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Abstract

This PhD thesis addresses the valorization of chitin-rich biomass within the framework
of a sustainable and circular bioeconomy, with a particular focus on the development
of an integrated strategy adapted to the Moroccan context. A novel autoclave-assisted
process (AAP) was developed and optimized for the extraction of chitin and its
conversion into chitosan from multiple biological sources, including marine by-
products and terrestrial organisms. The proposed process demonstrated significant
improvements compared to conventional extraction methods, notably through a
drastic reduction in processing time, with deproteinization reduced from 18 hours to
75 minutes and deacetylation from 24 hours to 1 hour. In addition, reductions of 83%
in chemical consumption and 80% in water usage were achieved, while maintaining a
high protein removal efficiency of 94%. The extracted chitin exhibited high purity,
preserved crystallinity, and favorable thermal properties, confirming the effectiveness
of the process. These results are reflected in a high Industrial Feasibility Score (IFS),
highlighting the strong potential of the AAP for industrial implementation. The
influence of biomass origin on the physicochemical properties of chitin and chitosan
was investigated, revealing significant variability in key parameters such as degree of
deacetylation and molecular weight. This variability was leveraged for the design of
advanced materials, leading to the development of an innovative three-dimensional
(3D) chitosan scaffold. The resulting material exhibited outstanding adsorption
performance toward inorganic pollutants, with maximum adsorption capacities
reaching 860 mg-g™ for Cu?* and 576 mg-g™! for Cr®, exceeding most values reported
for conventional chitosan-based adsorbents. A marked selectivity toward multivalent
ions was also demonstrated. Overall, this work establishes a coherent approach
combining efficient extraction, material engineering and application development, and
proposes a strategic framework for the implementation of a multi-feedstock chitin
biorefinery in Morocco. By integrating process adaptability, resource diversity and
high-value applications, this study contributes to the emergence of sustainable bio-
based industries and highlights the potential of chitin as a key bioresource for future

industrial systems.



Résumé

Cette these de doctorat porte sur la valorisation de biomasses riches en chitine dans le
cadre d'une bioéconomie circulaire et durable, avec une attention particuliere portée
au développement d"une stratégie intégrée adaptée au contexte marocain. Un procédé
innovant assisté par autoclave (AAP) a été développé et optimisé pour 'extraction de
la chitine et sa conversion en chitosane a partir de diverses sources biologiques,
incluant des sous-produits marins et des organismes terrestres. Le procédé développé
a permis d’obtenir des améliorations significatives par rapport aux méthodes
conventionnelles, notamment une réduction drastique du temps de traitement, avec
une déprotéinisation passant de 18 heures a 75 minutes et une désacétylation de 24
heures a 1 heure. En parallele, des réductions de 83 % de la consommation de réactifs
chimiques et de 80 % de la consommation d’eau ont été obtenues, tout en maintenant
une efficacité d’élimination des protéines de 94 %. La chitine extraite présente une
haute pureté, une cristallinité préservée et des propriétés thermiques favorables,
confirmant la performance du procédé. Ces résultats se traduisent par un score élevé
de faisabilité industrielle (IFS), soulignant le fort potentiel du procédé AAP pour une
mise a l’échelle industrielle. L’influence de l'origine biologique sur les propriétés
physicochimiques de la chitine et du chitosane a été mise en évidence, révélant des
variations significatives du degré de désacétylation et de la masse molaire. Cette
variabilité a été exploitée pour la conception de matériaux avancés, conduisant au
développement d"un scaffold tridimensionnel (3D) innovant a base de chitosane. Ce
matériau a montré des performances remarquables en adsorption de polluants
inorganiques, avec des capacités maximales atteignant 860 mg-g=' pour Cu? et 576
mg-g! pour Cr?*, dépassant la majorité des adsorbants a base de chitosane rapportés
dans la littérature. Une sélectivité marquée envers les ions multivalents a également
été observée. Dans 'ensemble, ce travail propose une approche cohérente combinant
un procédé d’extraction performant, une ingénierie des matériaux et le développement
d’applications a forte valeur ajoutée, tout en introduisant un cadre stratégique pour la
mise en place d'une bioraffinerie de la chitine multi-ressources au Maroc. En intégrant
I'adaptabilité des procédés, la diversité des ressources et le développement
d’applications ciblées, cette étude contribue a 1'émergence d’industries biosourcées
durables et met en évidence le potentiel de la chitine comme ressource clé pour les

systemes industriels futurs.
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Part 1: General Introduction

The continuous growth of the global population, together with increasing
industrialization and urbanization, has led to a rising demand for materials largely
derived from petroleum resources. This dependence raises two major challenges. On
one hand, fossil resources are finite and unevenly distributed worldwide, leading to
economic dependence of many countries on petroleum-exporting regions and
contributing to geopolitical tensions [1,2]. On the other hand, petroleum-based
materials generate persistent waste, which accumulate in the environment and cause

long-term ecological damage [3].

These limitations highlight the need to rethink current production models and to
reduce our reliance on fossil resources. One possible pathway consists in shifting
toward renewable and locally available bioresources. In this context, biomass
represents a promising alternative, as it is widely accessible and can be exploited
according to regional specificities. Unlike petroleum, being concentrated in specific
areas of the world, biomass is distributed across all countries, offering the opportunity
to develop more autonomous and sustainable production systems based on local

resources.

This transition is closely related to the concept of circular bioeconomy, which promotes
the valorization of biological resources and organic residues into value-added
products [4]. By integrating principles of resource efficiency, recycling and reuse, this
approach aims to reduce waste, while maintaining materials within productive cycles
for as long as possible (figure 1). In this framework, the concept of biorefinery plays a
central role, as it refers to the integrated processing of biomass into a spectrum of
valuable products, including materials, chemicals and energy. Biorefinery approaches
enable the efficient utilization of biomass by maximizing the value extracted from
biological resources, while minimizing waste generation [4,5]. Such a transition is

strongly supported by international initiatives, particularly the United Nations
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Sustainable Development Goals (SDGs), adopted in 2015 by more than 190 countries
[6]. Among these, SDG 6 (Clean Water and Sanitation), SDG 9 (Industry, Innovation
and Infrastructure), and SDG 12 (Responsible Consumption and Production)
emphasize the importance of developing sustainable materials and environmentally

responsible industrial processes.

CIRCULAR ECONOMY
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Figure 1. Schematic representation of resource flows in linear and circular
economical systems

Within this framework, an important question arises: which biological resources can
be mobilized to replace petroleum-based materials? The answer largely depends on
the availability and diversity of biomass resources within each country. Indeed,
biomass is not uniformly distributed and its nature varies according to geographical,
climatic and economic contexts. Depending on these factors, different types of biomass
can be valorized, including lignocellulosic resources such as wood, agricultural
residues and marine biomass. This context-dependent availability highlights the
importance of developing locally adapted strategies based on the specific bioresources
accessible in each country. Among these, marine biomass represents a particularly
relevant resource in regions where fishing and seafood processing activities generate

large quantities of organic waste.
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These marine by-products, including arthropods biomass such as crustacean shells,
and cephalopod residues, are rich in valuable biopolymers. Among them, chitin stands
out as one of the most abundant natural polysaccharides [7]. It can be extracted from
various biological sources and transformed into functional materials with a wide range
of applications. The growing interest in chitin and its derivatives is reflected in their
increasing industrial importance. In 2020, the global market for chitin and chitosan was
estimated at USD 42.24 billion and is projected to reach approximately USD 69.30

billion by 2028 [8], highlighting their strong commercial potential.

In this context, Morocco offers particularly favorable conditions for the development
of chitin-based valorization strategies. The country benefits from an extensive coastline
along both the Atlantic Ocean and the Mediterranean Sea, supporting important
fisheries and seafood processing industries that generate significant quantities of
marine by-products, including shrimp shells, crab residues and cephalopod wastes [9].
These aquatic biomass residues constitute an abundant and locally available
bioresource that remains largely underexploited. Their valorization represents a
promising pathway toward the implementation of a circular bioeconomy based on
marine resources. In this perspective, the development of a chitin biorefinery approach
appears particularly relevant, as it would enable the conversion of this biomass into
high-value products while minimizing waste and improving resource efficiency. Such
an approach would allow Morocco to rely on its own bioresources to reduce
dependence on petroleum-derived materials and to develop sustainable and locally
adapted production systems. In this context, a central question arises: what strategies
can be developed today to enable the effective implementation of a chitin biorefinery
in Morocco, allowing this bioresource to be sustainably exploited and integrated into

future bio-based industry?

The present doctoral research was conducted within the framework of the

AQUA'MAR project (ARES-PRD) entitled “(Re)dynamization of Moroccan
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Aquaculture through the Valorization of Natural Resources from Arthropods”. This
Moroccan-Belgian collaborative project aims to promote the sustainable development
of aquaculture and marine biotechnology through the valorization of locally available
biological resources, by integrating the expertise of Moroccan and Belgian research
institutions (University of Cadi Ayyad and University of Mons). Within this context,
the objective of this thesis was to evaluate the potential of chitin derived from different
Arthropods including Hermetia illucens breeding residues, generated during the
production of insect-based feed for aquaculture, as a valuable bioresource for the
development of functional materials. To address this objective, the thesis first provides
a comprehensive state of the art on chitin-rich bioresources, their extraction strategies
and their potential application production systems. The state of the art is presented in
the following chapter in order to further detail and critically analyze the different

aspects discussed above.
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Part 2: State Of The Art

1. Chitin and its derivatives

1.1. Discovery, historical background and chemical structure

Chitin is one of the most abundant natural polysaccharides in the biosphere and
constitutes a major structural component in numerous biological systems. The
scientific discovery of chitin dates back to 1811, when the French chemist Henri
Braconnot isolated a previously unknown substance from mushroom cell walls, which
he initially termed “fungine”. Later, in 1823, the substance was also identified in insect
cuticles by Auguste Odier, who introduced the term chitin, derived from the Greek
word chiton, meaning protective covering or tunic. Since then, chitin has been
recognized as a key structural biopolymer present in a wide range of organisms,

including arthropods, fungi, mollusks and certain algae.

Structurally, chitin is a linear polysaccharide composed of (3-(1—4)-linked N-acetyl-D-
glucosamine units (figure 2), forming long polymer chains analogous to cellulose but
differing in the substitution of the hydroxyl group at the C-2 position by an acetamide
group [10]. This molecular architecture promotes the formation of highly ordered
crystalline domains through extensive intra- and intermolecular hydrogen bonding
interactions between adjacent chains. As a consequence, chitin exhibits remarkable
structural stability and mechanical resistance, properties that are essential for its
biological function as a reinforcing element in protective exoskeletons and structural

matrices.
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Figure 2. Chemical structure of chitin

At the supramolecular level, individual chitin chains assemble into microfibrils and
nanofibrillar bundles, which are embedded within a proteinaceous matrix in biological
tissues. This hierarchical organization leads to the formation of highly ordered
crystalline microfibrils that confer exceptional stiffness and chemical resistance to the
polymer [11]. Such a dense hydrogen-bonding network significantly reduces solubility
in most common solvents, which explains why native chitin is generally considered
chemically inert and requires specific treatments to enable its transformation into

functional derivatives [12-14].

1.2. Conversion of chitin into chitosan

Although chitin is abundant in Nature, its direct industrial applications remain limited
due to its poor solubility in most solvents [15]. This limitation is primarily related to
the strong hydrogen-bonding network between polymer chains and the high
crystallinity of the material. To overcome this limitation, chitin is commonly
transformed into chitosan, which represents the most widely utilized derivative of
chitin. From a historical perspective, the conversion of chitin into chitosan was first
reported in 1859 by the French physiologist Charles Rouget, who demonstrated that

treating chitin with concentrated alkaline solutions leads to a modified form of chitin
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that becomes soluble in acidic media [16]. This discovery laid the foundation for the
development of chitosan as a distinct and functional derivative of chitin. The industrial
production of chitosan emerged much later, notably in Japan in the early 1970s, where
the abundance of crustacean waste from seafood processing industries provided a
readily available raw material [17]. This context, combined with a strong seafood
industry and early investments in biomaterials and industrial biotechnology, enabled
Japan to play a pioneering role in the large-scale production and commercialization of

chitin and chitosan, significantly contributing to their global development [18].
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Figure 3. Chemical structure of chitin and chitosan

Chitosan is then obtained through the partial or complete deacetylation of chitin,
typically performed under alkaline conditions. During this process, acetyl groups
attached to the amino functions of N-acetylglucosamine units are removed, generating
D-glucosamine residues containing free primary amine groups along the polymer
backbone [19]. As a result, chitosan becomes a copolymer composed of glucosamine
and N-acetylglucosamine units, whose relative proportions depend on the degree of

acetylation (figure 3).
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1.3. Key properties of chitin derivatives

The wide range of technological applications attributed to chitin and chitosan is closely
associated with their distinctive physicochemical and biological properties. These
characteristics arise from the molecular structure of the polymer backbone and the
presence of reactive functional groups distributed along the chains. Parameters such
as the degree of acetylation, molecular weight, crystallinity and thermal behavior
strongly influence the physicochemical performance of these biopolymers and
determine their suitability for various applications. In addition to these structural
parameters, chitin and chitosan exhibit several functional properties including
biodegradability, antimicrobial activity, antioxidant behavior and strong chelating
capacity toward metal ions, which significantly broaden their application potential in

sustainable material systems [20].

1.3.1. Degree of acetylation (DA)

The degree of acetylation (DA) represents one of the most critical parameters
controlling the properties of chitin and chitosan. It corresponds to the proportion of
acetylated N-acetyl-D-glucosamine units relative to deacetylated glucosamine
residues along the polymer chain [21]. Native chitin typically presents a high degree
of acetylation, often exceeding 90%, whereas chitosan is characterized by lower

acetylation levels due to the deacetylation process applied during extraction.

Variations in the degree of acetylation strongly affect several physicochemical
characteristics, including solubility, charge density, intermolecular interactions and
chemical reactivity [22]. When the degree of acetylation decreases, a higher number of
free amino groups becomes available along the polymer backbone. In acidic
environments, these amino groups become protonated, generating a polycationic
structure, which favorize interaction with molecules such as proteins, microbial cell

membranes and dissolved metal ions [23]. As a consequence, the degree of acetylation

33



plays a fundamental role in determining the adsorption capacity, biological activity

and chemical functionality of chitosan-based materials.

1.3.2. Molecular weight (Mv)

The molecular weight (Mv) of chitin and chitosan is another essential parameter
influencing their physicochemical behavior. Molecular weight directly affects solution
viscosity, mechanical strength, diffusion properties and the ability of the polymer
chains to interact with other molecules [24]. High Mv chitosan generally exhibits
enhanced viscosity and improved mechanical properties, making it suitable for
applications such as film formation, membrane fabrication and coating technologies
[25]. Conversely, lower Mv chitosan or chitosan oligomers often demonstrate
increased solubility and improved biological activity due to their higher mobility and
greater ability to penetrate biological membranes [26]. The Mv distribution of chitosan
can be influenced by extraction conditions, alkaline treatment and depolymerization
processes such as enzymatic hydrolysis or oxidative degradation [27]. Consequently,
controlling molecular weight represents an important strategy for tailoring the

functional properties of chitosan for specific industrial or biomedical applications.

1.3.3. Crystallinity and chitin fiber orientation

Chitin occurs naturally in several crystalline polymorphic forms depending on the
spatial arrangement of its polymer chains during biosynthesis. Three main
allomorphic structures have been identified: a-chitin, B-chitin and y-chitin [28] (figure
4). Among these forms, a-chitin is the most common and thermodynamically stable
structure, typically found in crustacean shells and insect cuticles. In this configuration,
adjacent polymer chains are arranged in an antiparallel orientation, resulting in strong
intersheet hydrogen bonding that produces a highly compact crystalline structure
with limited swelling capacity. In contrast, (-chitin, which is mainly found in

cephalopods such as squid pens and cuttlefish structures [29], exhibits a parallel chain
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arrangement with weaker hydrogen bonding interactions. This structural
configuration generates a more open crystalline lattice, making [3-chitin more reactive
and more susceptible to chemical modification. The third form, <y-chitin, is
comparatively rare and consists of a combination of parallel and antiparallel chain
arrangements. Although less frequently encountered, y-chitin has been identified in

specific biological structures such as insect cocoons and certain fungal cell walls.
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Figure 4. Polymorphic forms of chitin

During the conversion of chitin into chitosan, a partial disruption of these crystalline
regions occurs as a result of the deacetylation process. This transformation typically
leads to a decrease in crystallinity and increases the accessibility of reactive functional
groups along the polymer chains. Changes in crystallinity therefore influence key
material properties, including water absorption capacity, chemical reactivity and

mechanical performance [30].

Beyond polymorphism, the spatial orientation of chitin microfibrils within biological
matrices represents another crucial structural parameter influencing material
performance. In most arthropod exoskeletons, chitin nanofibrils are arranged in
layered helicoidal architectures known as Bouligand structures, where successive

fibrillar layers are rotated by small angles relative to each other. Other spatial
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orientations have been reported such as parallel, parabolic and helicoidal [31,32]

(figure 5).

Spatial orientation of chitin microfibrils
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Figure 5. Spatial orientation of chitin microfibils

Such hierarchical structuring results in highly organized nanofibrillar assemblies
embedded within protein matrices, where fiber alignment governs mechanical
stiffness, permeability and fracture behavior [33]. Variations in microfibril orientation
influence the packing density of crystalline domains, hydrogen-bonding interactions
between polymer sheets and crystallite coherence length, thereby modulating both

crystallinity and macroscopic material properties [34].

Despite the extensive literature describing the polymorphism, crystallinity and
hierarchical organization of chitin, these structural features have been predominantly
studied in a separated manner. In particular, although different microfibrillar
architectures and polymorphic forms have been widely reported, their evolution
during extraction and conversion processes remains insufficiently understood. More
importantly, no clear link has been systematically established between these structural
characteristics, especially microfibril orientation, and the resulting functional

properties of chitin- and chitosan-based materials. Since fiber orientation is known to
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influence key properties such as mechanical strength, porosity and mass transfer
behavior, establishing this structure—property relationship is essential for the rational

design of functional materials.

1.3.4. Thermal properties

Chitin and chitosan exhibit relatively high thermal stability compared with many
other naturally-occurring biopolymers. Their thermal behavior typically involves a
two-stage degradation process, including initial dehydration step, followed by
decomposition of the polymer backbone at higher temperatures [35,36]. The thermal
stability of these materials depends strongly on structural parameters such as DA,
crystallinity and Mv, which govern intermolecular interactions and chain mobility
[37]. Due to its highly ordered crystalline structure and strong intermolecular
hydrogen bonding, chitin generally shows higher thermal stability than chitosan. In
contrast, chitosan exhibits slightly lower degradation temperatures because the
deacetylation process disrupts the ordered crystalline structure of the polymer and
reduce the extent of hydrogen bonding interactions within the polymer matrix [38].
Understanding these thermal characteristics is essential for optimizing material
processing conditions. For instance, as reported by Rdpa and Vasile (2020), during
solvent casting of chitosan-based films, drying temperatures must be carefully
controlled (typically below 100 °C) to avoid premature thermal degradation and to
preserve film integrity [39]. Similarly, the thermal stability of chitin and chitosan based
materials directly affects the mechanical performance and structural stability of films
obtained by solution casting [40]. In coating technologies, thermal resistance
determines the appropriate curing and drying conditions required to ensure uniform
film formation without degradation. Moreover, in the fabrication of porous structures
such as freeze-dried chitosan scaffolds, thermal transitions and degradation
temperatures play a crucial role in controlling pore morphology and preventing

structural collapse, thereby influencing the final material properties.

