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ARTICLE INFO ABSTRACT

Keywords: Chitin and chitosan from black soldier fly (Hermetia illucens) rearing, associated with the different development

Chitin stages (larvae, pupal exuviae and adults), were characterized by ATR-IR determining the Rac ratio, associated

ghitosafll ) with the acetylation degree of the polymers. It was possible to compare the different samples, and it was detected
Cs:‘;‘;;i’n‘;‘:n that the chitin from adult insects was the one with the highest acetylation degree. Discoloured chitin samples

were also tested, and they showed a lower acetylation degree than the not discoloured ones. Chitosan samples,
obtained by heterogeneous deacetylation, from larvae and pupal exuviae were the most deacetylated and they
resulted similar to commercial chitosan from shrimps. The characterization of samples by thermogravimetry in
nitrogen was carried out and their thermal behaviour resulted different for chitin and chitosan samples. For
chitosan samples an additional mass loss at lower temperature could be revealed with respect to chitin, and its
quantitative value decreased by increasing the Rac ratio. It could be deduced that the chitosan samples from
Hermetia illucens (HI) were mainly blocky, except for the chitosan sample obtained from larvae and the com-
mercial chitosan from shrimp. For the latter samples a mainly homogeneous distribution of acetamide groups on
the polymer backbone could be hypothesized. The mechanical properties of films obtained by solvent casting of
acidic water solutions of chitosan samples were measured. The highest values for tensile strength and elongation
at break were observed for the film obtained by chitin from H. illucens larvae or from commercial chitosan from
shrimps. Interestingly, these chitosan samples are those corresponding to a homogenous distribution of acetyl
groups, suggesting that this feature can play a significant role in influencing the mechanical properties of chi-
tosan films.

Thermal stability
Mechanical properties
Chitosan films

1. Introduction

Highly abundant chitinaceous waste can be considered a renewable
source for new advanced biobased and circular materials [1,2]. Func-
tional materials obtained from chitin, like chitin nanofibrils and chito-
san, were demonstrated to show anti-microbial and anti-inflammatory
activities [3,4], thus their use in packaging [4,5], hygiene [6,7], per-
sonal care [8], cosmetic [9,10] and biomedical [11,12] applications is
rapidly increasing [13]. Recently, anti-oxidant properties were also
observed for chitosan, suggesting its potential use in applications where
resistance to oxidative stress is required [14-16].
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In this context, in view of further growth, obtaining chitin and chi-
tosan from different sources can be a very good strategy [17-19], hence
researchers developed applications considering chitin and chitosan from
different terrestrial (fungi and insects) [20,21] and marine (mainly
crustaceans) sources [18]. In recent years, valuable protein sources,
necessary for aquaculture, were identified in biotechnological processes
like the rearing of insects [22]. Their development is particularly useful,
as they can behave as bioconverters [23], transforming agro-food waste
into proteins, chitin (present in their exoskeleton) and other valuable
compounds [24]. Black soldier fly (Hermetia illucens) rearing, in partic-
ular, was demonstrated as a highly effective methodology to develop
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novel agro-industrial chains inspired by a circular economy approach
[25]. Farms of bioconverter insects, indeed, are currently spread
worldwide for industrial protein feed production and organic waste
management, and pupal exuviae and dead adults are the only waste of
this process, and they are very rich sources of chitin. Chitin can be
considered a high value derivative of this process and its exploitation for
new productive cycles are effectively a further step of the bioconversion
in the circular economy process, from a zero-waste point of view. Insects
are an innovative, renewable and sustainable source of chitin and the
recovery and the usage of chitin from the side stream of their rearing
represent the missing link of a great example of zero-waste circular
economy. Currently, numerous studies are exploring the potential of
insects as a promising source of novel bioactive compounds and biomass
with high biological and economic value. Insects represent one of the
richest yet least explored reservoirs of valuable natural substances,
including biopolymers, such as chitin and chitosan. Chitin constitutes
approximately 25-60 % of the insect cuticle on a dry weight.Chitin is
obtained by Hermetia illucens (HI) through a demineralization step fol-
lowed by a deproteinization process. Chitosan is obtained by deacety-
lation of chitin [16] and it is purified by reprecipitation from acidic
solution to eliminate the presence of residual chitin. Both chitin and
chitosan can be defined as copolymers of N-acetyl-D-glucosamine and
D-glucosamine, linked by covalent $-(1 — 4)-linkages (like the linkages
between glucose units forming cellulose) [26] but, in the case of chitin,
the major comonomer is N-acetyl glucosamine, whereas, in the case of
chitosan, the major comonomer is glucosamine [27] (Fig. 1).

Insect-derived chitosan exhibits properties comparable to, and in
some cases exceeding, those of traditional sources, particularly in terms
of biocompatibility, antimicrobial activity, and biodegradability—key
attributes for biomedical applications [28,29].

