NADES B, at 250x magnification, showed the same
structure as a honeycomb, based on the repetition of
square, pentagonal, and hexagonal units (Figure 6a).
Looking closer (25,000x magnification), the chitin-
NADES A and chitin-NADES B show significant surface
differences (Figure 6b). Various studies report that the
surface morphology of chitin is divided into four types,
namely (1) rough and solid surfaces without
nano/microfiber and pores, (2) surfaces with a
combination of nano/microfiber and pores (the most
common morphology), (3) only fibrils, and porous
surface (4) [44, 45]. Based on these four types, the chitin-
NADES A and chitin-NADES B at 250x magnification show
morphology (2), a surface combining nano/microfiber
and pores. Meanwhile, the morphology at 25,000x
magnification shows morphology (3), which is only
fibrils.

4. Conclusion

The conclusion of this research is we have succeeded
in synthesizing a choline chloride-based NADEs with a
density value of 0.99-1.09 g/cm3, viscosity of 3.39 mPa.s
and 2.43 mPa.s. FTIR characterization from NADEs shows
that hydrogen bonds are formed between HBA and HBD at
wave number values of 3307 cm and 3339 cm. TGA
analysis the chitin-NADEs A (350°C for decomposition
with 10% residue left) has the best thermal stability
compared to the chitin-NADEs B (333°C for
decomposition with 25% residue left). «-chitin is
characterized from BSF by XRD analysis at 9.46° and
19.42°. Based on morphology analysis in SEM showed that
the chitin-NADEs A and chitin-NADEs B at 250x
magnification show, a surface combining
nano/microfiber and pores Meanwhile, the morphology
at 25,000x magnification shows morphology (3) which is
only fibrils.
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