37



Furthermore, the thermal properties of chitin depend significantly on its polymorphic
form. In particular, (-chitin exhibits lower thermal stability, with maximum
degradation temperatures generally not exceeding approximately 350 °C [41]. This
lower stability is attributed to its parallel-chain arrangement and weaker
intermolecular hydrogen bonding, which results in a less compact crystalline
structure. In contrast, a-chitin, characterized by an antiparallel chain arrangement and
a highly ordered crystalline structure, exhibits higher thermal stability due to stronger
intra and intermolecular hydrogen bonding [42,43]. Consequently, the tighter
molecular packing in a-chitin requires higher energy to initiate thermal degradation,

leading to higher decomposition temperatures compared to 3-chitin.

1.3.5. Biodegradability and biocompatibility

One of the most attractive features of chitin and chitosan is their biodegradable and
biocompatible nature. These biopolymers can be enzymatically degraded by naturally
occurring enzymes such as chitinases, lysozymes and other glycosidases, leading to
the formation of oligomers and glucosamine derivatives [44]. These degradation
products are generally non-toxic and can be metabolized by living organisms. The
biodegradability of chitin and chitosan makes them particularly suitable for
applications requiring environmentally friendly materials. Their degradation products
exhibit minimal ecological persistence and can be reintegrated into natural

biochemical cycles.

1.3.6. Antimicrobial and antioxidant activities

Chitosan is widely recognized for its intrinsic antimicrobial activity against a broad
range of microorganisms including Gram-positive and Gram-negative bacteria, fungi
and certain viruses. This antimicrobial effect is mainly attributed to the polycationic
nature of chitosan, which enables strong electrostatic interactions with charged

microbial cell membranes. These interactions can disrupt membrane integrity, increase
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permeability and ultimately inhibit microbial growth [45]. In addition to antimicrobial
activity, chitosan and several of its derivatives exhibit antioxidant properties, which
are associated with their capacity to scavenge reactive oxygen species and chelate
transition metal ions involved in oxidative reactions. These antioxidant characteristics
have leveraged considerable interest in fields such as food preservation, biomedical

materials and pharmaceutical formulations that will be discussed below [46].

1.3.7. Chelating and bioadsorption capacity

Chitosan is known for its strong chelating ability toward metal ions and various
environmental pollutants [47,48]. The presence of amino and hydroxyl functional
groups along the polymer backbone allows chitosan to interact with metal ions
through mechanisms such as ion exchange, complexation and electrostatic attraction
[49]. These interactions make chitosan as an efficient bioadsorbent for environmental
remediation, particularly in the removal of heavy metals such as lead, cadmium,
copper and chromium from contaminated water [47,50,51]. Numerous studies have
demonstrated that adsorption efficiency depends strongly on structural parameters

such as DA, Mv and surface morphology of the material [52,53].

1.4.Main derivatives of chitin and chitosan

Although native chitin and chitosan possess several intrinsic physicochemical and
biological properties, their direct application in advanced technological fields often
requires structural or morphological modifications. In many cases, the native polymer
structure does not provide the optimal reactivity, surface area, or selectivity needed
for specific applications. Consequently, various derivatives and engineered forms of
chitin and chitosan have been developed in order to tailor their functional properties
and enhance their performance in targeted applications. These modifications may
involve chemical functionalization of the polymer backbone or the fabrication of

materials with specific architectures and morphologies. In environmental applications,
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for example, chitosan derivatives are frequently designed to improve selectivity and
adsorption capacity toward specific metal ions or pollutants, through the introduction
of functional groups capable of forming coordination complexes with metal species
[54]. In agricultural applications, structural modification of chitosan can enhance its
bioactivity as a plant growth stimulator or elicitor of plant defense mechanisms,
thereby improving crop productivity and resistance to environmental stress [55].
Similarly, in biomedical and pharmaceutical fields, chitin and chitosan derivatives are
often engineered to optimize properties such as biocompatibility, controlled drug
release, mechanical stability, and interaction with biological tissues [56]. Beyond
chemical modification, the versatility of chitin and chitosan also arises from their
ability to be processed into a wide range of structural forms and functional materials.
These include films, nanoparticles, hydrogels, beads, porous scaffolds and composite
materials (figure 6), each offering specific structural characteristics that can be

exploited for different applications [57-60].
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Figure 6. Derivatives of chitin and chitosan
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One of the most common forms of chitosan-based materials is chitosan films, which
are obtained through solution casting [61]. Due to their excellent film-forming ability,
flexibility and antimicrobial properties, chitosan films have been extensively
investigated for applications in biomedical coatings and barrier materials [62].
Another important class of derivatives involves nano-structured chitin and chitosan
materials. These nanostructures can be produced in different morphologies, primarily
as nanocrystals or nanofibers, depending on the extraction and processing methods
used [63]. They exhibit extremely high surface area and enhanced reactivity [64]. These
features make them particularly attractive for applications in nanocomposites,
biomedical materials and advanced adsorption systems. The nanoscale structure also
facilitates interactions with biological membranes and improves the dispersion of

these materials within polymer matrices.

Hydrogels consist of three-dimensional polymer networks formed through either
chemical crosslinking (covalent bonds) or physical interactions such as ionic bonding,
hydrogen bonding and chain entanglement between polymer chains [65,66]. In the
case of chitosan, network formation is primarily governed by interactions involving
its reactive amino (-NH) and hydroxyl (-OH) groups, which can participate in
crosslinking reactions or electrostatic interactions with multivalent ions [67]. These
interconnected structures enable the hydrogel to absorb large quantities of water while
maintaining structural integrity [68]. Their high-water retention capacity,
biocompatibility and tunable porosity make them particularly suitable for applications
such as drug delivery systems, wound dressings, tissue engineering and
environmental remediation [69]. Chitosan can also be processed into beads or
microspheres, typically through ionic gelation or precipitation techniques. In ionic
gelation, chitosan chains are crosslinked through electrostatic interactions between
protonated amino groups (-NHs*) and multivalent anions such as tripolyphosphate

(TPP) [47], leading to the formation of stable hydrogel beads. In precipitation-based
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methods, chitosan is first dissolved in acidic solution and then dropped into an
alkaline medium (e.g., NaOH), where deprotonation of amino groups induces
polymer aggregation and solid bead formation [58,70]. These spherical structures are
widely used as adsorbents or carriers due to their high surface area and accessible
functional groups. Chitosan beads have demonstrated high efficiency in the removal
of heavy metals, dyes and other contaminants from aqueous solutions, making them

promising materials for water purification technologies [47,58].

Another promising class of materials derived from chitosan is three-dimensional
porous scaffolds, which are typically obtained through techniques such as freeze-
drying (lyophilization), gas foaming or phase separation. In particular, freeze-drying
involves the removal of solvent from a frozen chitosan solution, leading to the
formation of an interconnected porous network. The resulting structure is
characterized by high porosity and pore interconnectivity, which are key parameters
for facilitating cell infiltration and mass transfer [71,72]. Chitosan scaffolds have
attracted considerable interest in biomedical engineering, particularly in tissue
regeneration and wound healing applications due to their biocompatibility,
biodegradability and structural similarity to components of the extracellular matrix
[73,74]. In environmental applications, porous scaffolds can also function as highly
efficient adsorbent materials capable of capturing pollutants from contaminated water.
However, this potential remains insufficiently explored in the literature. In addition to
these forms, chitin and chitosan are frequently combined with other natural or

synthetic polymers to produce composite materials with enhanced properties.

2. Extraction and processing of chitin and chitosan

Several technological strategies have been developed to extract chitin and chitosan.
These approaches aim to remove minerals, lipids, protein fractions and acetyl groups.

The main extraction routes currently reported in the literature include conventional
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chemical extraction, biological or green extraction methods such as enzymatic
extraction and DES & ionic liquid solvents, and emerging intensified technologies like
ultrasound assisted process, microwave assisted process and autoclave assisted

process, as illustrated in figure 7.
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Figure 7. Extraction techniques of chitin and chitosan

Conventional chemical extraction remains the dominant industrial process due to its
operational simplicity and high extraction efficiency. This method typically relies on
sequential acid and alkaline treatments to remove mineral salts and proteins from the
biomass. Despite its widespread use, chemical extraction requires significant
quantities of reagents and generates large volumes of effluents, raising important
environmental concerns [75,76]. To reduce chemical consumption and improve
environmental performance, biological extraction approaches have been explored.
Enzymatic treatments using microbial or marine proteases can remove protein
fractions from crustacean shells under milder conditions while preserving polymer

integrity [77,78].
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In parallel, several process intensification technologies have been developed to

accelerate extraction reactions and improve process efficiency. Microwave-assisted

extraction has been reported to significantly reduce processing time during the

demineralization, deproteinization and deacetylation steps [79]. In a recent study,

chitosan with a degree of deacetylation of approximately 82.7% was produced in about

24 min using microwave irradiation, compared with 6-7 h required by conventional

heating [80]. A comparative overview of the principal extraction methods, including

their main principles, advantages and limitations, is summarized in Table 1.

Table 1. Comparison of the main extraction methods used for chitin and chitosan

production
Extraction Experimental conditions Advantages Limitations Ref
method
Conventional -Demineralization: 3M -High extraction -High consumption of [80]
chemical HCl,75°C,2h efficiency acids and bases
extraction -Deproteinization: 10% -Industrially established =~ -Large volumes of
NaOH, 80 °C, 2 h -Reproducible wastewater
-Deacetylation: 50% -Possible polymer
NaOH, 100 °C, 2.5 h degradation
Autoclave-  Deproteinizationusing2.5 -Faster protein removal [77]
assisted M NaOH under autoclave  -Improved process
extraction conditions (121 °C, 15 psi,  efficiency The method is limited
20 min) followed by acid only in shrimp shells
demineralization source
Deacetylation using -Faster and efficient W
50% NaOH in 1h deacetylation (DA=5%)
Enzymatic -Protease-assisted -Mild conditions -High enzyme cost [77]
extraction deproteinization using -Preserves polymer -Slower than chemical
microbial enzymes molecular weight extraction
-3 h hydrolysis at 45 °C
Microwave-  -Demineralization: 3 M -Strong reduction in -Requires microwave [80]
assisted HCI, 500 W, 8 min processing time (minutes equipment
extraction -Deproteinization: NaOH,  instead of hours) -Scaling up remains

160-350 W, 8 min
-Deacetylation: NaOH
50%, 350 W, 8 min

-Energy-efficient

challenging
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Ultrasound-  Ultrasonic treatment 20—  -Enhanced mass transfer ~ -Energy demand [82]

assisted 40 kHz for ~30-60 min -Reduced chemical usage -Process optimization
extraction combined with acid/alkali required
extraction
Fermentation- Lactic acid fermentation -Low chemical -Long processing time
based 4-6 days for simultaneous  consumption -limited industrial [83]
extraction demineralization and -Environmentally scalability
deproteinization friendly

Despite the promising results reported for intensified extraction techniques, several
limitations remain, particularly regarding their industrial applicability. In industrial
contexts, process selection is primarily driven by efficiency, productivity and cost,
while sustainability and environmental impacts are still considered as secondary
considerations in many cases. Although alternative extraction methods have been
proposed to reduce chemical consumption and processing time, their implementation
at large scale remains limited. Recent comparative studies have further highlighted the
potential of autoclave-assisted processes for chitin deacetylation. In particular, a study
conducted on shrimp shell biomass demonstrated that autoclave-assisted treatment
can achieve a high deacetylation (DA=5%), compared to conventional thermochemical
methods (DA=19%) and microwave-assisted processes (DA=33%) [81]. This enhanced
performance is attributed to the combined effect of elevated temperature and pressure,
which improves alkali diffusion into the crystalline structure and promotes more

efficient removal of acetyl groups.

However, it is important to note that in these studies, including those reported by
Younes et al., [77], the deacetylation step is carried out using highly concentrated
sodium hydroxide solutions (50% NaOH), following conventional Kurita-type
protocols [84]. While being effective, these conditions are known to induce partial
depolymerization of chitosan chains, leading to a decrease in molecular weight [85]. In
contrast, alternative deacetylation approaches such as the Broussignac process, based

on mixtures of KOH, ethanol and ethylene glycol, have been reported to provide
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efficient deacetylation while better preserving the polymer chain length, resulting in
higher molecular weight chitosan [86]. Nevertheless, such alternative chemistries have

not yet been investigated under autoclave-assisted conditions.

Moreover, the application of autoclave-assisted extraction remains largely limited to
shrimp shell biomass, with no comprehensive studies evaluating its performance
across different chitin sources. This restricts the assessment of its robustness and limits
its current technological readiness level (TRL). In addition, key parameters such as
water consumption, energy demand and overall environmental impact of the process
are rarely evaluated, making it difficult to determine its real sustainability compared
to conventional extraction methods. Furthermore, most studies focus primarily on
extraction yield, without systematically investigating how processing conditions
influence the structural and functional properties of the final chitin and chitosan
materials. Beyond the extraction process itself, the biological origin of the raw material
is also a critical factor influencing the properties of the final product. The interplay
between biomass source and extraction method therefore remains insufficiently

understood and deserves further investigation.

3. Arthropods biomass as a source of chitin

3.1.Main industrial sources

Arthropods constitute the most important reservoirs due to the structural role of chitin
in their exoskeletons [87]. Industrial production of chitin has therefore historically
relied on arthropod biomass, particularly marine crustaceans such as shrimp, crabs
and lobsters, whose shells contain significant amounts of chitin embedded within a
matrix of proteins, minerals and pigments [88]. Crustacean processing industries
generate large quantities of shell waste during seafood preparation. These residues
typically represent 40-60% of the total biomass of crustaceans and contain chitin
contents ranging from approximately 20 to 30% of the dry weight, making them the

primary commercial source for industrial chitin extraction [87,89].
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Recently, other arthropod groups have increasingly attracted scientific attention as
alternative chitin sources. Insects represent one of the most promising emerging
resources, particularly in the context of the rapid expansion of insect farming
industries for animal feed and organic waste recycling. Species such as BSF produce
substantial quantities of exoskeletal residues during their life cycle, especially in the
pupal stage, which are rich in chitin and can be valorized for biopolymer production
[90]. Other arthropod resources have also been investigated, including terrestrial
organisms such as scorpions and beetles whose exoskeletons contain structurally
organized chitin [91]. Although these resources remain less explored compared with
marine crustaceans and insects, they provide interesting perspectives for diversifying
chitin supply chains and expanding the range of available biomass feedstocks. Beyond
arthropods, cephalopod by-products such as squid pens and cuttlefish bones are also
recognized as valuable marine resources containing chitin in the B-polymorphic form

[92]. These residues are generated in large quantities by seafood processing industries

3.2.Advantages and limitations of each source

Although several biological sources can provide chitin, their industrial relevance
depends on factors such as availability, extraction efficiency, chemical composition
and environmental sustainability. Each biomass source presents specific advantages
as well as certain limitations that must be considered when evaluating its potential for
large-scale chitin production. A comparative overview of the main advantages and
limitations associated with these different sources is presented in table 2, highlighting

the main characteristics influencing their suitability for chitin production.

Table 2. Advantages and disadvantages of each chitin source

Source Advantages Disadvantages Ref

- Well-established  extraction - Seasonal availability can limit [93,94]

methods with high efficiency supply
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Crustaceans
(Shrimp,
Crab, Lobster)

- High chitin content (up to 30%
of dry weight)

- Commercially available and

widely used in various industries

- Good mechanical properties of

extracted chitin, making it

suitable for diverse applications

- Potential  allergens

(e.g.,
tropomyosin) that may pose health

risks

- Requires  harsh  chemical

treatments (HCI) due to the high
mineral content that may damage

chitin structure and lead to

environmental pollution

Insects (e.g.,

BSF puparia)

- Year-round availability,

allowing for consistent supply

- Higher chitin content in some

species (up to 40% of dry weight)

- More sustainable and eco-

friendly, with lower carbon

footprint

- Potential for higher yields and

simpler extraction processes

compared to crustaceans

established

methods compared to crustaceans,

- Less extraction

requiring further optimization

- Variability in chitin quality

depending on  species and

extraction method
- Limited commercial availability

and market acceptance, affecting
scalability

[95-97]

Fungi (e.g.,
Termitomyces,

Ganoderma)

- Renewable and sustainable
with

environmental impact

source minimal

- Absence of allergenic proteins,

making it safer for consumption

- More environmentally friendly
with lower disposal costs and
waste substrate

potential for

utilization

- Lower chitin content compared to
crustaceans and insects (typically
around 5-10% of dry weight)

- Extraction methods still being

optimized, with less

standardization

- Potential risks of pathogenic fungi
if not handled properly

[95]

Squid Pens

- Renewable source with minimal
environmental impact and year-

round

- Lower chitin content compared to
crustaceans (typically around 15-
20%)

[98]
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- Can be processed with fewer - Limited commercial use and
environmental concerns availability,  affecting  market

compared to crustaceans viability

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

crustaceans

3.3.Potential of Moroccan bioresources

Morocco possesses significant natural resources that could support the development
of sustainable chitin supply chains within a circular bioeconomy framework. The
country benefits from an extensive coastline of approximately 3 500 km along both the
Atlantic Ocean and the Mediterranean Sea, supporting one of the most important
fisheries sectors in Africa [99]. This sector generates large quantities of marine by-
products originating from seafood processing industries, including crustacean shells,
cephalopod structures and other chitin-containing residues that remain partially
underutilized. Several investigations conducted on Moroccan marine resources have
highlighted the considerable quantities of chitinous waste generated by seafood
processing activities. In Northern Morocco, shrimp decortication units located
between Larache and Tangier produce large volumes of shell residues that can be
valorized through chitin extraction. These wastes represent a significant industrial
resource, with an estimated potential of approximately 950 tons of purified chitin per
year, which could subsequently yield around 700 tons of chitosan after deacetylation
[9]. The recovery of chitin from such residues represents an effective strategy to
transform seafood processing waste into high-value biomaterials while reducing the

environmental burden associated with their disposal.

Cephalopod processing residues also constitute an important but still underexploited
source of chitin along the Moroccan coast. Studies focusing on cuttlefish processing
units in Dakhla, one of the main cephalopod fishing areas in Morocco, demonstrated

that the large quantities of discarded cuttlebones could potentially generate around 77
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tons of (3-chitin annually, which may subsequently be converted into approximately
60 tons of chitosan depending on the extraction and deacetylation processes employed
[92]. In addition to their abundance, these residues are particularly interesting because
they contain B-chitin, a polymorphic form characterized by a more open crystalline
structure and higher reactivity compared with the a-chitin typically obtained from

crustaceans [87].

At a smaller geographic scale, investigations carried out in the coastal city of Essaouira
between 2012 and 2013 further illustrate the local potential of seafood waste
valorization. Surveys conducted in several seafood restaurants revealed that
considerable quantities of chitin-rich residues are generated annually, including
approximately 17 370 kg of shrimp waste, 22 680 kg of squilla residues, and 43 740 kg
of spider crab shells, in addition to smaller quantities of squid pens and cuttlebones
[100]. Although these values correspond to a limited urban area, they highlight the
substantial availability of chitinous biomass that could be recovered through
integrated valorization strategies. Beyond marine resources, Morocco also offers
favorable conditions for the development of alternative chitin sources. The increasing
interest in insect farming for animal feed production and organic waste recycling
provides new opportunities for generating chitin-rich residues, particularly from
species such as BSF. These residues could be integrated into sustainable biomass
valorization systems, enabling the conversion of organic waste streams into functional

biomaterials while supporting circular bioeconomy principles [101].

4. Main applications

Chitin and its derivatives have been widely explored in various scientific and
industrial sectors, including biomedicine, agriculture, food technology and
environmental remediation. Their versatility and adaptability allow them to be

processed into different material forms such as films, nanoparticles, hydrogels, beads
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and porous scaffolds, which significantly expands their range of applications (figure

8).