Some researchers investigated the structure of chitosan obtained by
different methodologies by spectroscopic methods and adopting pa-
rameters linked to the random, alternating or block distribution of
repeating units in the polymer backbone [30]. In particular, it was re-
ported that the production of chitosan can be carried out through het-
erogeneous or homogeneous methods [16,31]. The latter is more time
consuming and generally results in chitosan with a lower deacetylation
degree. Moreover, the glucosamine repeating unit typical of chitosan as
well as the residual N-acetyl-glucosamine units are distributed in a
completely random way and thus homogeneously along the chain. The
heterogeneous method, which is faster, results, on the contrary, in a
deacetylation driven by hindering elements (accessibility of polymer
chains), with chitosan preserving chitin blocks and a tendency to
develop a nanofibrillar morphology. In fact, chitin nanofibrils are pro-
duced by a mild deacetylation, that produces chitosan glucosamine units
only on nanofibrils surface [32]. The heterogenous acetylation, modi-
fying less the chitinous crystal fraction of the material, results in a chi-
tosan more similar to the original nanofibrillar chitin. These aspects
linked to the possibility of controlling repeating units’ distribution are
significant [33]. After all, chitin-chitosan block oligomers were
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Fig. 1. N-acetyl-D-glucosamine and D-glucosamine copolymeric units of chitin
and chitosan.
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considered very important, and studies regarding their synthesis were
recently attempted [34-38]. This tendency to obtain a blocky structure
by heterogeneous deacetylation is attributed to the lower efficiency of
the hydroxide anions during deacetylation in hydrolysing acetyl groups,
due to the presence of not completely dissolved chitin crystals. This
study opened the possibility of further exploiting and controlling chi-
tosan from HI structure and properties. Certainly, it confirmed that the
heterogeneous method is currently the best option in view of an in-
dustrial up-scale of chitosan production from insects. Nevertheless, it
should be mentioned that very recently, the use of natural deep eutectic
solvents for the chitin extraction was also investigated [39,40] as an
alternative to the traditional method based on demineralization,
deproteinization and bleaching (discoloration). The authors suggested
that this methodology for chitin extraction, applied to HI, can facilitate
successive chitosan production. Although these findings could be
promising, the cost of solvents and the possible difficulties in their
complete elimination after extraction suggest the necessity of further
research in this field. Then, the process based on acidic and basic
treatments to obtain chitosan from HI following the demineralization,
deproteinization and heterogeneous deacetylation (possibly preceded
by discoloration) steps are still the most reliable [41].

Chitosan production from insects has been reported almost exclu-
sively through chemically heterogeneous deacetylation, typically using
sodium hydroxide as the deacetylating agent. Chitosan yields based on
the original insect biomass range from 2 % to 8 %, with exceptionally
high yields (26-28 %) reported by Song et al. [42] from Chrysomya
megacephala larvae and by Luo et al. [43] from cicada sloughs. When
calculated from the dry weight of extracted chitin, chitosan yields range
between 60 % and 83 %. For comparison, yields obtained from crusta-
ceans using heterogeneous deacetylation range from 4 % to 15 % based
on the initial dry biomass [43-45] which are slightly higher than those
from insects. This difference is primarily attributed to the higher protein
and fat content in insect biomass [46]. Chitosan yields are influenced not
only by the purification method but also by species and harvest time
[471].

The degree of deacetylation (DD) of insect-derived chitosan obtained
through heterogeneous treatment varies between 62 % and 98 %, with
the only notably lower value (57 %) reported by Monter-Miranda et al.
[48] for chitosan extracted from Brachystola magna adults. In crusta-
ceans, with heterogeneous deacetylation it typically possible to obtain a
DD ranging from 56 % to 98 % [49] while the homogeneous methods
generally produce chitosan with a lower DD of 48-55 % [47].

The molecular weight of chitosan from crustaceans usually ranges
from 100 to 1000 kDa [44,50], whereas insect-derived chitosan shows
greater variability, ranging from 26 to 300 kDa. Very low molecular
weights (3 and 7 kDa) have also been reported [51-53]. Species-specific
factors also appear to influence molecular weight, as demonstrated by
Kim et al. [54] applying the same deacetylation conditions as Kaya et al.
[51], but obtaining a significantly higher molecular weight (308 kDa
from adult crickets compared to approximately 3 kDa from adult and
larval Leptinotarsa decemlineata). Exceptionally high molecular weights
(3290-5900 kDa) have been reported by Paulino et al. [55] for chitosan
produced from silkworms using 40 % sodium hydroxide and sodium
borohydride at 100 °C. This outcome may be attributed to the ability of
sodium borohydride to prevent oxidative cleavage of glycosidic bonds
during the deacetylation process.