In biomedical fields, these polymers have been extensively investigated for
applications such as drug delivery systems, wound dressings and tissue engineering
scaffolds. Chitosan-based materials provide a favorable environment for cell adhesion
and proliferation, while their antimicrobial properties contribute to reducing the risk
of infection in medical devices and wound healing applications. In agriculture,
chitosan has attracted increasing attention as a natural plant biostimulant and elicitor
of plant defense responses. Its application can stimulate plant growth, enhance
resistance to pathogens and improve tolerance to environmental stresses. Chitosan-
based formulations are therefore considered promising environmentally friendly

alternatives to conventional agrochemicals.
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Figure 8. Chitin and its derivatives applications
In the food sector, chitosan is commonly investigated for the development of
biodegradable packaging materials and edible coatings [102,103]. Thanks to its film-

forming ability and antimicrobial activity, chitosan can be used to produce protective
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films capable of extending the shelf life of perishable food products and reducing

microbial contamination [104,105].

Water contamination represents one of the major environmental challenges associated
with industrial development and intensive agricultural activities. Aquatic systems act
as vectors for the dispersion of pollutants, including heavy metals, salts, dyes and

emerging contaminants, which can accumulate in ecosystems and enter the food chain

(figure 9).
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Figure 9. Water vector contamination in ecosystems
Among the inorganic contaminants frequently detected in natural and industrial
waters, metal and non-metal ions such as Cu?, Cr%, Ca?, Pb?", Cd?*, K¥, Mg?* and Na*
are commonly encountered and represent important environmental challenges [106].
Some of these elements are essential micronutrients at trace concentrations but become
toxic when present at elevated levels [107]. For instance, copper (Cu?¥) plays a role in
several enzymatic processes. However, excessive exposure may induce oxidative
stress, liver damage and neurological disorders [108]. Chromium (Cr®) is generally
considered less toxic than hexavalent chromium, yet high concentrations may still
cause metabolic disturbances and cellular toxicity [109]. In contrast, metals such as
lead (Pb?*) and cadmium (Cd?*) are highly toxic even at low concentrations. Lead

exposure is associated with severe neurological effects and developmental disorders,
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while cadmium accumulation can lead to kidney dysfunction, bone demineralization

and carcinogenic effects [110].

In addition to heavy metals, alkaline and alkaline-earth ions such as Ca?*, Mg?*, Na*
and K* play an important role in determining water hardness and salinity [111].
Although these ions are essential for biological processes and plant nutrition, excessive
concentrations can significantly alter water quality. High levels of sodium and
magnesium salts contribute to water salinization and soil degradation, which may
reduce agricultural productivity and disturb nutrient uptake in plants [112]. Similarly,
elevated calcium and potassium concentrations can influence ionic balance in
irrigation water and hydroponic nutrient solutions, affecting plant growth and crop
quality. Because these ions frequently coexist in contaminated or saline waters, the
development of efficient materials capable of selectively removing or regulating their
concentration is essential for water purification and sustainable agricultural practices

[113].

Among the various materials investigated for water purification, chitosan-based
adsorbents have attracted considerable attention due to their unique physicochemical
properties and environmental compatibility. Chitosan is a naturally derived
polysaccharide characterized by the presence of a high density of reactive amino (-
NH,) and hydroxyl (-OH) functional groups, which can interact strongly with metal
ions through mechanisms such as chelation, ion exchange and electrostatic
interactions. These functional groups provide numerous active sites for binding
contaminants, enabling efficient adsorption of metal ions from aqueous solutions. One
of the main advantages of chitosan as a bioadsorbent lies in its high affinity toward
transition metal ions, particularly heavy metals such as Pb?", Cd?*, Cu?* and Cr3*. The
coordination between metal ions and amino groups present along the chitosan
backbone leads to the formation of stable complexes, allowing effective removal of

these contaminants even at relatively low concentrations. In addition, the adsorption
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performance of chitosan can be significantly enhanced through chemical modification,

crosslinking or the incorporation of functional groups, which improve its stability and

selectivity toward specific pollutants. A comparative overview of some chitin

derivatives used for the removal of heavy metals and salinity-related ions from water

is summarized in Table 3.

Table 3. Representative chitin derivatives and chitosan-based materials used for

water treatment applications

Chitin Structural Target Key advantages Reference
derivatives characteristics pollutants
Chitosan beads  Porous spherical Pb?, Cu?, High adsorption [114]
structure Cd? capacity and easy
recovery
Crosslinked Chemically Pb?t, Cr®* Improved stability [115]
chitosan stabilized polymer in acidic
network conditions
Magnetic Chitosan + Fe;O, Pb?, Cu? Easy magnetic [116,117]
chitosan nanoparticles separation after
composites adsorption
Functionalized  Modified Pb?, Hg?, Improved [115]
chitosan functional groups ~ Cd* selectivity toward
(thiol/carboxyl) metal ions
Chitosan Thin porous Salts, metal Removal efficiency [118]
membranes tiltration material ~ ions between 100 and

400mg.g*
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5. Role of chitin and chitosan in the circular economy and sustainability

Chitin and chitosan have emerged as key bio-based polymers that enable the
valorization of chitin-rich biomass generated by marine, agricultural and industrial
activities [87,89]. Large quantities of such residues are produced annually from
seafood processing industries, insect farming and other arthropod resources,

representing an important yet underexploited source of renewable biomaterials.
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Figure 10. Integration of chitin and chitosan in the circular bioeconomy framework
The recovery of chitin from these biological residues exemplifies a circular bioeconomy
approach in which waste streams are converted into high-value biopolymers. This
strategy contributes to reducing environmental pollution associated with seafood and
insect farming waste while simultaneously generating sustainable materials for
industrial applications [101]. As illustrated in figure 10, chitin and chitosan
valorization integrates several stages of the circular economy, including biomass waste
recycling, bio-based material production and the development of environmentally

friendly technologies. Beyond resource efficiency, the sustainable exploitation of
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chitin-rich biomass also contributes to several United Nations Sustainable
Development Goals (SDGs). The development of chitosan-based materials for
environmental technologies supports SDG 6 (Clean Water and Sanitation), while the
advancement of bio-based polymer technologies promotes SDG 9 (Industry,
Innovation and Infrastructure). Furthermore, the transformation of biological waste
into valuable biomaterials aligns with SDG 12 (Responsible Consumption and
Production) by encouraging sustainable resource management and waste reduction.
Overall, the integration of chitin and chitosan production within biomass valorization
strategies represents a promising pathway toward the development of sustainable
materials and circular bioeconomy systems. By linking waste recycling, renewable
biomaterials and environmental technologies, these biopolymers illustrate how

biological resources can contribute to more sustainable industrial models.

6. Conclusion

The literature review highlights that chitin and its derivatives represent highly
promising bio-based materials due to their abundance, biodegradability and versatile
physicochemical properties. Their capacity to be processed into a wide range of
functional materials, including films, hydrogels, beads and porous scaffolds, enables
applications across multiple fields such as biomedicine, agriculture, food packaging
and environmental remediation. In particular, their strong chelating ability and
adsorption performance position chitosan-based materials as attractive candidates for
water treatment applications. However, despite these advantages, several scientific
and technological limitations remain. First, the relationship between the structural
organization of chitin, especially crystallinity and microfibril orientation, and the final
properties of derived materials remains insufficiently understood. Most studies
describe these structural features independently, without establishing a clear
structure—property relationship, which limits the rational design of high-performance
materials. Second, although numerous extraction methods have been developed, the
selection of an optimal process remains challenging. Conventional chemical extraction
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is still dominant at the industrial scale due to its efficiency and reproducibility, despite
its significant environmental impact. Emerging techniques such as microwave-,
ultrasound- and autoclave-assisted processes have demonstrated promising results in
terms of time reduction and process intensification. In particular, autoclave-assisted
extraction has shown high efficiency in deacetylation and protein removal.
Nevertheless, its application remains limited to specific biomass sources, mainly
shrimp shells, and relies on conventional high-concentration alkaline treatments that
may induce polymer degradation. Moreover, key parameters such as water
consumption, energy demand and overall environmental performance are rarely
evaluated, making it difficult to assess the true sustainability and scalability of these
processes. In addition, alternative deacetylation strategies, such as the Broussignac
process, have demonstrated the ability to preserve higher molecular weight chitosan
compared to conventional methods. However, their integration with intensified
processes such as autoclave-assisted extraction has not yet been explored, highlighting
an important gap in process optimization. Furthermore, most studies focus on single
biomass sources, predominantly marine crustaceans, while the variability of chitin
properties depending on the biological origin remains underexplored. The interplay
between biomass source and extraction conditions and its impact on the structural and
functional properties of chitin and chitosan, therefore represents a critical knowledge
gap. Finally, although chitosan-based materials have been widely investigated, some
promising forms such as porous scaffolds remain insufficiently explored for
environmental applications, particularly in water treatment systems. Overall, these
limitations highlight the need for integrated approaches that combine (i) the
valorization of diverse biomass sources within a circular economy approach, (ii) the
development of efficient and sustainable extraction processes and (iii) a better
understanding of structure—property relationships in chitin-derived materials. In this
context, particular attention should also be given to the development of advanced

material architectures, such as three-dimensional porous scaffolds, which offer
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significant potential for the adsorption and removal of heavy metals and dissolved
salts from aqueous media. Moreover, the properties of chitosan derived from different
biological sources, including molecular weight, degree of acetylation and intrinsic
structural organization, play a key role in the formation of such porous architectures
and directly influence their adsorption performance. Such approaches are essential to
enable the transition toward scalable and sustainable chitin biorefineries within a

circular bioeconomy framework.
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Part 3: Objectives And Proposed Scientific Strategy

In the context of the transition toward a circular bioeconomy, the valorization of chitin-
rich biomass represents a promising pathway for the development of sustainable
polymeric materials capable of reducing dependence on petroleum-derived resources.
Among these materials, chitin and its derivative chitosan have attracted increasing
attention due to their abundance, biodegradability and versatile physicochemical
properties, as well as their ability to be processed into a wide range of functional
structures. In particular, their strong chelating capacity and chemical functionality
make them highly relevant for environmental applications such as water treatment,

where efficient removal of heavy metals and dissolved salts remains a major challenge.

However, as highlighted in the state of the art, several scientific and technological
limitations still hinder the large-scale deployment of chitin-based materials. Current
production systems remain largely dependent on a limited number of biomass
sources, mainly marine crustaceans, and on conventional extraction processes
characterized by high chemical consumption and environmental impact. Emerging
techniques, although promising, remain insufficiently explored in terms of scalability,
sustainability and adaptability to diverse biomass sources. In addition, the influence
of both biomass origin and processing conditions on the structural organization and
functional properties of chitin and chitosan remains poorly understood. In particular,
the lack of clear correlations between key parameters such as degree of acetylation,
molecular weight, crystallinity and microfibril orientation and the performance of

derived materials limits the rational design of high-performance systems.
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Figure 11. Integrated research strategy for the valorization of chitin-rich biomass:
from resource diversification to structure—property control and water treatment
applications

Within this framework, the present work aims to develop an integrated approach
combining biomass valorization, process intensification and material design, with a
particular focus on Moroccan bioresources. The strategy adopted is based on a
progressive methodology linking extraction process development, diversification of
biomass sources, control of polymer properties and evaluation of functional

applications.

In a first stage, an optimized autoclave-assisted extraction process was developed
using Hermetia illucens breeding residues as a model biomass. This step aimed to
improve extraction efficiency while significantly reducing processing time, chemical
consumption and water usage. In this context, the developed process reaches a
technology readiness level (TRL) of 3, corresponding to experimental validation at
laboratory scale. In addition, a classification based on an industrial feasibility score
(IFS) was proposed to evaluate the potential for scale-up, in which the autoclave-
assisted process was ranked as IFS = A, indicating high industrial potential based on
its performance in terms of efficiency, resource consumption and operational

simplicity.
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In a second stage, this extraction strategy was extended to a wide range of marine and
terrestrial arthropod and cephalopod resources available in Morocco, while
simultaneously investigating the control of chitosan properties through the
optimization of deacetylation conditions. This approach enabled the evaluation of the
influence of both biological origin and processing parameters on the physicochemical
properties of chitin and chitosan. Particular attention was given to tailoring key
structural parameters, including the degree of acetylation and molecular weight, while
limiting polymer degradation and improving material processability. This combined
strategy highlights the role of biomass variability and process conditions in governing

material performance.

In the final stage, the extracted chitosans were processed into three-dimensional
porous scaffolds and evaluated as functional materials for water treatment
applications. The objective was to exploit their interconnected porous architecture and
surface functionality to enhance the adsorption of heavy metals and dissolved salts.
Particular emphasis was placed on understanding how the origin of the biomass and
the extraction conditions influence scaffold structure and, consequently, adsorption
performance. In addition, this work led to the development of an innovative approach,
subject to a patent application, for the design of chitosan-based materials and
processes. As a final outcome, this research proposes a set of key tools and
methodological guidelines for the implementation of a Moroccan chitin biorefinery,
integrating biomass valorization, process optimization and material development

within a circular bioeconomy framework.

Through this structured approach, the present research establishes clear relationships
between biomass source, extraction process, structural organization and material
properties. By integrating process optimization, biomass diversification and functional
material design, this work contributes to the development of efficient and sustainable

chitin-based systems. More broadly, it supports the implementation of circular
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bioeconomy strategies and the development of scalable chitin biorefineries based on

locally available bioresources.
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Part 4: Material &
Methods



1. Raw Materials and Biomass Sources

1.1. Taxonomic classification

In this study, several animal species were investigated as potential sources of chitin
and its derivatives, including marine organisms (Parapenaeus longirostris, Pollicipes
pollicipes, Sepia officinalis, Sardina pilchardus), insects (Hermetia illucens), as well as
arachnids (Buthus atlantis and Scorpio mogadorensis), all of which are representative of
fauna found in Moroccan ecosystems, particularly along the Atlantic and
Mediterranean coasts as well as in terrestrial habitats. Table 4 presents a
comprehensive taxonomic classification of these species, ranging from kingdom to
species, and incorporating intermediate ranks such as subphylum and subclass. This
hierarchical framework highlights the taxonomic diversity of the selected organisms,

which predominantly belong to the phyla Arthropoda, Mollusca and Chordata.

Table 4. Taxonomic classification of chitin and chitosan bioresources

Black soldier =~ Deep-water Goose Yellow Black Cuttlefish Sardines
fly rose shrimp barnacles scorpion scorpion bone scales
Kingdom Animalia Animalia Animalia Animalia Animalia Animalia Animalia
Phylum Arthropoda Arthropoda Arthropoda  Arthropoda  Arthropoda Mollusca Chordata
Subphylum Hexapoda Crustacea Crustacea Chelicerata  Chelicerata Conchifera Vertebrata
Class Insecta Malacostraca Thecostraca Arachnida Arachnida  Cephalopoda Actinopterygii
Subclass Pterygota Eumalacotraca Cirripedia Dromopoda Dromopoda Coleoidea Actinopteri
Order Diptera Decapoda Scalpellifromes  Scorpiones Scorpiones Sepiida Clupeiformes
Family Stratiomyidae Penaeidae Pollicipedidae Buthidae = Scorpionidae Sepiidae Clupeidae
Genus Hermetia parapenaeus Pollicipes Buthus Scorpio Sepia Sardina
Espece Hermetia Parapenaeus Pollicipes Buthus Scorpio Sepia Sardina
illucens longirostris pollicipes atlantis mogadorensis officinalis pilchardus
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1.2. Arthropod Sources

1.2.1. Hermetia illucens (BSF)
Black soldier fly (BSF) larvae and puparia used in this study were supplied by

EntomoNutris (Marrakech, Morocco). The larvae were reared from hatching until
pupation on chick feed (Alf Sahel S.A) with a moisture content of 70%. Rearing was
carried out in plastic containers (37 x 31 x 10 cm) at a density of 8.7 larvae-cm™2 (10,000
larvae per crate), under controlled environmental conditions of 28 °C and 60% relative
humidity. Upon adult emergence, the puparial cases were collected, dried at 50 °C for
24 h, and finely ground using a Retsch RM 200 mortar grinder to obtain particle sizes

ranging from 0.4 to 0.6 mm.

1.2.2. Parapenaeus longirostris shells (PL)

Parapenaeus longirostris shells were collected from restaurants located along the coasts
of the Rabat-Salé-Kénitra region. After collection, the shells were thoroughly washed

to remove impurities and subsequently dried at 80 °C for 24 h.

1.2.3. Pollicipes pollicipes (PP)

Pollicipes pollicipes, commonly known as barnacles, were collected from rocks along the
coast of Dakhla in southern Morocco, where they are abundant. The collected samples

were washed and then dried at 80 °C for 24 h.

1.2.4. Scorpion exoskeletons

Scorpio mogadorensis (SM) and Buthus atlantis (BA) are scorpion species endemic to
Morocco, particularly in the Essaouira region. The specimens were collected from this
area, and the soft tissues were removed from the ventral part. The remaining

exoskeletons were then washed and dried at 80 °C.

1.3.Non-arthropod Moroccan sources

In addition to arthropod-derived materials, two non-arthropod biomasses from

Moroccan origin were included for comparative purposes.
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1.3.1. Sepia officinalis Cufllebone (SO)

Cuttlebone, a by-product of marine food processing, was obtained from Sepia officinalis
collected from a restaurant in Rabat. The ventral and dorsal parts were separated and
only the dorsal portion was retained. This fraction was washed, dried and ground
prior to extraction.

1.3.2. Sardina pilchardus Scales (SS)
Scales of Sardina pilchardus were collected from the coast of Safi. The samples were
carefully washed to remove adhering impurities and then dried at 80 °C to ensure

complete dehydration.

2. Chemical Composition Analysis of Biomass

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 [119]. The ash content was
calculated using the following equation (1):

Ash (%) = W2=w0 , 100 1)

Wi-Wo

Where Wois the constant weight of crucible, W1 is the weight of the sample and

crucible and W: is the weight of the ash and the crucible.

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 equation (2):

Water (%) = mds x 100 (2

Myrm

Where mus is the weight of dehydrated samples and mm is the weight of the raw

material.

2.3.Lipid content
Lipid content was analyzed by a rotavapor (Heidolph) at 60 °C for 20 min after the

defatting step [120]. The delipidation bath was then placed under the rotavapor to
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remove the solvent; the remaining residue corresponded to the eliminated lipids. Lipid

(%) content was calculated by weighing.

2.4.Protein content

Kjeldahl method has been employed following the procedure described by Liu et al.
[121], to determine the protein content in the BSF samples. 1g 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
ammonium 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.

2.5.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.

3. Chitin extraction procedures

3.1.Extraction from BSF puparia

Chitin extraction from Hermetia illucens puparia was performed using four different

processes (P1-P4) to evaluate the influence of delipidation and reaction conditions.

(Table 5).
Table 5. Chitin extraction by processes P1, P2, P3 and P4
Processes Delipidation Demineralization Deproteinization
P1 --- 0.55M HCl / 25°C 1M NaOH / 80°C
1h / 1:200 (w/v) 18h / 1:20 (w/v)
P2 Hexane / 60°C 0.55M HCl / 25°C 1M NaOH / 80°C
1h / 1:20 (w/v) 1h / 1:20 (w/v) 18h / 1:20 (w/v)
P3 Methanol-chloroform / 0.55M HCl/25°C 1M NaOH / 80°C
25°C 1h / 1:20 (w/v) 18h / 1:20 (w/v)
1h / 1:20 (w/v)
P4 Methanol-chlorofrom / 0.55M HéCl / 25°C 1M NaOH / 121°C-
25°C 1h / 1:0 (w/v) 2.2 Bar
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1h / 1:20 (w/v) 1h15/1:20 (w/v)

For delipidation, the Soxhlet extraction method using hexane solvent [122] and Folch
method using Methanol-chloroform mixture 1:4 (v/v) as a solvent were selected.
Demineralization was carried out using an HCI solution (0.55 M) with a ratio of 1:10
(w/v) at room temperature for 1h. The deproteinization step involved an alkaline
treatment using repeated baths of NaOH solution (IM) at a ratio of 1:10 and
maintained at 80°C under reflux heating and a 1M 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 595nm using the Bradford
method [123], a volume of 20 pL of each deproteinization bath is mixed with 3mL of

Bradford solution (Coomassie Blue G-250, ethanol and water).

3.2.Extraction using autoclave-assisted process (AAP)

After confirming the high performance of autoclave assisted process, chitin extraction
from Parapenaeus longirostris, Pollicipes pollicipes, Scorpio mogadorensis, Buthus atlantis,
Sepia officinalis, Hermetia illucens larvae and Sardina pilchardus was carried out using an
autoclave-assisted protocol involving successive demineralization, deproteinization
and, when required, delipidation steps (figure 12). Demineralization was performed
using a 0.25 M HCl solution at a solid-to-liquid ratio of 1:40 (w/v) at room temperature
for 1 h, with continuous monitoring of pH. The samples were then washed with
distilled water until neutral pH and dried at 50 °C for 24 h. Deproteinization was
subsequently carried out using a 1 M NaOH solution in an autoclave (SANOclav LaM-
ECZ) at 121 °C and 2.2 bar for 15 min, with a solid-to-liquid ratio of 1:60 (w/v). This
treatment was repeated until the filtrate became visually clear, indicating effective
protein removal. The resulting chitin was washed with distilled water until neutral pH
and dried again at 50 °C for 24 h. For lipid-rich biomasses, namely Hermetia illucens
larvae and Sardina pilchardus scales, an additional delipidation step was performed
using a methanol-chloroform mixture (1:4 v/v) at room temperature for 1 h.
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All obtained chitins were washed until pH neutral and dried at 40°C for 24h. The

chitins yield (%) was determined using the following equation (3):

Chitin (%) = _ mchitin _ x 700 (3)

Mraw material

Where maitin represents the weight of chitin obtained after demineralization,

delipidation and deproteinization steps, mraw material represents the weight of the insect

material.
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Figure 12. Chitin and chitosan extraction steps
4. Chitosan Preparation
Chitosans were prepared using two processes from BSF puparia. 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 24h under agitation. For P4 puparia deacetylation
and other sources cited previously, the same mixture was used under autoclave
conditions (121°C - 2.2bar) for 1h with a ratio of 1:10 (w/v) in an autoclave (SANOclav
LaM-ECZ, which provided less than 6 times the quantity of chemical products for the

deacetylation step. Chitosan samples were washed with distillate water until
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neutrality and dried at 40°C for 24h. The chitosan yield (%) was determined using the

following equation (4):

Chitosan (%) = mchitosan x 7()() @)

Mchitin

Where muitosan represents the weight of chitosan obtained after deacetylation, menitin

represents the weight of the chitin.

5. Preparation of chitosan-based materials

5.1.3D Scaffold preparation

Three-dimensional (3D) porous chitosan scaffolds were fabricated using a freeze-
casting and lyophilization approach. The chitosan employed in this study was derived
from Buthus atlantis, as described in the previous section, and was dissolved in 1%
(v/v) acetic acid at a solid-to-liquid ratio of 1:100 (w:v) under continuous magnetic
stirring at ambient temperature until complete solubilization and formation of a
homogeneous solution. The resulting solution was cast into cylindrical molds (30 x 70

mm).

Two fabrication routes were investigated. In the first route (Sc I), the chitosan solution
was frozen in the molds at -15 °C for 24 h to promote ice-crystal templating, followed
by freeze-drying for 24 h to generate a highly porous structure at -60°C. In the second
route (Sc II), the solution was directly subjected to freeze-drying for 24 h and
subsequently neutralized by immersion in a 0.1 M NaOH bath (figure 13). The
obtained scaffolds were thoroughly rinsed with distilled water until neutral pH and
freeze-dried again. The Sc I scaffolds exhibited a well-organized and interconnected
porous architecture, which is advantageous for enhancing mass transfer and metal ion

adsorption.

70



Ice crystals

Chitosan solution

1% acetic acid
1:100

Figure 13. Preparation steps for chitosan scaffolds Sc I and Sc II

For comparative analysis, scaffolds were also prepared under identical conditions
using chitosans derived from commercial chitosan extracted from shrimp shells, black

soldier fly (Hermetia illucens) empty pupae and prepupae and Pollicipes pollicipes.

5.2.Film preparation

Chitosan films were prepared using the solvent casting technique. Chitosan derived
from Buthus atlantis, as described previously, was dissolved in 1% (v/v) acetic acid at
a solid-to-liquid ratio of 1:100 (w:v) under continuous magnetic stirring for 1 h at room
temperature until complete dissolution and formation of a homogeneous solution. The
resulting solution was then cast into polystyrene Petri dishes and allowed to dry under
ambient conditions to form uniform films. After complete solvent evaporation, the
dried films were neutralized by immersion in a 0.1 M NaOH solution to eliminate
residual acetic acid. The films were subsequently rinsed thoroughly with distilled
water until neutral pH and dried again at room temperature to obtain the final chitosan

films.
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6. Characterization Techniques

6.1.FTIR characterization

FTIR spectra were performed on Jasco 4600A Gemini FT-IR sampling spectrometer.
The spectra allowed for the determination of the characteristic area of the acetylated
amine function around 1655 cm, and the reference peak of the amine function around
3450 cm. Subsequently, the degree of acetylation (DA) was calculated using the
following formula (5) [124].

DA (%) = ﬁ X 115 (5)

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 pum.

6.3. Molecular weight determination

The Ubbelohde capillary viscometer (0.5-3 mm?/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 [125]. The average molecular weight viscosity
was calculated from the following Mark Houwink equation (6) [126].

MI=K.M* (6)
With [n] is the intrinsic viscosity, M is the viscometric molar mass. K and a are the

viscometric constants determined in the literature [22].

6.4. X-Ray Diffraction XRD analysis
The device used for recording the results is a Rigaku III diffractometer (Rigaku Corp,

Japan) with Cu radiation (40 kV, 30 mA). Data were collected with a scan angle of 5°

to 40°. The crystallinity index (Icr) is determined using the following [127].
1. (%) = % x 100 ?7)

Where Sc is the area of the crystal domain and St is the area of the total domain.
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6.5.Potentiometry titration

Chitosan was solubilized in a 0.1M HCI solution and then neutralized with a 0.1M
NaOH solution. The titration curve showed two inflection points: the first
corresponding to excess acid and the second to the neutralization of protonated
chitosan [128]. The acetylation degree (DA) was calculated according to the equation
(8) [129].

DA (%) = 1161020y N (g)
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.

6.6. 'TH-NMR characterization
'H-NMR was carried out on a 400 MHz Brucker, using D2O/DCl (2%) to solubilize 20

mg of chitosan. The solution was heated at 70°C for 1h to accelerate the dissolution.
NMR chemical shifts are reported in ppm [130].
The integrals of the H-1-D peak and the integrals of the H-Acetyl peak serve as a basis

to calculate the DA of chitosan following the equation (9) [124].

(H-1-D)

DA (%)= 1— (H-1-D + 1/3 HAc)

x 100 (9)

6.7. Thermal analysis

Thermogravimetry (TGA) measurements were performed using a TGA Q500
instrument under N2gas atmosphere at 0.1 MPa. The chitins and chitosans were heated

from 20 to 600 °C with a heating rate of 20°C.min".

7. Chitin fiber orientation analysis

7.1.ESEM

The microstructural organization of the chitin fibers in the cuticle was examined
using an Environmental Scanning Electron Microscope (ESEM) (Thermo Scientific
Quattro S). Small fragments of the scorpion cuticle were carefully isolated and
mounted on aluminum stubs. The samples were observed under low-vacuum

conditions without prior conductive coating in order to preserve the native
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morphology of the chitinous structures. Images were recorded at different
magnifications to visualize the hierarchical organization and orientation of the chitin

fibers within the cuticular layers.
7.2.Polarized microscope

Thin sections of the cuticles were prepared using a cryotome (Bright Instruments,
Starlet). The cuticle samples were first embedded and cryo-sectioned into slices with a
thickness of approximately 10-20 um, which is suitable for polarized light observation.
The obtained sections were then mounted on microscope glass slides. The slices were
then observed using a Nikon Eclipse polarized light microscope equipped with both

bright-field and polarized light modes.

8. Adsorption Experiments

Aninitial concentration was prepared of 1 g-L™. Then a total volume was used of 50 mL
with 50 mg of scaffold form as a bioadsorbent for a contact time of 1 h: Na, Mg, K, Cd,
Pb, Ca, Cr and Cu ions were used in the form of their chlorides, NaCl, MgCl., KCl,
CdCl, PbClz, CaClz, CrCls and CuCl: respectively, obtained from Sigma Aldrich with
98.99 % purity. This form was preferred because most sulfate salts were not soluble

and nitrates could act as oxidants (figure 14).

Nacl MgCl Kcl Cdcl, 1g/L
gLl g
50mL

50 mg

Contact time:1h L L )

PbCl CacCl CrCl CucCl
2 2 3 2

Figure 14. Conditions of adsorption tests
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9. Analytical Measurements

9.1. Adsorption atomic spectroscopy

We employed ThermoFisher Scientific Flame Atomic Absorption Spectroscopy for
Hydrides, conforming to the NF EN 1483 standard, dedicated to water quality
identification and heavy metals and salts determination. The uptake rate and the
adsorption capacity of metals by chitosan were calculated using the Equation (10)
below:

Uptale rate (%) = €¢i=Ct x 100 (10)

4

Where Ciis the initial concentration (mg.L") and Crtis the final concentration (mg.L")

9.2.UV-Visible spectroscopy

Metal ion concentration variations were evaluated using a UV-Vis spectrophotometer
(UV-2600, Shimadzu). Quantification was performed based on calibration curves
constructed from standard solutions prepared prior to analysis. In order to normalize
the adsorption efficiency, the adsorption capacity of the chitosan-based scaffold was

quantified for each tested salt using the equation (11):

Adsorption capacity (mg g1) = CLWC‘? XV (11)

Where Ciis the initial concentration (mg.L?), Ctis the final concentration (mg.L?), V is

the solution volume (L) and W is the weight of the adsorbant.

9.3.TDS & Conductivity measurements

Total dissolved solids (TDS) and electrical conductivity (EC) were measured using a
portable digital water quality meter (Furnetra) equipped with automatic temperature

compensation.

10. Statistical Analysis

Statistical analysis of the data was carried out using GraphPad Prism version 9.00

software (San Diego, California, USA). Results are presented as mean + SEM. An
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analysis of variance (ANOVA) was performed, followed by Tukey post-hoc tests with

a significance level of p=0.05.
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Part 5: Results &
Discussion



Chapter 1: High-yield, time-saving and
water-efficient extraction of chitin and
chitosan from Hermetia illucens
breeding waste: A greener approach for
industrial applications

Usual process

Pupal cases (BSF)

83% less of chemical product

A 80% of water saved

@ Reducing reaction time from 18 hours to 75 minutes

Optimized process

-@- Protein Removal Efficiency 94%
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1. Introduction

BSF are one of the edible insects that play a pivotal role in organic waste recycling.
It is recognized for its abundant proteins, lipids, minerals and chitin content [131],
being considered as 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 [132]. 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 requires more
stringent conditions for the isolation of chitin, its purification, bleaching to eliminate
impurities and pigments that resist extraction [133-135], which impact the quality and
yield of both chitin and chitosan. Indeed, the major problem encountered 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 chapter 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 [77]
and for the sterilization of the raw material after the demineralization step by Lagat et

al. [136] maintaining the high quality of chitin.

2. 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 Figure 15

according to the chemical composition of the insect material.
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Figure 15. Steps for chitin extraction and chitosan elaboration from BSF (puparial cases)

2.1. Chemical composition of BSF 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 6). Compared with the literature,
the lipid content determined is close to that cited by Triunfo et al. [137], 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 [90,121].

Table 6. Chemical composition of BSF puparial cases

Lipid  Mineral Protein Water Ash Other
content

Weight (%) 5.50+0.01 4.34+0.03 42.60+0.02 7.80£0.02 16+0.01 23.66+0.03

The pupal stage of BSF contains a total mineral content of 4.34+0.03% predominantly
comprised of 1.37% K, 0.92% CI and 0.78% Na. Additionally, tiny amounts of other
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elements such as Mg, Ca, Al and P were detected at lower percentages varying from
0.19 to 0.49% (Table 7). Generally, empty puparia of BSF is known for its low mineral
content compared to other stages of BSF and other insects fed [121], which is confirmed
by the absence of effervescence during the demineralization step. The lowest
concentration of hydrochloric acid was used compared to the literature [138] reducing
acid consumption by 75% in this step.

Table 7. Mineral content of BSF pupae

Minerals K Cl Na Mg Ca Al P

(%) 1.32£0.01 0.9240.01 0.78+0.00 0.49+0.02  0.30£0.02  0.2940.01 0.1940.00

The protein content for 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% [139], and by Liland et al., which is around 40% [140]. This data shows us the
diversity of compounds contained in BSF puparial cases and confirms the significance
of this study and the need to proceed with the elimination of lipids, minerals and even

proteins and total impurities.

2.2. Assessment of process efficiency, kinetics and resource consumption

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 construction of individual curves for each method and
a comparison of their efficiency and rate (figure. 16). These observations revealed a
progressive increase in the quantity of eliminated proteins across all four extraction
processes compared to the respective baths. However, the deproteinization rate varies

depending on the extraction process used.
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Figure 16. Kinetic of deproteinization step by processes P1, P2, P3 and P4
Even though the researcher relied on the disappearance of the bath coloration as
evidence of deproteinization [141], 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 9%, 8%, 6" and 3+ baths. This confirms that the pupal
stage of BSF remains rich in proteins [121], whether responsible or not for the
pigmentation of this species. After deproteinizing up to the 5" bath by process P4, the
obtained chitin is clear and whitish in appearance (figure 17). 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 minutes (15min/bath) (figure 18). This method stands out as the most efficient

process for rapid and economical deproteinization.
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Figure 17. Visual comparison of raw material (RM) and chitin extracted through P1
(CHT P1), P2 (CHT P2), P3 (CHT P3) and P4 (CHT P4)

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 100mL volume of distilled water is used to prepare the IM NaOH
solution for 5g of raw material, and 3L is also used for washing the deproteinized
material after each bath. Projecting this onto the number of baths, which is
systematically linked to the variation in water consumption during reflux, reaction,
and washing, nearly 80L of distilled water is consumed to deproteinize 5g of H. illucens
empty puparia with a low deproteinization efficiency of less than 40% by the usual
process P1. However, an 80% reduction in water consumption is achieved by using
process P4 —i.e. around 15L vs 80L for P1 - with a deproteinization efficiency more
than 94%. Projected onto a normalization of water consumed for the production of 1
kg of chitin across the four processes (figure 18), more than 1300 liters of water are

saved by P4 (instead of P1).
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Figure 18. Histograms showing the Optimized factors during deproteinization step
in the different processes (P1, P2, P3 and P4). Values are presented as means +
standard deviation Statistically significant differences (p < 0.05) from the P1
process (Control) are indicated by * from the P3 process by # and from the P4
process by (). Statistical evaluation was performed using a one-way ANOVA
(p=0.05).

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)
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From a performance standpoint, a significant difference is observed between the two
lipid removal methods adopted in the extraction processes. This could be attributed to
the heating involved in the Soxhlet protocol, which may degrade the material during
delipidation. Considering 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%.

2.3.Evaluation of extraction yields and stepwise recovery

Regarding the chitin yields obtained by the four processes (Table 8), 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 [131,136,142,143]. However, chitosan yields (related to chitin) obtained vary
from 68.57+ 1.15 to 83.33+ 1.15. This range is similar to the yield of chitosan prepared

from Tenebrio molitor beetles, which typically falls between 76.43% and 78.26% [144].

Table 8. Influence of different extraction processes on yields (%) after each step

Steps Delipidation Demineralizatio Deproteinizatio Chitin yield Chitosan yield

(o/o) n n (o/o) (0/0)
Process
(%) (%)
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
#) ) (*/#) (*/#) *)
P4 97.27+1.15 71.30+1.15 41.70+ 1.15 34,74+ 1.15 83.33+1.15
# () (*/#W) (*/#/w) (*/#/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 #
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and from the P4 process by (u). Statistical evaluation was performed using ANOVA with p <
0.05 considered statistically significant between control and treated groups.

3. Physicochemical properties

The XRD analysis of chitins (CHT P1, P2, P3 and P4) (figure 19 (a)) shows two peaks
at around 9° and 19°, corresponding to (020) and (110) reflection planes respectively
[145]. 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 [146]. 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 [147]. 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° (figure 19 (b)), with the appearance of two new peaks at around 10°
and 20°, which are characteristic of chitosan [148]. 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 [49]. In the CHS
P1 spectrum, the presence of a peak around 22.8°, characteristic of chitin and
corresponding 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 [149]. In contrast, only the two
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Figure 19. XRD spectra of chitins (a) and chitosans (b)

characteristic peaks of chitosan are observed in CHS P4, confirming that chitosan P4 is

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 (Icr) were calculated using equation (7). The results in Table 9
show that the Icr 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

[130,150].
Table 9. XRD parameters of chitins and chitosans
Chitin Chitosan A
o o Crystallinity
20 () Iee (%) 26 ) Iee (%) o
(%)
9.1
19.06 10.32 34.8 18.5
P1 53.3
23.16 19.72
26.6
P2 942 59.49
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129 10.16
19.38 19.78 36.23 23.26
23.44
26.2
9.3
12.6 10.4
P3 19.14 62.23 19.84 45.3 16.93
23.28
26.44
9.08
Pa 19.06 73.38 10.26
23.24 19.84 47.7 25.68

26.02

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 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 [151].

The peaks observed in all FTIR spectra (figure 20 (a)) of chitins (CHT P1, P2, P3, and
P4) included an amide I absorption band at 1659 cm™, corresponding to CO---HN
intermolecular hydrogen bonds [147], and an amide II band at 1560 cm™ [152].
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 (3-1,4 glycosidic bonds and the absorption peak around 1050

cm™ is associated with the stretching vibration of the -C-O-C bridge of the glucosamine
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ring [153]. Peaks at 3258 cm™ and 3108 cm™ correspond to the axial deformation of the
NH group involved in intermolecular hydrogen bonds. The band observed at 1315
cm! indicates CO-NH deformation and the CH: grouping. These results are therefore
consistent with those of [49,130,153]. 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 [154], thereby

confirming the a-chitin structure in all isolated samples.

After the deacetylation of chitins, a significant change in the intensity of the bands was
observed, along with the disappearance of some bands (figure 20 (b)). Specifically, the
band observed at 3108 cm™ disappeared. 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 [155,156]. The degree of acetylation (DA) of
chitosans P1, P2, P3 and P4 was calculated using the equation (5) to be 9.09+0.18%,
6.33+0.05%, 6.35+0.78% and 5.80+0.07% respectively.
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Figure 20. FTIR spectra of chitins (a) and chitosans (b)
'H-NMR is considered to be the best and most accurate method currently available for
calculating the degree of acetylation (DA) [157]. Figure 21 shows the 'H-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 [150]. Additionally, protons at positions 1 to
6 in the molecule (H-1/6) are observed between 1.5 and 4 ppm [141]. The H-2 of the N-
deacetylated units (H-2-D) appears at 1.08 ppm [157]. The acetyl proton peak (CHs) is
more intense in CHS P1 by 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.
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Figure 21. 1H-NMR spectra (400 MHz, 2% DCl, 70°C) of H. illucens chitosans (CHS) extracted
by P1, P2, P3 and P4

The titration curves obtained from the recovered chitosan (CHS P1, P2, P3 and P4)
(figure 22) show a clear difference between the two inflection points, which
corresponds to the amount of acid consumed for the neutralization of the amine
groups within the chitosan molecules [129]. The DA were calculated according to the

equation (8) (figure 23).
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Figure 22. Potentiometry curves of chitosans P1, P2, P3 and P4

Figure 23 presents the DA determined for the different types of chitosan (CHS P1, CHS

P2, CHS P3 and CHS P4). These results are in consistent with the literature for the same

categories of beetle species [158][159]. The DA values obtained by the three methods

show slight differences, which could be attributed to the precision, accuracy, and

reliability of each method [130]. 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 [160,161], due to the presence of free amine

groups that can rapidly exchange with metals and be protonated to facilitate

solubilization.
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Figure 23. Histograms showing the comparison of degree of acetylation (DA)
values according to three methods: FTIR, 1H-NMR, and Potentiometry. Values are
expressed as means * standard deviation. Statistically significant differences (n=5;

p < 0.05) compared to to the P3 process by #, and compared to the P4 process by
(p). Statistical evaluation was performed using one-way ANOVA (p=0.05).