A fast methodology for characterizing chitin, chitosan and chitin
nanofibrils is Attenuated Total Reflectance (ATR) infrared spectroscopy,
a non-destructive technique based on recording the spectrum of a
sample in contact with a crystal having a high refractive index [56]. This
technique allows spectra to be obtained also from solid samples, without
any preliminary preparation, saving time and allowing the analysis of
non-soluble systems such as chitin. Spectra were strongly dependent on
the adhesion between sample and crystal but, if the samples to be
characterized are powdery, generally it is possible to obtain good quality
spectra and a sufficient representativity for composition of the
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powder-based sample. Additionally, characterization methodologies
based on ATR-IR can be compatible with in-line monitoring processes
and with artificial intelligence applications [57]. Infrared analysis in
transmission was in general adopted by several researchers to compare
chitins, chitin nanofibrils and chitosan from different sources [57,58].
Many papers, where the conversion of chitin to chitosan was considered,
reported a reduction of amide I band of acetamide groups, that showed a
well-defined peak at 1650 cm ™! with a minor shoulder at 1625 cm ™7, in
more deacetylated products, thus revealing a conversion of chitin to
chitosan [57]. Then this technique was used by several researchers to
determine the deacetylation degree of chitin based on transmission
spectra [59-64]. Triunfo et al. [65] evidenced that the acetylation de-
gree determined by potentiometric analysis was in agreement with the
trend of acetylation degree determined by elaborating transmission
spectra.

Thermal properties of chitin and chitosan were also considered to
characterize them. The mechanism of thermal degradation consists of
the production of ammonia from the D-glucosamine unit and this
degradation path is typical of chitosan [66]. The N-Acetyl glucosamine
unit typical of chitin results in the evolution of acetic acid at higher
temperature [67]. Thanks to these distinguished steps, it is reported that
through DSC measurements it is possible to determine the acetylation
degree of chitin and chitosan by considering the area or the height of the
endothermic peak associated with the loss of acetic acid [68]. Ther-
mogravimetric investigation related to chitin and chitosan were carried
out by several authors [69], but mainly onto chitin and chitosan from
crustaceans and these studies were never addressed at correlating
thermal behaviour with the development stages of black soldier fly.

Mechanical properties of chitin or chitosan can be determined by
testing the properties of films. Chitosan films are widely investigated
because they could be used in packaging or coating applications. Hence
the preparation and characterization of films is significant from an in-
dustrial point of view. The preparation of films from chitosan is possible
by dissolving it in 1 % acetic acid [70]. In fact, chitosan -NH; groups are
protonated, and the polymer becomes water soluble as positive ionomer.
In this case the presence of acetate anions will grant the material elec-
troneutrality. Only De Masi et al. [71] have characterized chitosan films
in terms of their tensile properties, whereas Panariello et al. [72]
considered blends of chitosan and chitin nanofibrils. In both papers,
commercial chitosan from shrimp was considered. A similar character-
ization should be carried out onto chitosan from HI, to give an insight
into its possible application as film in several sectors, for instance
packaging.

In the present paper an ATR-IR methodology was adopted to
compare the degree of acetylation of chitin and chitosan obtained in the
different biomasses (larvae, pupal exuviae, adults) of the black soldier
fly insect to distinguish N-acetyl glucosamine (chitin based) from acetyl
glucosamine (chitosan based) copolymers obtained by an heterogeneous
deacetylation method. Moreover, the different samples were investi-
gated by thermo-gravimetry to correlate the structural features to the
thermal degradation behaviour of samples. Commercial samples of
chitin and chitosan from shrimp and mushrooms were also considered
for comparison. Mechanical properties of films obtained by solution
casting in acetic acid were also determined correlating with their
chemical structure and comparing the different samples in terms of their
mechanical performances with the aim of evaluating their potentialities
as films or coating layers in packaging, agricultural or personal care
applications.

2. Material and methods
2.1. Preparation of samples
The extraction of chitin from insect samples (larvae, pupal exuviae

and dead adults) was carried out based on the process reported by Hahn
et al. [73], as modified in Triunfo et al. [65] called more recently
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heterogenous method. The method consists of three steps. Briefly, the
first is demineralization, to remove minerals, mainly calcium carbonate.
The second step is deproteinization. In this step proteins were removed
from demineralized samples by treatment with 2 M sodium hydroxide
(NaOH) (solid:liquid ratio 1:10 (m/V)), stirring for 2 h at 80 °C. The third
step is bleaching (often indicated as discoloration).

Chitosan was produced through the heterogeneous deacetylation of
both unbleached and bleached chitin derived from three H. illucens
biomasses (larvae, pupal exuviae, and dead adults). The chitin samples
were mixed with 12 M NaOH (Sigma-Aldrich, St. Louis, Missouri, USA)
at a solid-to-liquid ratio of 1:20 and stirred for 4 h at 100 °C. After the
reaction, the suspension was filtered using filter paper, and the solid
residue was washed with distilled water until neutral. The deacetylated
material was then incubated in 1 % (v/v) acetic acid (Sigma-Aldrich, St.
Louis, Missouri, USA) at room temperature for 48 h with stirring. The
mixture was centrifuged at 10,000 rpm for 5 min, and the supernatant
was collected.

The solution was adjusted to pH 8 with 6 M NaOH (Sigma-Aldrich,
St. Louis, Missouri, USA) and incubated overnight at 4 °C to precipitate
the solubilized chitosan. The suspension was centrifuged again, and the
chitosan was collected and washed with distilled water to remove any
remaining acetate. The final product was freeze-dried (—20 °C) and
stored at room temperature (25 °C).