From the SEM images (Figure 24), 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 organization. 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 [151].
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Figure 24. SEM images of chitins P1, P2, P3 and P4

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 8). Additionally, the presence of
lighter pores was notable on the surface, particularly evident in for chitosan from

process P2 and P3 (figure 25).
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Figure 25. SEM images of chitosans P1, P2, P3 and P4

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:
My CHS P4 > Mv CHS P1 > Mv CHS P3 > My 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. 26). 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
[162]. 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.
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Conversely, the chitosan P4 was obtained by the autoclave process, as evidenced by
the higher viscometric molar mass of 220 378 g.mol! (figure 26). This can be attributed
to the shorter duration of the deacetylation step (1h), this molar mass is considered a
good quality for commercial use from shrimp, as it falls within the typical molecular

weight range for commercial chitosan products [163,164].
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Figure 26. Examples of the viscosity curves of the chitosan samples CHS P1, P2, P3
and P4 prepared from pupal cases of BSF

Thermal stability, a critical property in assessing the potential applications of chitin
and chitosan, can be evaluated through TGA techniques. Focusing on the thermal
degradation of the backbone of chitin and chitosan, figure 27 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 [165]. Then, the TGA results could not
be used alone for chitin configuration determination without the combined use of
multiple instrumental analyses, i.e. FTIR, 'TH-NMR, XRD and SEM [166]. The thermal

degradation of chitins occurs between 280°C and 450°C, primarily attributed to the
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degradation of the chitin chain [167]. The DTGmax values for chitins are shown in table
10. CHT P1, P2, P3 and P4 exhibit DTGmax values of 384°C, 386°C, 411°C and 421°C,
respectively. This confirms the o-chitin form, which is usually higher than 350°C [57].
The around 40°C shift of DTGmaxbetween 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 (figure 19 and
table 9) obtained with P4 process. The TGA curves of different chitosan (CHS P1, P2,
P3 and P4) (figure 27) display a mass loss between 290 °C and 450 °C, and it can be
attributed to the decomposition of chitosan, especially the acetylated and deacetylated
units [168].

Table 10. DTGmax of chitins and chitosans from P1, P2, P3 and P4 processes

DTGmax (°C)
Chitin Chitosan
P1 384 323
P2 386 338
P3 411 343
P4 421 345

Furthermore, the maximum degradation temperatures (DTGmax) 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 10). This variation in DTGmax among the four chitosan 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 thermal stability
[26]. The results suggest that chitin CHT P4 and chitosan 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

reported in the literature [62].
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Figure 27. Thermograms (TG) and their derivatives (DTG) of chitins (CHT) and
chitosans (CHS) P1, P2, P3 and P4

4. 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 valorization through sustainable and efficient
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processing. In insect waste valorization, the primary objective is to achieve high-purity
chitin with structural integrity that closely resembles its native form, while also
enabling efficient N-deacetylation to produce chitosan with desirable properties.
Process 4 (P4), optimized in this study, demonstrates significant advantages in purity,
yield, and efficiency, making it a promising 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 11), 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
[135]. 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 prepupal cases of BSF compared to
the optimized process P4, which achieves around 21.14% [79]. Although continuous
fermentation technique, recognized as a biological method for chitin extraction, has
yielded up to 59.9% [96], 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 fermentation was applied to BSF pupal waste using
Bacillus licheniformis A6, achieving a chitin yield of 12.4% after 10 days of fermentation
[78]. While this method leverages a biological approach, its extended duration and

lower efficiency highlight the trade-off in yield and operational complexity.
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Additionally, it is important to note that the described biological approaches [78,96]
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 hours at a ratio of 1:50 [96] and
50% NaOH for 4 hours at the same ratio [78]. Moreover, the microbial method used in
this study retained 7.51% protein content in the chitin, suggesting lower purity. In
contrast, P4 achieved a deproteinization efficiency of 94.25 + 0.6% within a markedly
shorter duration (1.15 + 0.08 hours), 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 [134] and Hamdan et al. reporting 75.36%
from Akis granulifera [130]. 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 1h. 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.

Table 11. Comparison of chitin and chitosan properties obtained by Process 4 and
other extraction methods across different sources

Study Extraction Source Yields (%) DA Mv Icr (%) DTGmax (°)
method Chitin Chitosan (%)  (kDa) Chitin Chitosan Chitin Chitosan

This Process 4 34.74+1.15 83.33+1.15 292 22038  73.38 477 421 345

work

[135] Chemical 14.1 - - - 68.44 - 371

[151] Chemical 9 - - - 25.20 - 371

[169] Chemical 10.7 - - - 64 - 365
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[96] Biological ~ Pupal cases of 59.9 - 18.52 - 68.44 - 373 -
[78] Biological BSF 124 - - - 52.8 554 - -
[134] Chemical 43+1.1 74 4 115 69 - 336 -
[150] Chemical 17.97 - 3.15 62.24 47.11 30 328 307
Prepupal
[79] Microwave- 21.14 65.89 4.1 155 - 51.26 - 326
. cases of BSF
assisted
process
[49] Chemical Periplaneta - - 15.3 75.05  55.08 40.28 - -
americana L.
[130] Chemical Akis 24.59+0.39  75.36x1.75 548 178 59.8 49 330 320
granulifera

In terms of physicochemical properties, the chitin obtained by process 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 reported extraction from the same source, where the DTGmax
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 [170]. After N-deacetylation, the crystallinity and
thermal stability of chitin decreased to 47.7% and 345°C, respectively, confirming its
successful transformation into chitosan, which inherently has lower crystallinity and
thermal stability due to the loss of acetyl groups and increased disorder in the polymer

chains [171].

5. Multicriteria industrial assessment of chitin extraction processes

In order to evaluate the industrial relevance of the different extraction strategies
investigated in this study, a multicriteria analysis was performed using the Industrial
Feasibility Score (IFS), integrating process duration, extraction yield, scalability and
product quality (figure 28). This comparative framework provides a global assessment

of the suitability of each method for large-scale implementation. The results clearly
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demonstrate that the autoclave-assisted process exhibits the highest global
performance, achieving an A score in terms of time efficiency, product quality and
scalability, while maintaining high extraction yields. This performance is consistent
with the experimental observations reported throughout this work, particularly the
significant reduction in deproteinization time, the substantial decrease in water
consumption and the preservation of chitin structural properties. In contrast,
conventional chemical extraction, although widely used industrially, shows lower
performance due to its long processing time, high chemical and water consumption,

and partial degradation of the polymer structure.
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Figure 28. Multicriteria industrial benchmarking of chitin extraction technologies

using the Industrial Feasibility Score (IFS), integrating process duration (A: minutes—<2 h; B: 2-3
h; C: 3-8 h; D: 8-24 h; E: days), extraction yield (A: >20-25%; B: 15-20%; C: 10-15%; D: 5-10%; E: <5%), industrial
scalability (A: industrial-scale ready; B: pilot-scale feasible; C: lab-scale with difficult scale-up; D: low
scalability; E: non-scalable) and efficiency & product quality (A: high purity >90%, preserved crystallinity,
controlled DA, minimal depolymerization; B: good purity 85-90%; C: medium purity 70-85%; D: low purity <70%
with strong degradation; E: poor structural integrity, unsuitable for high-value applications).

Similarly, emerging technologies such as microwave and ultrasound-assisted
extraction exhibit intermediate performance, offering improvements in processing

time but facing limitations in scalability and process control. Alternative green
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approaches, including enzymatic extraction and DES/ionic liquid systems, remain
limited by long processing times, lower yields or challenges related to industrial
implementation. Overall, this multicriteria evaluation highlights the autoclave-
assisted process as the most promising strategy for sustainable and industrial-scale
chitin production, combining high efficiency, reduced resource consumption and good

product quality.

6. Conclusion

Four extraction processes were developed to standardize and determine 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 polysaccharide purification, with a yield of 34.74% for chitin and
83.33% 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 (DA) of 2.92%, crystallinity of 47.7%, a molecular weight of 220
378 g.mol?, and a DTGmax of 345°C. A distinguishing aspect of this process is the
incorporation of an autoclave technology, combined with a delipidation step, which
preserves the structure and quality of the polysaccharides, unlike the other methods.
Overall, the results demonstrate that the autoclave-assisted process (P4) constitutes a
highly efficient, sustainable, and scalable approach for the extraction of chitin and
chitosan from insect biomass, making it particularly suitable for industrial
applications, as confirmed by its highest Industrial Feasibility Score (IFS = A).
Furthermore, the application of this process to a wider range of bioresources is

required to validate its robustness and general applicability, enabling its
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standardization as a reliable method for the sustainable production of chitin and

chitosan.
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Chapter 2: Standardization of an
Autoclave-Assisted Process for
Sustainable Chitin and Chitosan
Extraction from Moroccan
Bioresources: Structural and
Physicochemical Insights
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1. Introduction

As it was emphasized in the chapter 1, one of the most promising and scalable
approaches validated for insect biomass is the autoclave-assisted extraction process.
This method enables a substantial reduction in extraction time (by up to 95%),
minimizes chemical consumption (reducing NaOH and HCl usage by 83%) and water
use up to 80%, and increases chitin yield (up to 34.74%, i.e- BSF pupae) while
maintaining high crystallinity and thermal stability. Nevertheless, to the best of our
knowledge, the applicability and performance of this process have not yet been
confirmed for other common industrial chitin sources, such as shrimp shells, cuttlefish
bone and other abundant chitin-rich wastes found in Morocco. Therefore, the present
work aims to standardize the autoclave-assisted extraction process across a
representative range of arthropod and cephalopod sources: Parapenaeus longirostris
shells (PL), Pollicipes pollicipes (PP), Sepia officinalis cuttlebone (SO), Scorpio mogadorensis
exoskeleton (SM), Hermetia illucens larvae (HI) and Sardina pilchardus scales (SS).
However, applying an identical extraction protocol to all these sources does not
necessarily guarantee identical structural or functional properties in the recovered
chitins and chitosans. This variability may arise from intrinsic biological and ecological
factors, such as the organism’s habitat, diet or developmental stage, that influence the
microstructural organization of native chitin. Indeed, the fiber orientation within the
chitin matrix differs among species, affecting both crystalline form and resulting
material properties. Beyond the known «-, 3- and y-chitin allomorphs [171], several
studies have revealed distinct microstructural organizations, including parallel,
helicoidal, parabolic and lamellar arrangements [31,34], which govern mechanical
performance, crystallinity index and accessibility to chemical treatments. In this
context, the present chapter seeks to elucidate how these native structural orientations
contribute to the observed physicochemical differences among chitins extracted from

diverse biological origins under identical autoclave-assisted conditions.
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2. Native chitin microfibril organization in biological cuticles

Polarized optical microscopy (POM) and ESEM revealed pronounced species-
dependent variations in the hierarchical organization of chitin microfibrils across the
investigated biological matrices. Such diversity in fibrillar orientation is a well-
established feature of chitin-based biomaterials, where microfibrils are embedded
within proteinaceous matrices and arranged in layered architectures that determine
the mechanical performance of the cuticle [31,172]. In shrimp cuticle (PL), both POM
and ESEM consistently showed highly parallel and densely packed lamellae,
indicating a strongly ordered fibrillar organization across the cuticle thickness. Similar
parallel lamellar stacking has been reported in several crustacean exoskeletons, where
a-chitin nanofibrils form multilayered composites embedded in proteins and minerals.
These structures typically exhibit high birefringence and well-defined lamellae when
observed under polarized light, reflecting the strong orientation of chitin fibers within
each layer [63,172,173]. Comparable lamellar arrangements have also been observed in
decapod crustaceans using electron microscopy, where successive layers maintain
nearly constant fibrillar orientation across micrometer-scale thicknesses [174]. Sardine
scales (SS) exhibited closely parallel microlamellae, although ESEM imaging revealed
slight undulations between adjacent layers (figure 29). These deviations from perfect
alignment correspond to the weak helicoidal modulation detected under polarized
light. Similar undulated lamellar architectures have been described in biological
fibrous composites where gradual angular changes between lamellae contribute to
improved crack deflection and structural toughness [175,176]. In fish scales and other
biological composites, such mild rotational transitions between layers are often

interpreted as transitional states between purely parallel and helicoidal organizations.
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Figure 29. ESEM observation of bioresource cuticles of PL (Parapenaeus
longirostris), SS (Sardina pilchardus), HI (Hermetia illucens), SM (scorpio
mogadorensis), PP (Pollicipes pollicipes) and SO (Sepia officinalis)

A markedly different structural organization was observed in the cuticle of Hermetia
illucens (HI), which displayed a helicoidally stacked lamellar architecture typical of
Bouligand structures. In this configuration, the orientation of chitin microfibrils rotates
gradually between successive lamellae, generating a twisted plywood arrangement
clearly visible in both POM and ESEM observations (figure 30 and 31). This
hierarchical architecture represents one of the most characteristic structural motifs of
insect cuticle and has been extensively documented in arthropods. Studies combining
electron microscopy and diffraction techniques have shown that such helicoidal
stacking arises from sequential deposition of chitin—protein fibers during cuticle

formation [32,172].

Recent biomechanical investigations further emphasize that Bouligand architectures
play a crucial role in improving resistance to crack propagation and mechanical
damage in arthropod exoskeletons [177,178]. Similar helicoidal organizations have
been reported in beetle cuticles and other insect exoskeletons, where nanoscale chitin

fibrils rotate progressively between adjacent lamellae, forming multilayered chiral
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composites [173,179]. In contrast to the helicoidal arrangement observed in insects, the
scorpion cuticle (SM) displayed a parabolic lamellar organization characterized by
curved fibrillar trajectories. Under polarized light, this organization produced
anisotropic bands (figure 31), while ESEM imaging provided clearer visualization of
the curved arrangement of fibrillar bundles. Comparable curved or pseudo-helicoidal
fibrillar architectures have been reported in several arthropod cuticles, where chitin
bundles follow non-linear trajectories that vary across the cuticle thickness [174]. Such
arrangements are thought to provide anisotropic reinforcement adapted to complex

mechanical loading conditions experienced by arthropod exoskeletons [175,178].

Semi-organized parallel compacted

Figure 30. Schematic representation of chitin microfibril organization and matrix
composition in different biological sources.

For Pollicipes pollicipes (PP), ESEM observations revealed parallel but less coherently
oriented lamellae, where fibrillar alignment was locally interrupted by curvature and
irregular stacking. Similar heterogeneous lamellar arrangements have been reported
in barnacle cuticles and other marine arthropods, where structural irregularities may
arise from variations in mineralization and organic matrix composition [173,174]. In
such systems, the coexistence of aligned lamellae and locally disordered regions
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contributes to a composite architecture capable of accommodating mechanical stress
while maintaining structural integrity. In the dorsal region of Sepia officinalis (SO),
ESEM observations revealed parallel but loosely packed lamellar layers, characterized
by large spacing between adjacent fibrillar bundles. This organization is consistent
with the structural characteristics of 3-chitin matrices commonly found in cephalopod
skeletal structures such as squid pens and cuttlebone. Compared with a-chitin, -
chitin exhibits weaker intermolecular hydrogen bonding and a more open crystalline
arrangement, resulting in lower packing density and higher hydration capacity [63,64].
Similar loosely organized lamellae have been reported in cephalopod-derived chitin
matrices where fibrils form broad parallel sheets with limited lateral cohesion [172]. T-
These observations reveal a remarkable diversity of native chitin architectures across
the investigated biological sources. The studied materials range from strictly parallel
lamellar structures (shrimp), through weakly modulated or undulated arrangements
(sardine scales), to helicoidal Bouligand architectures (insect cuticle), curved parabolic
patterns (scorpion cuticle), semi-ordered lamellae (barnacle cuticle) and loosely
packed [-chitin layers (cephalopod structures) (figure 30). Such diversity highlights
the exceptional versatility of chitin as a structural biopolymer and confirms that
microfibril orientation and lamellar organization are strongly species-dependent,
reflecting the distinct biological functions encoded within each cuticular design
[32,172,177,178]. Understanding the native microstructural organization of chitin
within these biological matrices is essential for interpreting the physicochemical
characteristics of the extracted chitins and chitosans obtained through the

standardized autoclave-assisted process
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Figure 31. POM observation of bioresource cuticles of PL (Parapenaeus
longirostris), SS (Sardina pilchardus), HI (Hermetia illucens) and SM (scorpio
mogadorensis)

3. Autoclave-assisted process performance

The standardized autoclave-assisted extraction protocol was applied to six chitin-
containing biomasses originating from marine and terrestrial environments, including
Parapenaeus longirostris shells (PL), Pollicipes pollicipes (PP), Sepia officinalis cuttlebone
(50O), Scorpio mogadorensis exoskeleton (SM), Hermetia illucens exuviae (HI) and Sardina
pilchardus scales (SS). The process involved sequential demineralization using 0.25 M
HCI, followed by autoclave-assisted deproteinization using 1 M NaOH at 121 °C and
an optional delipidation step applied only when required (-i,e. HI and SS). The detailed
extraction conditions and the number of treatment cycles for each biomass are
summarized in Table 1. Demineralization was carried out under relatively mild acidic
conditions compared with conventional protocols reported in the literature, which

often employ 0.5 to 2 M. The use of 0.25 M HCI at room temperature for 1 h proved
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sufficient to remove mineral phases such as calcium carbonate while minimizing
hydrolysis of the polysaccharide matrix. Following this step, deproteinization was
performed using 1 M NaOH in an autoclave at 121 °C for 15 min per cycle (Table 12),

repeated until the filtrate became clear.

Table 12. Chitin and chitosan extraction conditions

Delipidation Demineralization Deproteinization Deacetylation
Methanol-chloroform - 0,25M HC1 - 25°C 1M NaOH 50%KOH-25%EG-
Extraction 25°C Th/bath 121°C-2.2 Bar 25%Eth
conditions Th/bath 1:40 (w/v) 15 min/bath 1h/121°C-2.2 Bar
1:20 (w/v) 1:40 (w/v) 1:10(w/v)
- PL - 2x(2h)
© SO - 3x(3h) 2x15min
)
[«F] = PP -
o =
€ 8 sMm - 1x(1h) 1x(1h)
> HI 2x(1h) 6x15min
SS 1x(1h) 6x15min

Compared with conventional alkaline treatments conducted at 80-100 °C for several
hours, the autoclave treatment significantly reduced the extraction time while
ensuring efficient removal of structural proteins. Similar autoclave-assisted
approaches have recently been proposed as a promising strategy to accelerate chitin
extraction while maintaining the structural integrity of the polymer [180]. The number
of alkaline cycles required during deproteinization varied according to the biological
origin of the biomass, reflecting differences in protein content and cuticular
composition. Insect cuticles such as those of Hermetia illucens are known to contain a
relatively high proportion of structural proteins tightly associated with chitin
microfibrils, forming a rigid chitin—protein composite [28]. Consequently, HI samples
required a greater number of alkaline treatments compared with marine shells, where
proteins are generally less strongly bound to the mineralized matrix. Similar
observations have been reported for insect-derived chitin, where the presence of cross-
linked cuticular proteins often necessitates stronger or repeated alkaline treatments for

complete deproteinization [19].
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Delipidation was applied exclusively to H. illucens and S. pilchardus samples due to
their relatively high lipid content. Black soldier fly larvae and exuviae may contain 15—
35 % lipids depending on developmental stage and feeding substrate [181], while fish
scales may retain lipophilic compounds associated with surface mucus and connective
tissues. These lipids were removed using a methanol-chloroform mixture to ensure
efficient purification of the chitin matrix without affecting its structural integrity
[182,183]. The resulting chitin yields varied among the investigated sources, reflecting
differences in the original biochemical composition of each biomass (Table 13). The
highest chitin yield was obtained from Sardina pilchardus scales (22.48 %), followed by
Scorpio mogadorensis (21.23 %), values that are consistent with previously reported
ranges for fish scales and arthropod cuticles, typically between 18 % and 25 %
depending on species and extraction conditions [184,185]. Fish scales are composite
structures composed mainly of collagen, minerals and chitinous polysaccharides and
efficient removal of the protein and mineral fractions can therefore yield relatively

high chitin recovery.

Intermediate yields were obtained for shrimp shells (PL), barnacles (PP) and black
soldier fly larvae (HI). Crustacean shells are composed of a mineralized chitin—protein
matrix containing significant amounts of calcium carbonate, while insect cuticles
consist primarily of a-chitin embedded within a proteinaceous network. These
compositional differences can influence extraction efficiency and the relative
proportion of recoverable chitin [19,98]. In contrast, the lowest chitin yield was
obtained from Sepia officinalis (10.31 %), which can be attributed to the extremely high
mineral fraction of cuttlebone [92]. The internal structure of cuttlebone consists mainly
of calcium carbonate arranged in a highly porous aragonite framework, representing
more than 80-90 % of the total mass, while the organic matrix containing {-chitin
represents only a small fraction of the material. Even though only the dorsal region

known to contain a higher proportion of chitin was used in this study [141], the overall
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mineral dominance of the structure inevitably limits the amount of recoverable chitin

[141,186].

Table 13. Influence of different Bioresource on chitin and chitosan yields (%)

Bioresources  Chitin yield (%)  Chitosan yield (%)
(from chitin)

PL 19.74+1.04 83.11£1.78
SO 10.31+0.92 87.04+2.11
PP 16.31+1.02 81.61£1.76
SM 21.23+1.23 79.15+0.23
HI 18.51+1.11 75.03+0.87
SS 22.48+1.40 88.13+1.05

Following alkaline deacetylation, the chitosan yields ranged from 75.03 % to 88.13 %,
confirming efficient conversion of chitin into its deacetylated derivative (Table 13).
The highest chitosan yield was obtained for Sardina pilchardus (88.13 %), whereas
Hermetia illucens exhibited slightly lower values (75.03 %), possibly reflecting
differences in microfibril packing and accessibility of acetyl groups within the chitin
crystalline structure. Variations in deacetylation efficiency depending on the biological
source have been widely reported and are often associated with differences in
crystallinity and structural organization of the chitin [64]. An additional advantage of
the present protocol is the absence of a bleaching step, which is frequently used in
conventional extraction methods to remove pigments and residual organic
compounds. In the present work, the autoclave-assisted process produced visually

clean chitin without requiring oxidative treatments.

To further evaluate the performance of the proposed process, the extraction conditions
and yields obtained in this study were compared with previously reported methods
for similar biomasses (Table 14). Conventional chemical extraction procedures
generally require strong acid and alkaline treatments applied for several hours,

frequently combined with bleaching steps to improve purity. In contrast, the
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autoclave-assisted approach employed here uses lower acid concentration and

drastically shorter reaction times (15 min per cycle) while achieving chitin yields

comparable to those reported in several studies. These results demonstrate the

adaptability and efficiency of the standardized autoclave-assisted protocol for

extracting both a-chitin and (-chitin from diverse biological sources while reducing

chemical consumption and processing time.

Table 14. Comparison of chitin and chitosan yields from different sources and
extraction methods

Source Extraction Demineralization = Deproteinization Time Chitin  Chitosan  Ref
method yield yield (%)
(%)
Conventional 1MHC 1-2MNaOH (90  12-24h  20-30 65-85 [98]
chemical °C)
Shrimp Microwave- 1M HCI 1 M NaOH 2h 22-28 70-88 [80]
shells (PL) assisted
extraction
Autoclave- 0.25 M HCl1 1M NaOH (121 15 min/ 19.74 83.11 This
assisted °Q) cycle study
Chemical 1MHC 1 M NaOH 12-24h 1522 60-80 [187]
Barnacles extraction
(PP) Autoclave- 0.25 M HCl1 1M NaOH (121 15 min/ 16.31 81.61 This
assisted °Q) cycle study
Sepia Conventional 1-2M HCl 1M NaOH 12-24h  10-20 60-75 [141]
officinalis chemical
(SO) Autoclave- 0.25 M HCl1 1M NaOH (121 15 min/ 10.31 87.04 This
assisted °C) cycles study
Chemical 1MHC 1-2 M NaOH 6-12h 15-25 60-80 [19]
BSF larvae extraction
Autoclave- 0.25 M HCl1 1M NaOH (121 15min/ 18.51 75.03 This
assisted °C) cycle study
Fish scales Chemical 0.5-1 M HCl 1M NaOH 6-12h 18-25 65-85 [183]
extraction
Sardine Autoclave- 0.25 M HCl1 1M NaOH (121 15 min/ 2248 88.13 This
scales (SS) assisted °C) cycle study
Arthropod Chemical 1MHC 1-2 M NaOH 6-24h 15-25 60-80 [188]
cuticles extraction
Scorpion Autoclave- 0.25 M HC1 1 M NaOH (121 15 min/ 21.23 79.15 This
cuticle (SM) assisted °C) cycle study
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4. Chitins and chitosans characterization

4.1. Assessment of deacetylation and functional groups

The FTIR spectra of the extracted chitins CHT (SS), CHT (SM), CHT (PL), CHT (HI),
CHT (SO) and CHT (PP) and their corresponding chitosans CHS (SS), CHS (SM), CHS
(PL), CHS (HI), CHS (SO) and CHS (PP) confirmed the successful recovery of chitin

from the different biomasses and chitosan (Figs. 32 and 33).

All chitin samples exhibited a broad absorption band in the 3700-3000 cm™! region,
corresponding to overlapping O-H and N-H stretching vibrations associated with the
hydrogen-bonding network within the chitin structure [37]. This band appeared
broader and more intense for a-chitin samples (CH (SM), CH (PL), CH (HI) and CH
(PP)), reflecting the stronger intermolecular hydrogen bonding characteristic of the
antiparallel chain arrangement in a-chitin [189]. In contrast, the (3-chitin samples (CH
(5S) and CH (SO)) displayed comparatively narrower bands, consistent with the more
open crystalline structure and weaker hydrogen-bonding interactions typically
reported for B-chitin [190,191]. In the amide region, the characteristic Amide I band
(1650-1620 cm™) associated with C=O stretching and the Amide II band (around 1550
cm) corresponding to N-H bending were clearly visible in all chitin spectra [192].
These bands were generally sharper for a-chitin samples, indicating a higher degree
of structural organization and stronger intermolecular interactions compared with {3-
chitin sources. Additional peaks corresponding to the polysaccharide backbone were
also observed, including C-H stretching vibrations around 2920 and 2870 cm, CH
bending at 1380 cm™ and glycosidic C-O-C vibrations between 1150 and 1030 cm’,

confirming the preservation of the chitin molecular structure after extraction [193].
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Figure 32. FTIR spectra of chitins (CHT)

Following alkaline treatment, the FTIR spectra of the resulting chitosans showed the
expected spectral modifications associated with deacetylation of chitin. In particular,
a decrease in the intensity of the Amide I and Amide II bands was observed,
accompanied by the appearance of a band around 1590-1560 cm, attributed to N-H
bending vibrations of protonated amino groups characteristic of chitosan. Meanwhile,
the persistence of glycosidic bands in the 1150-1000 cm™ region indicates that the
polysaccharide backbone remained intact during the deacetylation process. These
spectral changes are widely reported as indicators of successful transformation of
chitin into chitosan [194,195]. Although the overall spectral profiles were similar across
all samples, minor differences in band sharpness and intensity were observed
depending on the biological source. These variations may reflect differences in
crystalline organization and hydrogen-bonding density inherited from the original

cuticular structures, as previously observed in arthropod and marine-derived chitins
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[196]. Such structural differences are expected to influence the degree of crystalline

ordering within the polymer.
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Figure 33. FTIR spectra of chitosans (CHS)

4.2.Crystalline structure and morphology of extracted chitins and chitosans

The XRD patterns of the chitin samples exhibited diffraction peaks characteristic of a-
and p-chitin crystalline structures (Figure 34). The detailed diffraction angles and
crystallinity indices are summarized in Table 15. The a-chitin samples CHT (PL), CHT
(SM), CHT (HI) and CHT (PP) showed the typical reflections associated with the
orthorhombic crystalline structure of a-chitin. In particular, the main diffraction peaks
were observed at approximately 20 = 9-10° and 19-20°, corresponding to the (020) and
(110) crystallographic planes of a-chitin, which confirms the presence of the

antiparallel chain arrangement characteristic of this polymorph [197]. In contrast, the
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-chitin samples CHT (SO) and CHT (SS) displayed broader reflections centered near
20 = 8-9° and 19-20°, which are commonly reported for the more open crystalline

lattice of B-chitin found in cephalopods and certain marine organisms [198,199].

The calculated crystallinity indices (Icr) revealed noticeable differences among the
investigated sources. The highest crystallinity was obtained for CHT (HI) (71.14%),
followed by CHT (SM) (65.56%), indicating a highly ordered crystalline structure in
these arthropod cuticles [78]. Intermediate crystallinity values were observed for CHT
(SO) (57.33%) and CHT (SS) (56.37%), which correspond to -chitin matrices generally
characterized by a less densely packed crystalline arrangement. Lower crystallinity
indices were obtained for CHT (PP) (51.63%) and CHT (PL) (51.48%), reflecting the
heterogeneous composition of crustacean shells where chitin microfibrils are
embedded within a mineralized matrix. Comparable crystallinity ranges have been
reported for chitin extracted from crustaceans and insects using chemical extraction

methods [85].
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Figure 35. XRD spectra of chitosan (CHS)
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After alkaline deacetylation, the XRD patterns of the resulting chitosans showed a
reduction in crystallinity compared with the corresponding chitins (Figure 35). The
crystallinity indices ranged from 39.10% to 51.63% (Table 4). The highest crystallinity
among chitosans was observed for CHS (HI) (51.63%), whereas CHS (SS) exhibited the
lowest value (39.10%). This decrease in crystallinity is attributed to the disruption of
the hydrogen-bonding network of chitin during alkaline deacetylation, which leads to
partial loss of crystalline ordering and formation of a more amorphous chitosan

structure [200].

Table 15. Diffraction peak positions (20) and crystallinity indices (ICr) of chitin
and chitosan extracted from the different biological sources

Source Chitin Chitosan
20 (°) Ic: (%) 20 (°) Icr (%)
9.46
12.88
19.5 10.54 4751
PL 51.48
20.8 20.08
23.54
26.5
8.6 10.88 47.79
SO 57.33
19.76 20.84
9.6 104 48.05
PP 51.63
19.64 20.02
94
SM 12.78 65.56
19.32 10.62 46.9
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20.54 20

23.18

26.34

9.6
12.94
HI 19.7 71.14 10.32 51.63
22.98 20.02

26.7

8.42 14.08 39.10
SS 56.37
19.3 23.12

The SEM micrographs of the chitin samples revealed distinct morphological patterns
that reflect their biological origin and intrinsic structural organization (Figure 36). The
samples CHT (PL) and CHT (PP) exhibited relatively compact lamellar surfaces,
typical of crustacean-derived chitin where microfibrils are embedded within a
mineralized matrix [100,201]. In contrast, CHT (SM) and CHT (HI) displayed more
porous and entangled fibrillar networks, reflecting the hierarchical organization of

chitin—protein complexes commonly found in arthropod cuticles [33].

The B-chitin sample CHT (SO) showed layered sheet-like structures with folded
morphologies, consistent with the more loosely packed crystalline organization
characteristic of cephalopod-derived chitin [141]. Meanwhile, CHT (SS) exhibited
heterogeneous and rough surface, typical of sardine scales chitin [202]. These
morphological features are consistent with the crystallinity results obtained by XRD,
where samples with higher crystallinity such as CHT (HI) and CHT (SM) exhibited

more clearly defined fibrillar organizations.
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CHT (SS)

Figure 36. SEM images of chitins (CHT)
After deacetylation, the SEM micrographs of the corresponding chitosans revealed
structural rearrangements compared with the original chitins (Figure 37). In most
cases, the fibrillar networks collapsed into denser lamellar or sheet like morphologies,
reflecting the structural reorganization associated with the reduction in crystallinity
observed by XRD. Similar morphological transitions during chitin to chitosan

conversion have been reported in previous studies [79,130].
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Figure 37. SEM images of chitosans (CHS)
4.3. Thermal properties of chitins and chitosans
The TGA and DTG profiles of the chitin samples exhibited the typical two-stage
thermal degradation behavior characteristic of chitin (Figure 38). The initial mass loss
below 150 °C corresponds to moisture release [165], with slightly higher losses
observed for the 3-chitin samples (CHT (SS) and CHT (SO)), consistent with their more
hydrated and loosely packed crystalline structure. The major degradation step
occurred between 280 and 420 °C, associated with depolymerization and cleavage of
the glycosidic and acetamide linkages [167,197]. The DTG curves showed distinct
maximum decomposition temperatures (DTGmax), which varied according to the
structural organization of each sample. a-chitins displayed higher thermal stability,
with CHT (HI) and CHT (PL) showing DTGmax values at 404 °C and 397 °C,
respectively, indicating stronger intermolecular interactions and higher crystallinity
[153,180]. CHT (SM) and CHT (PP) exhibited intermediate degradation peaks around
386-395 °C, reflecting moderately ordered structures. In contrast, the 3-chitin samples
presented lower DTGmax values, particularly CHT (SS) (352 °C) and CHT (S0O) (341 °C),
confirming the reduced thermal resistance associated with the weaker hydrogen-bond

network of 3-chitin. Beyond 450 °C, all samples showed gradual carbonization, with
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slight differences in residual char depending on biological origin. Overall, the thermal
behavior correlates well with the allomorphic form and structural compactness

revealed by FTIR, XRD and SEM analyses.
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Figure 38. Thermograms and their derivatives of chitins (CHT)

The TGA and DTG curves of the chitosans (CHS) exhibited the characteristic thermal
profile associated with deacetylated polysaccharides (Figure 39). All samples showed
an initial minor mass loss below 150 °C due to adsorbed moisture [203]. The principal
thermal degradation occurred between 250 and 380 °C, corresponding to
depolymerization and breakdown of amino-rich glucosamine chains [26]. The DTG
peaks revealed clear differences in thermal resistance among samples, with DTGmax
values ranging from 310 to 345 °C. CHS(SO) and CHS(SM) recorded the lowest DTGmax
values (310-317 °C), indicating a more amorphous organization and reduced
structural cohesion following deacetylation. CHS(PL), CHS(HI) and CHS(PP), in
contrast, exhibited higher DTGmax values (between 335 and 345 °C), reflecting

improved chain packing and a more ordered molecular arrangement. Peak broadening
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across all samples further supports the decrease in structural regularity relative to their
chitin precursors. At temperatures above 450 °C, all materials underwent gradual
carbonization, with slight differences in char residue depending on source-related
compositional factors. Overall, the DTGmax values confirm a general decrease in
thermal stability after deacetylation, while also highlighting persistent microstructural

differences among chitosans from different biological origins.
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Figure 39. Thermograms and their derivatives of chitosans (CHS)
4.4.Molecular structure analysis and degree of acetylation determination
The chemical structure and degree of acetylation (DA) of the produced chitosans CHS
(PL), (PP), (SO), (SM), (HI) and (SS) were analyzed using 'H-NMR and the spectra are
presented in Figure 40. All spectra exhibited the characteristic proton signals of
chitosan, confirming the successful deacetylation of the extracted chitins. The
resonance signal observed around 2.3 ppm corresponds to the methyl protons of the
residual N-acetyl groups (-COCHj3) and is commonly used as the reference signal for

determining the degree of acetylation (position a) [204]. The proton signals associated
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with the glucosamine ring (H2-H6) appeared as multiplets in the region between
around 3.0 and 4.0 ppm (proton b,c,def,g), while the anomeric proton (H1) was
detected around 5.4 ppm (position a)[205]. These chemical shift assignments are
consistent with those typically reported for chitosan derived from marine and insect
sources [80,206]. The degree of acetylation (DA) was determined from the ratio
between the integrated area of the methyl proton signal of the acetyl group (i) and the
proton signals of the glucosamine backbone. The calculated DA values ranged from
2.6% to 10.7%, indicating a high degree of deacetylation for all produced samples

deacetylated only in 1hour.

Among the investigated materials, CHS (SS) exhibited the lowest DA value, suggesting
more extensive deacetylation compared with the other sources. In contrast, slightly
higher DA values were observed for CHS (HI) and CHS (PL). These variations may be
related to differences in the crystalline organization and structural compactness of the
chitin matrices, which can influence the accessibility of acetyl groups during alkaline
treatment. Highly ordered crystalline regions may hinder reagent penetration and
therefore reduce deacetylation efficiency [206]. The obtained DA values fall within the
typical range reported for chemically produced chitosans. Previous studies have
reported DA values generally between 5% and 20%, depending on the biological
source of chitin and the deacetylation conditions applied [71,194]. The relatively low
DA values obtained in the present study therefore demonstrate the high efficiency of
the autoclave-assisted deacetylation process, which allowed the production of highly

deacetylated chitosan from diverse biological sources.
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Figure 40. 1H-NMR spectra of chitosans

4.5. Viscosimetric molecular weight determination

The viscometric molecular weight (Mv) of the produced chitosans was determined
(Figure 41). The obtained molecular weights ranged between 133 and 220 kDa,
indicating that the produced chitosans belong to the medium molecular weight range.
The preservation of relatively long polymer chains confirms as previously proved that
the autoclave-assisted process did not induce significant depolymerization of the
chitin backbone during extraction and deacetylation [180]. In conventional chemical
extraction methods, prolonged alkaline treatments at high temperatures may lead to

cleavage of glycosidic bonds and reduction of molecular weight. In contrast, the short
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reaction time associated with autoclave-assisted treatments can limit chain scission

while maintaining efficient deproteinization and deacetylation [78,98,207].