Chitin samples are indicated in this paper by using as Chiti-A, Chiti-
EP or Chiti-L for indicating materials obtained from adults, pupal
exuviae and larvae, respectively. Chiti-FUN and Chiti-SH are commer-
cial Glentham products obtained from Fungi (GC8934) and Shrimps
(GC0425), respectively. Chitosan samples are indicated by Chito prefix
using the same suffixes and a chitosan from shrimp (Chito-SH) (Glen-
tham, GP8523) was also characterized for comparison. The D letter
following the suffix indicates that a discoloration step was also carried
out.

Chitosan films were prepared by dissolving chitosan samples in
acetic acid 1 % to obtain a solution at a concentration of 10 mg/mL and
pouring them into rectangular plates. Then the films were dried at 25 °C.

2.2. Infrared -ATR characterization

The powder of chitin or chitosan was homogenized and reduced in
dimension in a mortar using a pestle. Then the powder is transferred
from the mortar to the ATR crystal. Infrared spectra were recorded in the
550-4000 cm ! range with a Nicolet 380 Thermo Corporation Fourier
Transform Infrared (FTIR) Spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) equipped with smart Itx ATR (Attenuated Total
Reflection) accessory with a diamond plate, collecting 256 scans at 2
em ™! resolutions. EZ ONMIC software (OMNIC 7.2, Thermo, Waltham,
MA, USA) was used to elaborate the spectra and to compare different
spectra profiles. Three spectra were recorded for each sample, each
acquired from a different aliquot of chitin or chitosan powder.

The Rac ratio, that can be correlated to the acetylation degree of the
sample [74], was determined by Eq (1)

Rac= (€]

where Ajg20 is the area of the band obtained by integrating the peak at
1620 ecm™! in the range 1695-1618 cm ! and Ajgyo is the area of the
reference band in the range 1184-1024 cm'. The integrations were
carried out after tracing a baseline passing through the minima present
in all the spectra at about 1735 cm ™! and 1185 ¢cm ™, by using a EZ
OMNIC software. The values of Ryc were averaged considering the three
recorded spectra and the standard deviation was then calculated for
each sample.

Chitosan films were characterized by ATR-IR adopting the same
equipment settings. All the samples were characterized by collecting
spectra on both film sides, to control possible compositional
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inhomogeneities. In all the cases the spectra obtained on the different
sides resulted identical.

2.3. Thermogravimetric characterization

Thermogravimetric analysis was performed with a PerkinElmer Pyris
TGA 4000 thermogravimetric analyzer at a heating rate of 10 °C/min
under nitrogen purge (30 mL/min) from room temperature to 600C,
then with air as purge gas up to 900 °C. About 10 mg of each sample was
used for the analysis. The software Pyris was used for thermograms
elaborations.

2.4. Mechanical tests

The quasi-static tensile tests (ASTM D882) on the films were per-
formed at a deformation rate of 10 mm/min using an Instron model
5500R universal testing machine (Canton, MA, USA) equipped with a
10 N load cell. The machine was interfaced with MERLIN software
(INSTRON version 4.42 S/N-014733H), and pneumatic grips were used.
Tensile tests were conducted on 80 x 15 x 0.010 mm strips with a gauge
length of 50 mm. The strips were obtained by accurately cutting chito-
san films. At least 10 specimens were tested for each sample, and at least
6 values were averaged except for pupal exuviae films. For these films
only four values were averaged. In fact, because of their fragility, the
recording of the curves was difficult.

The elastic tensile modulus was measured using dynamic mechanical
thermal analysis (DMTA) performed on a Gabo Eplexor (Gabo, Ahlden,
Germany) with a 100 N load cell. At least three before mentioned film
specimens were tested. During the test, the temperature and frequency
were maintained at a constant 25 °C and 1 Hz, respectively.

Polymer Testing 150 (2025) 108922

3. Results

Infrared ATR spectra were recorded for all the chitin and chitosan
powder samples (Fig. 2). The characteristic peaks of chitin (Fig. 2a and
¢) can be observed at 1310-1320 cm ™! (C-N stretching, amide III),
1550-1560 cm ™}, (N-H bending, amide II), 1650-1655 cm ™! (C=0
stretching, amide I), 3100-3110 cem ! (N-H symmetric stretching),
3255-3270 cm ! (N-H asymmetric stretching) and 3430-3450 cm ™" (O-
H stretching) [48]. Chitin samples obtained from the different biomasses
of HI showed very similar spectra. The spectra closely resembled those
of commercial chitin derived from shrimp and fungal sources (Fig. 2a),
in good agreement with the observations of Triunfo et al. [65], that have
carried out an infrared characterization in transmission conditions.
However, the bands at 3100-3110, 3255-3270 and 3430-3450 em !
seem more overlapped in the HI samples, indicating a slightly more
complex chemical structure, attributable to a different structure of the
chitin fibrils but also to the different extraction and purification
methods. Spectra of the discolored chitin samples (Fig. 2c) resulted like
the ones of not discolored ones, but the spectra resulted much more
similar to the ones of commercial chitin derived from shrimps and fungi.

Chitosan, being derived from the incomplete deacetylation of chitin,
displays spectral features that closely resemble those of chitin (Fig. 2b
and d) [75]. Nevertheless, peaks related to acetyl groups are obviously
less intense because of the conversion of acetamide groups into amine
groups. In terms of peaks wavenumbers and shape, no significant dif-
ferences can be observed between not discolored and discolored
samples.

The values of the Rao¢ were calculated for all the samples and this
rapid methodology was found successful to distinguish chitin from
chitosan. In fact, all the chitin samples have a Ryc above 0,3, whereas all
the chitosan have a Ry¢ below 0,25 (Fig. 3). Chitin extracted from adult
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Fig. 2. ATR-IR spectra of not discolored and discolored chitin (a, ¢) and chitosan (b, d).
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Fig. 3. Comparison between Rac values of chitin and chitosan samples. HI chitin samples were represented by the green bar, HI chitosan samples were represented
by the yellow bars and reference chitin and chitosan bars were red for shrimp-based samples of chitin and chitosan and brown for fungi-based chitin.

insects is the most highly acetylated, with measured values indicating a
higher degree of acetylation than that observed in commercial samples
derived from shrimp and fungiln good agreement with previous in-
vestigations [49], it was found that the acetylation degree of HI chitin is
higher for the adults with respect to the larval stage, and it is the lowest
considering pupal exuviae. The discoloured samples showed a lower
acetylation degree than the not discoloured ones. This can be attributed
to the acidic nature of the bleaching treatment, that can induce some
deacetylation, especially on the more exposed surfaces of nanofibrillar
chitin.

Regarding chitosan samples, it can be noticed that chitosan samples
from larvae and pupal exuviae are the most deacetylated. In general, for
the discoloured samples the deacetylation is apparently less effective. To
explain this result, it should be considered that the deacetylation may be
more effective on chitosan having a higher acetylation degree, as yet
observed elsewhere [24]. In fact, in the case of a more deacetylated
chitin, hydrogen bond formation and nucleophilic interactions are
enhanced, above all in the more disordered amorphous fraction of chitin
because amine groups have a higher nucleophilic character of the ni-
trogen with respect to nitrogen in N-acetyl groups. Because of this
competition, hydroxide anions coming from NaOH during the deacety-
lation is less effective with respect to a chitin with a higher acetylation
degree. In good agreement with this explanation, the highest decrease in
Rac passing from chitin to chitosan, was observed for the chitin from
adult HI, whereas the lowest differences were observed for EP, EPD and
LD.

In order to use chitosan and chitin from HI in industrial applications
the resistance to heating should be investigated. With this purpose, the
different samples were characterized by thermogravimetry in nitrogen,
to study their stability to heating. Interestingly, it was found that in
chitin samples two main mass losses can be seen in the thermogram, as
revealed by the derivative DTG curves (Fig. 4b) [67,76,77]. The first
one, in the temperature range 40-150 °C (Table 1), is attributable to loss
of humidity, the second one, occurring above 330 °C and showing an
inflection point in the range 368-402 °C in the different samples, is
attributable to the decomposition of the poly(N-acetyl- glucosamine).
Barbosa et al. [67], that analyzed by infrared spectroscopy the gases
evolved during the thermal degradation experiments, have shown that

significant acetamide and acetic acid loss can be observed for decom-
position of chitin. However, they did not notice ammonia evolution in
chitin samples. In our samples the final residue was found in the range
16-21 % by weight.

Regarding the different development stages of HI, the highest ther-
mal stability was shown by chitin from pupal exuviae, showing an onset
temperature of 354 °C and an inflection point of 401 °C. The stability of
chitin followed the trend: CHITI-EP > CHITI-A > CHITI-L. Since the
acetylation degree follows the order CHITI-A > CHITI-L > CHITI-EP as
well as the crystallinity [65], a correlation between this parameter and
chitin thermal stability cannot be invoked. Probably, the thermal
behavior can be influenced by the presence of impurities, that may
catalyze the beginning of degradation, and are reported to be more
abundant in the adult chitin samples [65]. In good agreement the dis-
colored chitin from adults showed an increased inflection point with
respect to the not discolored sample. Chitin from HI revealed a thermal
behaviour similar to commercial chitin from shrimps and fungi. In
general chitin showed a very good thermal stability, and insect chitin
from pupal exuviae resulted more stable than fungi and shrimp sourced
chitin.

Regarding chitosan samples, as yet reported by several authors [77],
they showed three main mass loss steps. In fact, an additional mass loss
step is found in the range of inflection point 289-312 °C and can be
associated with the glucosamine unit of the polymer, hence to the chi-
tosan fraction of the samples. Except for CHITO-SH, CHITO-L and
CHITO-FUN, chitosan samples showed both a mass loss associated with
chitosan at lower temperature and a mass loss associated with chitin at a
higher temperature. The mass loss associated with the two different
steps was calculated and reported as a function of Ra¢ (Fig. 5). The
values of weight loss associated with chitin were completely different
compared to chitosan and chitin samples (Fig. 5a). For chitin samples
the values were similar and in the range 65-80 % by weight. In the case
of chitosan, the weight loss associated with chitin was significantly
lower. Chitosan from adults, discolored or not, showed the highest
values of chitin weight loss, where CHITO-L showed a zero-value asso-
ciated with chitin mass loss. Pupal exuviae showed an intermediate
value.