Variations in molecular weight among the samples can also be associated with
differences in the biological origin and composition of the starting materials. For
instance, chitosan derived from Hermetia illucens exhibited medium molecular weight,
which may be related to the highly organized chitin—protein matrix typical of insect
cuticles that can protect polymer chains from excessive degradation during alkaline
treatment. Similar observations have been reported for insect-derived chitin, where the
hierarchical organization of the cuticle contributes to maintaining longer polymer
chains after extraction [19,208]. Conversely, slightly lower molecular weights were
obtained for samples requiring additional purification steps, such as delipidation or
multiple deproteinization cycles. Lipid-rich biomasses, including insect and fish-
derived materials, often require solvent extraction prior to alkaline treatment, and
repeated chemical steps may promote partial depolymerization of the polysaccharide
chains [145]. Likewise, the number of alkaline treatments applied during
deproteinization may influence the final molecular weight, as repeated exposure to
strong bases can induce hydrolytic cleavage of the polymer backbone [209,210]. These
observations highlight the combined influence of process parameters and biomass
composition on the final molecular weight of the produced chitosans. The relatively
narrow molecular weight range obtained in this study indicates that the standardized
autoclave-assisted process provides a controlled extraction environment, enabling

efficient purification while preserving the integrity of the chitin polymer chains.
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Figure 41. Examples of the viscosity curves of the chitosan samples (CHS)
5. Conclusion
In this study, a standardized autoclave-assisted process was successfully applied for
the extraction of chitin and chitosan from six Moroccan biological resources, including
marine and terrestrial organisms (Parapenaeus longirostris, Pollicipes pollicipes, Sepia
officinalis, Scorpio mogadorensis, Hermetia illucens and Sardina pilchardus). The approach
allowed efficient removal of mineral and protein fractions using relatively mild
chemical conditions and significantly reduced processing time compared with
conventional extraction protocols. Microscopic observations of the native cuticles
revealed diverse chitin microfibril architectures, including parallel, helicoidal,
parabolic and semi-ordered lamellar arrangements depending on the species. These
structural differences were reflected in the physicochemical characteristics of the

extracted chitins. FTIR analysis confirmed the successful extraction of both «a-chitin
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and (-chitin, while XRD revealed crystallinity indices ranging from approximately
51% to 71%, depending on the biological source. SEM observations showed distinct
fibrillar and lamellar morphologies consistent with the crystalline organization of the
materials. Thermogravimetric analysis demonstrated typical two-step thermal
degradation profiles, with degradation temperatures influenced by the crystalline
organization and biological origin of the chitin. Subsequent alkaline deacetylation
produced chitosans with low degrees of acetylation (2.6-10.7%). Viscometric
measurements indicated medium molecular weight chitosans ranging from 133 to 220
kDa, suggesting that the autoclave-assisted process effectively preserved polymer
chain length while enabling efficient deacetylation. Overall, the results highlight the
strong influence of both extraction conditions and source specific structural
organization on the final properties of chitin and chitosan. The autoclave-assisted
method provides an efficient and scalable strategy for producing structurally
preserved chitin and highly deacetylated chitosan from diverse bioresources. This
approach offers promising perspectives for the sustainable valorization of marine and

insect biomass within emerging biorefinery and biomaterials applications.

132



Chapter 3: Hierarchical Chitosan
Scaffolds From Bio-sourced Feedstocks
For High-performance Heavy Metal

Adsorption
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1. Introduction

In the previous chapter, chitin was extracted from various biological sources,
including marine organisms, insects and arachnids. Particular attention was given to
the influence of the biological origin on the physicochemical properties of the extracted
chitin and the resulting chitosan. This approach provided a diversified set of raw
materials suitable for subsequent material development. In continuation of this work,
the present chapter is devoted to the elaboration and evaluation of chitosan-based
materials for water treatment applications. More specifically, a three-dimensional (3D)
scaffold structure was developed in this study. This approach constitutes an original
contribution of the present thesis, aiming to improve the adsorption performance of

chitosan through structural organization.

Previous studies have reported chitosan-based adsorbents in various physical forms,
including beads [58], membranes [211], films, fibers, hydrogels and nanochitosan
[212], each offering distinct advantages in terms of surface area, diffusion pathways
and mechanical stability. Nevertheless, the adsorption efficiency of chitosan-based
materials remains strongly dependent on their structural organization, porosity and
biological origin, highlighting the need for advanced material architectures and
diversified chitin sources to enhance performance and sustainability. Three-
dimensional (3D) porous scaffolds represent an advanced class of chitosan-based
materials characterized by interconnected pore networks, high porosity and large
accessible surface areas, which collectively favor mass transfer and adsorption
kinetics. To date, chitosan scaffolds have been predominantly explored in biomedical
applications [213-216], such as tissue engineering [74], wound healing and drug
delivery [217], where their porous morphology supports cell adhesion, proliferation
and nutrient transport. In contrast, their potential for environmental applications,
particularly in the removal of dissolved salts and heavy metal ions from water, remains

insufficiently investigated, despite their structural suitability for such processes.
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In the present work, 3D chitosan scaffolds derived from multiple biological sources,
including shrimp shells (commercial chitosan), Hermetia illucens (black soldier fly)
pupal and prepupal cases, scorpion (Buthus atlantis) exoskeletons and Pollicipes
pollicipes, were prepared and evaluated as bioadsorbents for water purification. The
scaffolds were assessed for their capacity to remove a representative set of inorganic
contaminants, namely NaCl, MgCl,, KCl, CaCl,, CdCl,, PbCl,, CrCl; and CuCl,.
Chloride salts were selected due to their chemical stability, high solubility and
widespread occurrence in natural and contaminated aquatic environments. By
combining structural engineering with the valorization of diverse and underexplored
chitin-rich resources, this study aims to demonstrate the potential of chitosan-based
3D scaffolds as efficient, sustainable and multifunctional materials for advanced
removal of salts and heavy metals from aqueous systems.

2. Autoclave-assisted extraction of chitosan from Buthus atlantis: preliminary
EDX analysis and process optimization

Prior to initiating the extraction process, energy-dispersive X-ray (EDX) analysis was
conducted to determine the mineral composition of the Buthus atlantis exoskeleton
(Fig. 42). The total mineral content was quantified at 3.22%, comprising Cl (0.21%), Si
(0.23%), Al (0.33%), Ca (0.35%), Mg (0.38%), Na (0.81%), and K (0.91%). This mineral
content is lower than that previously reported by Elouali et al. (2026) for Tityus
tenuimanus, which exhibited a total mineral fraction of approximately 3.22%,
highlighting species-dependent variations in exoskeletal composition. Upon this
preliminary assessment, a single demineralization bath was performed for 1 h,
followed by two consecutive autoclave-assisted deproteinization treatments (15 min
per bath) and a final deacetylation step of 1 h. Remarkably, a total processing time of
only 2 h 30 min was sufficient to obtain a highly purified chitosan, characterized by its
white coloration and complete solubility in 1% (v/v) acetic acid, indicating effective
removal of minerals, proteins and endogenous pigments throughout the extraction

process.
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Figure 42. EDX analysis of Buthus atlantis exoskeleton

The adoption of the autoclave-assisted extraction process in this study was motivated
by our previous investigation [180]. We demonstrated that this approach constitutes a
sustainable and environmentally benign alternative to conventional chitin and
chitosan extraction methods. Specifically, the autoclave-assisted protocol enabled a
substantial reduction in processing time, water consumption, and overall energy
demand, while significantly limiting the quantities of chemical reagents required.
These improvements stem primarily from the enhanced mass and heat transfer under
pressurized conditions, which accelerate deproteinization and deacetylation reactions
[218], thereby increasing process efficiency. Consequently, this method aligns with the
principles of green chemistry and sustainable process engineering, offering a scalable
and resource-efficient strategy for the valorization of another arthropod-derived

biopolymers.

3. Chitin and chitosan characterization

3.1.Functional group analysis
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Figure 43. FTIR spectra of chitin and chitosan
The FTIR spectra of chitin and chitosan exhibit the characteristic vibrational features
of amino-polysaccharides, while clearly reflecting the structural modifications
associated with deacetylation (Figure 43). In the region between 3600 and 3000 cm™,
both materials show a broad absorption assigned to overlapped O-H and N-H
stretching vibrations. This band becomes broader and more intense in chitosan,
consistent with the increased hydrogen-bonding capacity and reduced crystallinity
generally observed for deacetylated chitin derivatives, whereas the corresponding

band in chitin remains comparatively sharper due to its more ordered structure.

Significant differences are observed in the amide region. Chitin presents the typical
amide-I band at ~1650-1660 cm™ (C=0 stretching) and amide-II band at ~1550 cm™ (N-
H bending coupled with C-N stretching), confirming the presence of N-acetyl groups
[125]. In contrast, these two bands show a marked reduction in intensity in the chitosan
spectrum, reflecting the removal of acetyl moieties during alkaline deacetylation [219].
Concurrently, chitosan exhibits a more intense band at 1590-1600 cm™, attributed to
N-H bending of protonated amino groups (-NH;*) [92], which is widely recognized

as a key indicator of chitin to chitosan conversion.
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Both spectra display the characteristic polysaccharide fingerprint region between 1200
and 900 cm™, including C-O-C and C-O stretching vibrations and the band at
~895 cm™ associated with B-glycosidic linkages [85]. However, these bands are broader
in chitosan, which is consistent with its lower crystallinity. Altogether, the attenuation
of amide I-II absorption bands, the emergence of the amino-related signal around
1590 cm™ and the increased band broadness throughout the spectrum collectively

confirm the chemical transformation from the highly acetylated to chitosan.

3.2.Molecular weight determination

The reduced viscosity of chitosan solutions exhibited a linear increase with rising
polymer concentration, as illustrated in Figure 44. The extrapolation of the fitted line
according to the Huggins model yielded an intrinsic viscosity [n] of approximately
587 mL-g™1. This value reflects the hydrodynamic volume and chain expansion of the
extracted biopolymer in the solvent system used. Using the Mark-Houwink equation,
the calculated viscosity-average molecular weight (M,) of the chitosan obtained
through the autoclave-assisted extraction from Buthus atlantis exoskeleton was
estimated to be 126.2 kDa. This molecular weight sets the produced chitosan within
the medium-high molecular weight category. This is consistent with the values
reported for chitosan derived from arthropod exoskeletons using mild or moderate
deproteinization and demineralization conditions [98,220]. The strong linear
correlation (R2=0.9) further confirms the reliability of the viscosity measurements and
suggests good solubility and homogeneous polymer chain distribution in the tested

concentration range.
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Figure 44. Examples of the viscosity curve of the chitosan
3.3.Crystalline properties
The crystalline structure and phase evolution of chitin and chitosan were investigated
by X-ray diffraction (XRD), and the corresponding diffractograms are presented in
Figure 45. The XRD pattern of chitin exhibits several well-defined diffraction peaks
located at 260 = 9.3°, 12.6°, 19.2°, 20.7°, 23.7° and 26.3°, which can be indexed to the
(020), (021), (110), (120), (101) and (130) crystallographic planes, respectively [146,209].
The characteristic reflections observed at 20 = 9.3° and 19.2° are widely recognized as
the fingerprint peaks of chitin, confirming the successful extraction of this biopolymer.
Moreover, the presence of additional diffraction peaks at 12.6°, 20.7°, 23.7° and 26.3° is
consistent with the typical diffraction profile of a-chitin [147], indicating that the native

crystalline allomorph was preserved during the extraction process [33].
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After deacetylation, the XRD pattern of chitosan shows a significant structural
transformation, characterized by the appearance of two broad diffraction peaks
centered at 20 = 10.1° and 19.8°, corresponding to the (020) and (110) planes,
respectively. The disappearance of the characteristic a-chitin reflections and the
retention of only these two peaks confirm the effective deacetylation and the
conversion of chitin into chitosan. The absence of any additional diffraction peaks
further indicates the high purity of the obtained chitosan, with no detectable

crystalline impurities or residual inorganic phases [180,221].

Furthermore, the broad diffraction band at approximately 20 = 10.1° is attributed to
the amorphous domains of chitosan, while the peak at 20 = 19.8° corresponds to its

crystalline regions.

3.4.Morphological characterization

SEM micrographs revealed clear morphological differences between chitin and its
deacetylated derivative (Figure 46), i.e., chitosan. Native chitin exhibited a compact
and highly ordered surface composed of polygonal microdomains arranged in a

continuous, tightly packed network [28]. These polygonal units displayed smooth
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interiors and sharply defined boundaries, reflecting the dense microfibrillar
organization and high crystallinity characteristic of a-chitin, where extensive
intra- and intermolecular hydrogen bonding maintains the integrity of the hierarchical
structure [134]. In contrast, chitosan showed a markedly altered morphology following
deacetylation, with the disappearance of the polygonal arrangement and the
emergence of an irregular, layered and less cohesive surface. The chitosan samples
displayed elongated fibrillar structures, discontinuous domains and localized grooves
and cracks, indicating structural loosening and partial disruption of the original chitin

microfibrils.

Chitin

Chitosan

Figure 46. SEM images of chitin and chitosan

This morphological transition is consistent with the reduction in crystallinity and
increased amorphous character typically reported after deacetylation, as the removal
of acetyl groups weakens intermolecular interactions and promotes fibrillation.
Overall, the observed evolution from a dense and organized chitin matrix to a more
heterogeneous and fibrillated chitosan surface supports the known structural effect of
alkaline deacetylation and aligns with the previous reports describing the
morphological degradation and increased surface roughness associated with chitosan

formation [141].
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3.5.Thermal properties of chtiin and chitosan

The thermogravimetric analysis (TGA) of chitin shows a typical two stage degradation
profile (Figure 47). A slight initial mass loss of approximately 3% between room
temperature and 100 °C is observed, which corresponds to the evaporation of
physically adsorbed and bound water within the polymer structure [222]. Following
this minor dehydration step, the material remains thermally stable up to around
300 °C, after which a major decomposition event occurs. The primary degradation
stage begins sharply and reaches its maximum rate at 395 °C, as indicated by the peak
in the derivative thermogravimetric (DTG) curve. This DTGmax reflects the main
pyrolytic decomposition associated with the breakdown of the chitin polymer
backbone, including cleavage of glycosidic linkages and the deacetylation process

typically reported for chitin [189].

Beyond this major step, the mass decreases progressively until ~800°C, at which point
the total weight loss reaches approximately 88%. The remaining residue (*12%) is
consistent with the formation of a carbonaceous char, characteristic of nitrogen
containing polysaccharides such as chitin. Overall, the thermogram reflects the known
high thermal stability of chitin and its characteristic decomposition behavior, with a

dominant degradation stage centered near 395°C.
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Figure 47. Thermogram (TG) and its derivative (DTG) of chitin from Buthus
atlantis

The thermogravimetric analysis of chitosan shows a two-step thermal degradation
profile characteristic of partially deacetylated chitin derivatives (Figure 48). An initial
mass loss of approximately 4% occurring between room temperature and 100 °C
corresponds to the evaporation of residual moisture and weakly bound water
molecules, which are typically retained due to the hydrophilic nature of chitosan [35].
Beyond this dehydration region, the material remains relatively stable until roughly
250-280 °C, after which a pronounced decomposition event takes place. The main
degradation stage reaches its maximum rate at 343 °C, as evidenced by the peak in the
DTG curve. This DTGmax is lower than that of chitin, reflecting the reduced crystallinity
and weaker hydrogen-bonding network of chitosan resulting from deacetylation [180].
After the principal pyrolytic event, the mass continues to decrease gradually up to ~800
°C, leading to a total mass loss of approximately 69%. The remaining 31% residue at
800 °C can be attributed to the formation of a carbonaceous char typical of
nitrogen-rich biopolymers such as chitosan [26,188]. Overall, the TGA and DTG

profiles illustrate the expected reduction in thermal stability upon deacetylation of
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chitin to chitosan, manifested by the lower DTGmax and lower overall mass loss

compared to the chitin.
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Figure 48. Thermogram (TG) and its derivative (DTG) of chitosan from Buthus
atlantis

3.6.Chemical structure analysis and DA determination
The 'H-NMR spectrum of chitosan (Figure 49) shows the characteristic resonances of
the glucosamine backbone and the integration values confirm its very low degree of
acetylation (DA = 2.5%). The anomeric proton (H-1) appears as a distinct peak at 5.15
ppm (signal a) [150], which was used as the reference and normalized to an integral of
1.00. The solvent peak corresponding to D,O is clearly observed at 4.75 ppm and does
not participate in the integration used for DA determination. The ring protons H-2 to
H-6 (signals b—g) form a cluster of overlapping multiplets between 4.00 and 4.16 ppm
[141], as typically observed for chitosan dissolved in D,O or mildly acidic aqueous
media. Their chemical shifts are consistent with those expected for the glucopyranose
ring protons in highly deacetylated chitosan [204]. A well-defined resonance attributed
to the H-2 proton of deacetylated glucosamine units appears between 3.45 and 3.42

ppm (signal /), with an integral of 0.57 [157]. The position and relative intensity of this
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resonance reflect the presence of free amino groups (-NH,/~-NHj3*), which dominate in
chitosan with a low acetylation level. A small but clearly distinguishable peak is
observed at 2.28 ppm (signal i), with an integral of 0.08. This resonance corresponds to
the methyl group (-COCHp3) of the N-acetylated units. Its very low intensity relative to
the anomeric proton directly reflects the small fraction of acetylated residues present
along the polymer chain. Using the ratio of the methyl integral (0.08) to the anomeric
proton integral (1.00), and applying the formula described previously, the calculated
degree of acetylation (DA) is of 2.5%, confirming that the material is highly
deacetylated chitosan. This is consistent with the low intensity of the acetyl methyl
peak and the clear prominence of the H-2 signal for the deacetylated units. Overall, the
chemical shifts, peak patterns and integral ratios observed in the 'H-NMR spectrum
confirm the expected structure of chitosan and validate the successful deacetylation of

the parent chitin to a material with very low residual acetyl content.
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Figure 49. 'TH NMR spectrum of chitosan recorded in D,O

3.7.Efficiency of extraction and its impact on the physicochemical properties of
chitin and chitosan

The efficiency of the autoclave-assisted process (AAP) developed in this study is
reflected not only in the high extraction yield but also in the fine control achieved over
the structural and physicochemical properties of the resulting chitin and chitosan,
which are critical determinants of their adsorption performance in water purification
applications. By tailoring the number of purification baths to the intrinsically lower
mineral and protein content of Buthus atlantis exoskeletons, we obtained a highly
purified chitin exhibiting a crystallinity index (Icr) of 52.21% and a maximum thermal
degradation temperature (DTGmax) of approximately 395 °C, alongside a chitosan
characterized by low degree of acetylation equal to 2.5%, moderate viscosity average
molecular weight (Mv = 126.2 kDa), Icr of 48.42%, and DTGmax of 343 °C. Importantly,

SEM observations confirmed the preservation of a compact, organized and native-like

146



microarchitecture, typical of terrestrial arthropod cuticles, indicating minimal

disruption of the hierarchical fibrillar assembly during extraction.

When benchmarked against our previous AAP-based extraction from black soldier fly
(BSF) residues [180], which yielded chitin with higher crystallinity (Icr = 73.38%) and
superior thermal stability (DTGmax = 421 °C), as well as chitosan with comparable DA
(2.92%) but higher Mv (= 220 kDa), the Buthus-derived materials display moderately
lower crystallinity and molecular weight. These differences can be primarily ascribed
to feedstock-dependent factors, including taxon-specific cuticular architecture [33],
mineral distribution and initial protein content, which collectively govern polymer
packing, hydrogen-bonding density and crystalline perfection. In addition, the
reduced number of purification baths applied here, while sufficient for effective
demineralization and deproteinization, likely resulted in slight attenuation of
crystalline order and thermal resistance, yet effectively limited excessive chain
scission, yielding chitosan with balanced molecular weight and low DA two

parameters critically influencing adsorption efficiency [49].

Compared with our previously reported microwave-assisted extraction of BSF chitin
and chitosan [79], which produced materials with comparable DA (2.3%) but lower
thermal stability (DTGmax= 326 °C) and more disordered morphology, the present AAP
protocol demonstrates superior preservation of mesostructural organization and
enhanced thermal resistance. These improvements highlight the milder and more
homogeneous thermal and chemical environment provided by autoclave processing,
which mitigates localized overheating and uncontrolled depolymerization commonly
associated with microwave irradiation. The better-defined porous and fibrillar
architecture observed here is particularly advantageous for adsorption processes, as it
promotes increased surface accessibility, enhanced diffusion pathways, and improved

interaction between functional amino groups and aqueous contaminants.
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Furthermore, relative to thermal-pretreatment optimization reported for blue crab
shells [223], which yielded chitin with substantially lower crystallinity (= 35%) and
altered polymorphic features, the present AAP applied to Buthus exoskeletons
achieves markedly higher crystalline order at comparable thermal stability. This
observation further underscores the combined influence of biological origin and
processing modality in dictating the supramolecular structure and, consequently, the

functional performance of chitin-based materials.