The weight loss associated with commercial CHITO-SH is very
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similar to the one observed for CHITO-EP, moreover it was found that
the weight loss decreased by increasing the Rac value (Fig. 5b), indi-
cating the dependence from the concentration of glucosamine units in
the polymer. Nevertheless, the trend is not linear and at higher values of
Rac the decrease becomes less evident. Pure chitosan was found to
produce at high temperature evolution of acetamide and ammonia [67].

Then, these results can be tentatively explained considering the
decomposition of chitosan following the production of inorganic
(ammonia) or organic (amide) nitrogen compounds. The mechanism
generating ammonia is probably favored when the acetylation degree is
very low (resulting in higher values of chitosan mass loss at low Rac
values), whereas the mechanism generating amide compounds is
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Table 1

Results of thermogravimetric tests performed in nitrogen flow on chitin and chitosan samples.
Weight loss Onset (°C) Inflection point (°C) Inflection 1point 2(°C) Weight loss Weight loss chitin(%) Residue(%) Rac
water (%) chitosan (%)
CHITI-A 8.073 343.11 - 377.61 71.704 20.223 0.507 £ 0.017
CHITI-AD 4.878 340.94 382.24 79.230 15.892 0.401 + 0.007
CHITI-EP 6.608 353.94 - 401.09 72.699 20.693 0.309 + 0.015
CHITI-L 4.917 334.87 - 368.73 77.417 17.666 0.403 £ 0.015
CHITI- 9.243 342.16 - 385.58 71.944 18.813 0.384 £ 0.019
CHITI-SH 10.043 341.06 - 382.83 72.519 17.438 0.434 + 0.020
CHITO-A 11.069 262.63 289.24 363.36 32.950 17.432 38.549 0.197 £ 0.009
CHITO- 10.083 278.81 300.98 384.59 37.487 17.969 34.461 0.158 + 0.008
CHITO-EP 10.017 261.25 291.65 380.92 47.881 10.105 31.997 0.135 £ 0.008
CHITO- 15.490 277.65 303.45 - 53.671 - 30.839 0.147 £ 0.010

SH
CHITO L 12.303 289.877 312.130 - 43.891 - 34.858 0.151 + 0.006
CHITO LD9.933 275.537 302.167 386.833 30.949 15.176 35.168 0.251 + 0.008
CHITO 14.418 279.062 304.500 390.833 30.142 10.443 35.810 0.217 + 0.008
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Fig. 5. Trend of the weight loss attributed to (a) chitin and (b) chitosan as a function of Rac.

anyway present.

Moreover, it was evidenced that a pure chitosan sample, having an
acetylation degree very close to zero, did not show any evolution of
acetic acid [67]. The evolution of acetic acid is thus associated with the
N-acetyl glucosamine units, whereas the evolution of ammonia can be
associated with glucosamine units. Interestingly, the evolution of acet-
amide was revealed in the degradation of both pure chitosan and chitin,
reasonably because its evolution is linked not only to the decomposition
of acetyl amide groups, but also to the fragmentation of the polymeric
chain. In good agreement with our results, Corazzari et al. [78], that
analyzed both chitin and chitosan samples having different values of
acetylation degree, suggested a correlation between the total weight loss
due to acetic acid formation and the acetylation degree. Interestingly,
the thermal decomposition of chitin and chitosan nanofibers was
examined by TGA and DSC [79]. In good agreement with our results, the
maximum decomposition temperature of the chitin nanofibers was
higher than that of the chitosan nanofibers, and this difference is
attributed to the higher thermal stability of the N-acetyl units. The
separate decomposition of glucosamine and N-acetyl glucosamine units
was investigated also by DSC and two separate exothermic peaks were
detected. The authors associated these results to the block structure in

the chitosan backbone due to preparation of chitosan occurred by het-
erogeneous deacetylation. As an heterogeneous deacetylation approach
was followed also in our work, and the presence of these two separated
peaks in TGA thermograms can be considered a confirmation of having
obtained a blocky structure for our poly(N-acetyl-glucosamine)
(glucosamine) copolymers, as yet discussed in our previous work [65].

The CHITO-L sample, obtained from larvae, is the one not showing
the presence of a mass loss associated with chitin, thus it is reasonable to
hypothesize the presence of N-acetyl glucosamine blocks is limited and
the distribution of acetyl groups on the chain is almost homogeneous.
Interestingly, the block structure, preserving N-acetyl glucosamine
blocks, depends on the occurring of deacetylation and it was found that a
chitin pre-treated by strong basis for a long time is generally deacety-
lated resulting in a less blocky copolymer because of the better acces-
sibility of OH™ to acetamide groups [65]. In our chitin samples the
morphology complexity, investigated by SEM, was found in the order:
CHITI-A > CHITI-EP > CHITI-L [65]. Then the most disordered and thus
most accessible chitin from larvae can be associated with the achieve-
ment of a less blocky copolymer, in agreement with our TGA results. In
general, the TGA characterization showed the possibility of being
exploited for rapidly classifying chitosan samples based on their blocky
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or random features.

Chitosan samples produced from HI were used for producing films by
solvent casting. The solvent selected was water acidified with acetic
acid, since these casting conditions were reported to be advantageous in
terms of mechanical properties of films by several researchers [70,72,
80]. The chemical composition of our films is thus no more ascribable to
chitosan but to its polycation bearing -NH>* groups having a positive
charge, that are counterbalanced by acetate anions. Considering that
pkA of chitosan is reported to be between 6 and 6.3 [26] and that a
concentration of 1 % wt. of acetic acid in water was used (pH about 3),
the complete protonation of the -NH; groups of chitosan can be
reasonably hypothesized. This condition leads to the maximum solubi-
lity in water, that can allow highly homogeneous films to be obtained.

The analysis by ATR-IR of the chitosan films showed evident varia-
tions with respect to the chitosan powder due to the different compo-
sition (Fig. 6). In fact, the spectrum recorded on the film showed
additional bands at 2934 cm ™!, attributable to C-H stretching of acetate
anion. Moreover, the acetate anion C=0 asymmetric and symmetric
stretching bands at 1540 and 1407 cm™! can be revealed, respectively
[81]. A similar comparison was made for all the chitosan films and
analogous conclusions were achieved comparing the different chitosan
samples spectra with the respective spectra of films (Fig. 7).

Regarding the colour of the films, the HI chitosan films resulted all
slightly coloured. The film obtained by using adult HI chitosan was the
darkest one, showing a brown colour, whereas the chitosan from dis-
coloured larvae chitin resulted in the least dark and the most transparent
(Fig. 8a). However, a more slightly yellowing colour was observed with
respect to commercial chitosan from shrimp SH.

The results of the experimental tests showed jagged stress-strain
curves, indicating multiple fracture points as evidenced in the compre-
hensive Fig. 8b. When comparing the films to commercial chitosan SH,
the most similar properties were observed in the chitosan film from
larvae L, with comparable values of tensile strength, elongation at break,
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and a slightly higher elastic modulus.

Analysing all the mechanical properties and comparing them in the
histograms of Fig. 9, regarding the films obtained from pupal exuviae,
they resulted very fragile. Except for the adult specimens, both larvae
and exuviae showed improved mechanical properties in the non-
discoloured films. In fact, generally, mechanical properties depend
significantly on the molecular weight of the polymers and the discol-
oration was demonstrated to result in a significant decrease in molecular
weight [65]. Generally, tensile strengths of chitosan films can vary
depending on production conditions, material characteristics, and
testing methods employed. However, chitosan films typically exhibit
tensile strengths in the range of 20-50 MPa, so the films tested in our
work are completely in line with reference chitosan film properties [82].
It is important to note that these values may vary significantly
depending on the specific chitosan film formulation, preparation
methods, and testing conditions. It can be observed from Fig. 9O that the
experimental and pioneering nature of the processing and production
methods used for these films did not allow for the duplication of
numerous replicates for testing the EP and EPD materials. As a result, the
deviations from the mean of the properties derived from the tensile data
are quite large. Nevertheless, the average values provide a realistic
indication of the mechanical behavior of these films and allow for a
meaningful comparison with commercial chitosan.

The reason for the fragility shown by the chitosan films is linked to
the presence of ionic interactions and hydrogen bonds. These kinds of
bonds result in a material with a low capacity to deform, thus with a
limited ductility, with a glass transition higher than room temperature.
The plasticization, resulting in the introduction of water [83] or less
polar compounds [84] in between chitosan macromolecules, was indi-
cated as a general methodology to improve film flexibility mainly acting
on ions mobility. However, the production of films by solvent casting
can be difficult in an industrial environment, where plastic films are
generally produced by melt processing (for instance by flat die or blow
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Fig. 7. ATR infrared spectra of chitosan films from HI compared with the respective chitosan samples in powder.

extrusion) and for this reason chitosan and chitin are mainly explored to
produce barrier coatings [85,86] for innovative cellulosic based prod-
ucts [87] or bioplastic based films [88].

4. Discussion

In order to correlate the information collected about chemical
structure of chitosan samples with the mechanical results related to the
chitosan films, the values of the different mechanical properties were
reported as a function of the Ry (Fig. 10), Interestingly, it was found
that the elastic Modulus tends to increase by increasing the RAC,
probably because of the capacity of the acetyl groups to create better
interactions between polymeric chains than the charged groups. The
acetate anion, in fact, is interacting with a single -NH>* charged posi-
tively group and does not contribute to improve intermacromolecular
interactions between different chains. On the other hand, accordingly, a
higher Rac results generally in a lower elongation at break, despite the
films with a less blocky copolymeric distribution as resulting from TGA

tests showed a good deformability before breakage. Interestingly, the
tensile strength shows values very similar for the different samples, with
the exception of CHITO- L and CHITO-SH, that showed the highest
values. Interestingly, these samples are exactly those resulting less
blocky in repeating units’ distribution from our previous investigations.

Thus, the improvement of tensile strength, as well as the improve-
ment of elongation at break, can be attributed to the beneficial effect of
having a random distribution of N-acetyl glucosamine units in the chi-
tosan structure, with an optimized balance of effective inter-
macromolecular interactions and material deformability (Fig. 11). In
fact, the latter can reduce the protonated chitosan system intrinsic
fragility.

5. Conclusions
Chitin samples obtained from black soldier fly rearing, representing

various developmental stages (larvae, pupal exuviae, and adults), were
characterized by ATR-IR spectroscopy to determine the Ru¢ ratio, which



M.-B. Coltelli et al. Polymer Testing 150 (2025) 108922

—1 ----2 —3 ----4 —5 -——-6 —7

60

50

S
o
T

STRESS (MPa)
w
S
T

1

: 'E

20 | ! :

i i

r/ N 1

0} ) i ,

/# H E

1
0 1 1 L 1 1 N 1 1 1 1 i )
0 0.5 1 15 2 25 3 35 4 45 5 5.5 6

DEFORMATION (%)
(a) (b)

Fig. 8. (a) Films obtained from chitosan of HI, compared with the film obtained in the same conditions using a commercial chitosan from shrimps (SH); (b)
representative stress vs deformation trends recorded for chitosan films.

E (GPa) o, (MPa)
35 60
30 —1 ] 50 _{_
25 G
20
30 r
15
10 & 2 ‘
05 a o 10
00 o .
1 2 3* 4 5 6 7 1 2 3* 4 5 6 7
&, (MPa)
70
60
50 =
40 |
30 L
20 } \
10 B
00 e ] =
1 2 3* 4 5 6 7

Fig. 9. Mechanical properties of chitosan films: (a) Elastic Modulus obtained by DMTA experiments; (b) tensile strength obtained by tensile tests; (c) elongation at
break obtained by tensile tests.

10



M.-B. Coltelli et al.

Polymer Testing 150 (2025) 108922

40 60 -

384

364 EPD 55 -

344 L et i
=35 ~50 4 random distribution
& cn - o H..

» 30 % S
= < 45 4
« 28 =
3 26 us) °
324 L § 40 - -
=55 ‘. @
Fiy - 2354 . A " -
@ 204 2 = @ AD
w 18- o A § o ” EPD LD
1,6 4 AD
EP EP

14 25 -

124

1.0 T T T T T v T T T 1 20 : . : . y . v

0,10 012 014 016 0,18 020 022 024 026 028 030 0.12 0.14 0.16 0.18 0.20 0.22 024 0.26
R.~
AC ; Rac
5,0 - random distribution
SH
o
RN 45
-
©
o
8 40
= A
c
K] .
8354
g ®
w
3,0 4 AD .
EP EPD = LD
25 T T T T T T T
0,12 0,14 0,16 0,18 0,20 0,22 024 0,26
Rac

Fig. 10. Correlation between mechanical properties and Rac: (a) Elastic Modulus; (b) Elongation at break; (c) tensile strength.

is associated with the degree of acetylation of the polymers. This
parameter was found to be greater than 0.30 for chitin samples and
lower than 0.25 for chitosan samples. Notably, chitin derived from adult
insects exhibited the highest degree of acetylation, with values
exceeding those observed in commerecial chitin derived from shrimp and
fungi. Discoloured samples showed a lower degree of acetylation
compared to their non-discoloured counterparts. As for the chitosan
samples, those obtained from larvae and pupal exuviae were the most
deacetylated, resembling commercial shrimp-derived chitosan. Overall,
the deacetylation process appeared to be less effective in the discoloured
samples.

Thermogravimetric analysis performed under a nitrogen atmosphere
revealed distinct thermal behaviors between chitin and chitosan sam-
ples. In chitosan, an additional mass loss was observed, the magnitude of
which decreased with increasing Rac values.” Furthermore, it was
concluded that chitosan samples obtained through heterogeneous
deacetylation predominantly exhibited a blocky distribution of acet-
amide groups. An exception was observed in the chitosan derived from
larvae, as well as in the commercial shrimp-derived chitosan, both of
which appeared to possess a primarily homogeneous, random distribu-
tion of acetamide groups. along the polymer backboneThe mechanical
properties of films cast from acidic aqueous solutions of chitosan
exhibited values characteristic of brittle materials. The elastic modulus,
determined by DMTA analysis, increased with rising Rac values, while
the relationship between Rp¢ and both elongation at break and tensile
strength appeared more complex and non-linear.The highest values of
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tensile strength and elongation at break were recorded for films pre-
pared from chitin derived from Hermetia illucens larvae and from com-
mercial chitosan obtained from shrimp. Notably, these samples
exhibited a homogeneous distribution of acetyl groups, as indicated by
TGA results, suggesting that acetyl group distribution may play a key
role in determining the mechanical performance of chitosan-based films.
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