In a broader methodological comparison, previous multi-route extraction studies on
shrimp shells employing chemical, microwave and autoclave treatments with
concentrated NaOH (50%, 1 h) reported chitosan with relatively high DA (= 7%), low
Mv (= 55 kDa), reduced thermal stability and severely disrupted morphology [81]. In
contrast, our use of a moderated mixed alkaline system (50% KOH, 25% ethanol, 25%
monoethylene glycol) under identical autoclave conditions enabled a significant
reduction in DA to 2.5% while maintaining a substantially higher molecular weight
and preserving structural integrity. This optimized balance between deacetylation
efficiency and polymer chain preservation is particularly beneficial for adsorption
applications, as low DA enhances amino group density and metal-binding affinity,
whereas moderate Mv ensures adequate mechanical stability and reusability of the
adsorbent. Collectively, these results demonstrate that extraction efficiency and
functional performance of chitin and chitosan are maximized when autoclave
parameters are carefully matched to feedstock composition and alkaline chemistry is
strategically moderated. The resulting materials exhibit a favorable combination of
low DA, adequate molecular weight, enhanced thermal stability and preserved
hierarchical structure, all of which are essential for high-performance adsorption in
water purification systems. Notably, the tailored Buthus-derived chitosan produced in

this study presents physicochemical attributes particularly suited for heavy-metal
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binding and organic pollutant removal, supporting its strong potential as a

sustainable, high-value bioadsorbent for advanced water treatment applications.
4. Scaffold characterization

The X-ray diffractogram of the scaffold prepared from the previously characterized
chitosan reveals a clear structural reorganization induced during scaffold formation.
In the parent chitosan, two diffraction features were observed: a broad reflection
around 10° (20) corresponding to the amorphous domain, and a more intense peak at
19.8° (20) assigned to the (110) crystallographic plane typically associated with the
semi-crystalline regions of chitosan. In the scaffold, the 10° amorphous peak
completely disappears (Figure 50), indicating a significant reduction in disordered
domains and suggesting that the lyophilization and gelation steps favored polymer
chain rearrangement and intermolecular alignment. Concurrently, the main crystalline
peak is retained but appears slightly shifted from 19.8° to 20.2° (20), still corresponding
to the (110) plane, which reflects the presence of ordered crystalline domains within
the scaffold matrix. This shift may be attributed to changes in interchain spacing and
variations in hydrogen-bonding patterns resulting from the scaffold preparation

process.
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Figure 50. XRD spectrum of chitosan scaffold (Sc)

The XRD findings are in strong agreement with the SEM observations (Figure 51).
While the chitin precursor presents a well-organized, polygonal, native-type cuticular
morphology and chitosan exhibits a flattened, smoother and partially collapsed
structure typical of deacetylated chitin, the scaffold displays a highly porous,
interconnected architecture. The pores appear uniformly distributed, with
well-defined walls and continuous channels, demonstrating that the scaffold
fabrication process promoted three-dimensional structural organization rather than
collapse of the polymer chains. The hierarchical porosity observed in SEM
corroborates the disappearance of the amorphous XRD peak, indicating that the
scaffold’s structural assembly favored a more organized arrangement of chitosan
chains, in line with the enhanced (110) reflection. Together, these results confirm that
the scaffold maintains structural integrity, exhibits improved internal organization,

and possesses a porous network suitable for applications requiring high surface area
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and interconnected geometry, such as biomedical, adsorption or tissue engineering

uses.

Chitin Chitosan Scaffold (Sc)

Figure 51. SEM images of chitin, chitosan and pure chitosan scaffold (Sc) from

Buthus Atlantis

5. Efficiency of chitosan scaffold in heavy metals and salts removal

5.1. Evaluation of Ion Removal Efficiency Based on TDS Measurements

To evaluate the ion removal efficiency of the material/system according to the present
work, a series of aqueous solutions containing various chloride salts were prepared.
The initial total dissolved solids (TDS) values were measured using a calibrated TDS
meter. Each solution was then subjected to contact with the proposed treatment
medium under identical conditions for a duration over one hour. After this contact

time, the TDS values were measured again. The following table summarizes the

results:
Table 16. TDS measurements after adsorption tests
Elements Initial TDS Final TDS (after 1h) TDS % Reduction
(ppm) (ppm) reduction
(ppm)
MgClz 572 526 46 8.04
KCl 970 775 195 20.10
NaCl 970 950 20 2.06
CdClL 469 302 167 35.61
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CuClz 630 96 534 84.76

CaClz 816 379 437 53.55
PbCL 409 206 203 49.63
CrCls 547 168 379 69.29

These results demonstrate that the material or process according to the invention
exhibits a preferential removal of transition metal ions such as Cu?*, Cr%, Pb?* and Cd?*,
with removal efficiencies reaching up to 84.76% in the case of copper. The material
shows moderate efficiency for calcium and magnesium ions and limited effectiveness
for monovalent alkali metal ions such as sodium (Na*) and potassium (K*), which is
consistent with their lower charge density and binding affinity. A trend that has been
widely reported in recent studies on chitosan-based and other polymeric adsorbents
[224,225]. This behavior is primarily related to the charge carried by the cations, as well
as their hydration characteristics and interaction affinity with functional groups
present on the adsorbent surface [226]. Divalent cations such as Ca?* and Mg?* exhibit
stronger adsorption compared to monovalent ions due to their higher charge density,
which enhances electrostatic attraction and facilitates complexation with amino and
hydroxyl groups of chitosan. However, the adsorption of Mg?* remains lower than that
of Ca?*, which can be attributed to its higher hydration energy and smaller ionic radius,

leading to a more stable hydration shell that limits its interaction with active sites [227].

5.2. Evaluation of Ionic Conductivity Reduction as an Indicator of Ion Removal
Efficiency
In another set of experiments, the removal efficiency of the treatment system was
evaluated by measuring the electrical conductivity of aqueous solutions of various
chloride salts before and after 1 hour in contact with the adsorbent material.
Conductivity is a function of the ionic strength of the solution and is used here as an
indirect measurement of ion removal. The decrease in conductivity indicates the extent

of ion uptake by the treatment system.
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The results are summarized in the table 17:

Table 17. Conductivity parameters after before and after adsorption tests

Chloride salt ~ Initial conductivity =~ Conductivity after Th ~ Reduction %
(uS/cm) (uS/cm) (uS/cm) Reduction

MgClz 1152 982 170 14.76

KCl 1950 1557 393 20.15
NaCl 1940 1900 40 2.06
CdCL 931 606 325 34.90
CuCl 1295 192 1103 85.21
CaCl 1602 758 844 52.68
PbCL2 801 413 388 48.44
CrCls 1101 337 764 69.39

The highest conductivity reduction was observed for CuCl, (85.21%), followed by
CrCl; (69.39%), CaCl; (52.68%) and PbCl, (48.44%), confirming a high selectivity of the
treatment system for multivalent and toxic transition metal ions. CdCl, also showed a
significant conductivity drop (34.90%), indicating good but lower adsorption
compared to Cu?* and Cr¥. KCl and MgCl, showed moderate reductions (20.15% and
14.76%, respectively), while NaCl exhibited minimal conductivity change (2.06%),

demonstrating low affinity toward monovalent ions.

The conductivity results further corroborate the selectivity of the adsorbent material
for divalent and trivalent metal ions over monovalent ions. The observed selectivity
agrees with the TDS-based findings and reflects the material’s suitability for
applications targeting the removal of environmentally hazardous metal ions such as

Cu?, Cr3, Pb?* and Cd?.

The uptake capacity of the bioadsorbent material was evaluated for various chloride
salts, demonstrating selective affinity in the following ascending order: sodium
chloride (NaCl) at approximately 3%, magnesium chloride (MgClz) at 15%, potassium
chloride (KCI) at 21%, cadmium chloride (CdClz) at 35%, lead(II) chloride (PbCl.) at
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49%, calcium chloride (CaClz) at 54%, chromium(IIl) chloride (CrCl2) at 70% and
copper(Il) chloride (CuClz) exhibiting the highest uptake rate of 86% (Figure 52).
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Figure 53. Adsorption capacity (mg-g) of scaffold (Sc) for selected metal salts
The resulting adsorption capacities, expressed in milligrams of adsorbate per gram of
adsorbent (mg-g?), were as follows: sodium chloride (NaCl), 25 mg-g!; magnesium
chloride (MgClz), 113 mg-g; potassium chloride (KCl), 154 mg-g!; cadmium chloride
(CdCL), 292 mg-g; lead(Il) chloride (PbClz), 445 mg-g?; calcium chloride (CaClz), 477
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mg-g?l; chromium(IIl) chloride (CrCls), 576 mg-g?! and copper(ll) chloride (CuClL),
exhibiting the highest adsorption capacity at 860 mg-g* (Figure 53). The combination
of high-performance selectivity with low affinity toward essential, non-toxic
monovalent ions (Na*, K*) makes the system ideal for selective water purification and

environmental remediation strategies.

For instance, Humelnicu et al. (2020) reported maximum adsorption capacities of
approximately 120-180 mg-g™ for Cu? and 90-150 mg-g for Cr® using chitosan-
based cryogels [225]. Similarly, EL Messaoudi et al. (2022) obtained adsorption
capacities of around 210 mg-g™ for Cu? and 150 mg-g™ for Cd?* using modified
chitosan materials [224]. More recently, Liu et al. (2025) reported maximum adsorption
capacities of 259.4 mg-g~! for Cu?, 291.5 mg-g™! for Pb?, 278.7 mg-g™! for Cd?* and 171.4
mg-g! for Cr¥ using a bioinspired hydrogel system (PSSC) [228]. In comparison, the
adsorption capacity obtained in the present work for Cu?* (860 mg-g) is more than
three times higher than that reported by [228], while Cr3* adsorption (576 mg-g™)
exceeds literature values by a factor of approximately 3.4. Similarly, Pb?* adsorption
(445 mg-g!) remains significantly higher than most reported values, while Cd?

adsorption is comparable to or higher than the upper range of recent studies.

In addition to high adsorption capacity, the material exhibits a pronounced selectivity
toward multivalent and transition metal ions. Based on the experimental results, the

selectivity follows the order:
Cu? > Cr¥* > Ca? > Pb?* > Cd* > K* > Mg?* > Na*

5.3.Microscopic observation after adsorption tests

Microscopic observation conducted following the adsorption tests revealed significant
morphological changes in the porous scaffold structure (Sc). Specifically, for
chromium (Cr), lead (Pb) and copper (Cu), the characteristic porous architecture
defined by a major pore diameter "D" and a minor diameter "d", was no longer
discernible, indicating substantial structural collapse or occlusion. In contrast, for
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calcium (Ca), cadmium (Cd), potassium (K) and magnesium (Mg), although the
porous network remained partially intact, the initially smooth surface topology was
visibly disrupted, and a marked reduction in both diameters "D" and "d" was observed,

as illustrated in the figure 54.

-0 CaCl, (1) peso
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Figure 54. Microscopic comparison of the scaffold porous structure (Sc) after
adsorption tests

6. Comparative tests
In a subsequent series of experiments, scaffold forms were prepared using alternative
chitosan sources, namely: (i) commercial chitosan derived from shrimp shells (Sigma-
Aldrich, high molecular weight), (ii) chitosan extracted from Buthus atlantis, chitosan
obtained from Hermetia illucens (Black Soldier Fly, BSF) pupal (iii) and prepupal
exuviae (iv), and (v) chitosan extracted from Pollicipes pollicipes (Figure 55). The
scaffold fabrication procedure was identical to that employed for the initial scaffold

(Sc).
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Figure 55. Visual comparison of scaffold morphology derived from different
chitosan sources

Morphological analysis revealed distinct structural differences among the scaffolds. In
particular, the scaffold derived from BSF chitosan exhibited a visibly lower density
and lighter coloration. In the case of the commercial chitosan, the scaffold dimensions
deviated significantly from those of the reference, and the resulting structure
displayed poor mechanical integrity, appearing fragile and prone to disintegration
upon contact with water. It is important to note that, although a fixed initial mass of
chitosan (1 g) was used, incomplete solubilization, insufficient deacetylation, or the
presence of residual impurities may lead to a discrepancy between the initial mass and
the effectively dissolved polymer fraction. As a result, the real polymer concentration
in solution is lower than expected, which affects solution viscosity, intermolecular
interactions, and gelation behavior. This, in turn, influences the density, homogeneity,
and structural integrity of the resulting scaffold. Additionally, chitosan powder and
cast films derived from Buthus atlantis chitosan were tested in parallel to evaluate their
adsorption efficiency in comparison to the scaffold form. Activated carbon, a
commercially available filtration adsorbent, was also included as a benchmark

reference material for performance comparison.
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Based on TDS values, a notable reduction was observed particularly for divalent and
trivalent metal salts, indicating effective adsorption. For CuCl, and CrCl; solutions, the
strongest reductions were observed with adsorbent Sc, where TDS dropped from 630
ppm to 96 ppm and from 547 ppm to 168 ppm, respectively, highlighting significant
affinity toward copper and chromium ions (Table 18). Similarly, Cd?* and Pb?* removal
was efficiently achieved by scaffold Sc, with TDS decreasing to 302 ppm and 206 ppm,
respectively. Chitosan films (Chitosan BA and BA film) showed moderate to high
adsorption efficiency, especially for Mg?", Na* and K* ions. Importantly, during the
adsorption tests, it was visually observed that certain adsorbents underwent physical
degradation in aqueous media. Specifically, the scaffold forms fabricated from
adsorbents (i), (ii), (iii), (iv) and (v) exhibited partial disintegration, with visible
fragments of the scaffold present in solution, indicating a lack of mechanical stability
in prolonged contact with metal-containing solutions, which is the reason of the
absence of scaffold v that was completely dissociated in the metal solution. This
behavior was not observed with the original scaffold (Sc), which maintained its
structural integrity and did not disintegrate during testing, demonstrating superior
stability and usability under the same experimental conditions. For comparison,
activated carbon was evaluated under identical experimental conditions. While
activated carbon benefits from a highly developed surface area and direct accessibility
of adsorption sites, it differs significantly from the scaffold in terms of physical form
and structure. In contrast, the 3D scaffold provides a continuous porous network,
where adsorption occurs not only at the surface but also within the internal structure.
Therefore, although the comparison remains relevant as a reference, the differences in
morphology and mass transfer pathways should be taken into account.

Table 18. TDS values (in ppm) measured after Thour contact between different
adsorbents and solutions containing individual metal salts

Elements TDS (ppm)
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To iii iv i Sc Chitosan BA film Activated

BA carbon

MgCL 57 4 576 560 526 542 504 565

Kcl 970 881 839 87 775 841 844 960

NaCl 970 970 1010 890 950 745 970 966

cdcl: 469 401 408 408 302 396 419 01

CuCl 30 557 622 614 % 607 600 514

CaCl: 816 728 408 697 379 699 696 801
PbCl:

409 377 369 376 206 317 313 340

CrCls 547 443 421 549 168 493 514 441

The observed changes in conductivity values correlate with those in TDS, reflecting
the ionic strength remaining in solution post-treatment. Notably, the scatfold form (Sc)
led to significant reductions in conductivity across all tested salts, especially for
divalent and trivalent metal ions (Cd?*, Cu?, Ca*, Pb?, Cr3) (Table 19), suggesting
high adsorption capacity.

Table 19. Conductivity values (in uS/cm) measured after 1-hour contact between
different adsorbents and solutions containing individual metal salts

Elements Conductivity (uS/cm)
To iii iv i Sc Chitosan BA film Activated
BA carbon

MgCl. 1147 1196 1155 1117 982 1090 975 1135

KCl 1950 1773 1700 1740 1557 1679 1707 1940
NaCl 1940 1970 2040 1729 1900 1489 1920 1920
CdCl. 931 801 819 801 606 794 806 881
CuCl2 1295 1109 1244 1226 192 1213 1205 1023
CaCl: 1602 1540 1483 1384 758 1394 1375 1571
PbCl. 810 751 756 750 413 631 641 715
CrCls 1101 882 859 1226 337 986 1262 891
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The data presented in the table below illustrate the adsorption performance of several
chitosan-based materials and a commercial activated carbon when exposed to
solutions of different metallic salts. The adsorption capacities were determined after 1-
hour contact under standardized test conditions. The results demonstrate a markedly
superior adsorption efficiency for the scaffold form (Sc), notably in the case of divalent
and trivalent cations such as Cu?* (860 mg-g™), Cr®* (576 mg-g1), Ca?* (477 mg-g), and
Pb?* (445 mg-g!) (Table 20). The scaffold's porosity and structural integrity likely
contribute to its enhanced uptake performance. In contrast, traditional forms such as
chitosan powders or films, while still active (e.g., Chitosan BA: 451 mg-g! for Na*),
show limitations due to either disintegration or lower surface reactivity. Activated
carbon, used as a commercial benchmark, showed inferior adsorption across all tested

elements.

Table 20. Adsorption capacity (mg-g!) of various adsorbents for selected metal

salts
Elements Adsorption capacity (mg.g?)
iii iv i Sc Chitosan BA film  Activated
BA carbon

MgCL 0 0 30 113 57 132 8

KCl 175 250 210 154 271 243 11
NaCl 0 0 211 25 451 20 5
CdClL. 130 112 130 292 137 125 51
CuCl: 186 51 69 860 82 90 131
CaCl: 62 119 218 477 208 227 14
PbCl: 59 54 60 445 179 169 72
CrCls 219 242 0 576 115 0 120
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To achieve a comprehensive understanding of the adsorption behavior of the chitin-
derived materials obtained from Buthus atlantis exoskeleton, a systematic comparison
was performed between the different structural forms, namely chitosan BA, BA film
and BA scaffold and benchmarked against representative adsorbents reported in the
literature (Table 21). This comparative approach reveals a clear structure—function
relationship, where the material architecture, porosity and functional group
accessibility govern ion capture efficiency and highlights the exceptional potential of

these materials for hazardous water remediation.

For Mg* adsorption, the BA film exhibited the highest uptake capacity (132 mg-g?),
significantly surpassing conventional chitosan-based and mineral adsorbents. In
comparison, magnetic chitosan/Fe304 composites typically exhibit capacities below
100 mg-g-1 [229], while modified bentonite and zeolite display much lower values of
14.63 and 26.2 mg-g! [230], respectively and alginate—citrate composite aerogels rarely
exceed 30 mg-g™! [231]. The enhanced performance of the BA film is attributed to its
compact yet permeable polymeric network, homogeneous functional group
distribution and increased surface reactivity, which together facilitate rapid Mg?*
diffusion and strong electrostatic interactions with protonated amino groups (-NHj*)
[232]. Moreover, the film configuration limits structural collapse during adsorption,
preserving pore accessibility and maintaining high adsorption efficiency. This
behavior highlights the relevance of polymer film engineering for effective alkaline-
earth metal removal, particularly in water softening and mineral regulation processes

[211].

In contrast, chitosan BA in powder form displayed superior affinity toward
monovalent ions, achieving 271 mg-g™ for K* and 451 mg-g™ for Na*, values that
largely exceed those reported for EDTA-functionalized chitosan (10-20 mg-g) [229]
and biochar hybrids (<5 mg-g) [233]. This remarkable performance can be explained

by the high availability of protonated amino groups and flexible polymer chains [49],
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which promote efficient ion exchange and electrostatic attraction mechanisms [234].

The strong Na* and K* uptake suggests that BA chitosan possesses intrinsic

desalination potential, making it particularly attractive for salinity reduction, brackish

water treatment and pretreatment of seawater desalination systems.

Table 21. Reported adsorption capacity (mg.g?) of ions by different adsorbents

Ion Adsorbent Capacity (mg.g?) Reference
Mg* BA film 132 This study
Magnetic chitosan/FesOxs 50 to 100 [229]
Mesoporous MgO Limited [235]
Modified bentonite 14.63 [230]
Modified zeolite 26.2 [236]
Alginate-citrate composite 28 [231]
K*/Na* Chitosan BA 271 (K+)/451 (Na+) This study
EDTA chitosan 10 to 20 [229]
Biochar hybrids <5 [233]
Ca? Scaffold (Sc) 477 This study
Functionalized chitosan 20 to 50 [229]
Modified bentonite 14.63 [230]
Alginate citrate composite 18 [231]
Pb* Scaffold (Sc) 445 This study
Magnetic chitosan 121.95 [117]
Magnetized activated carbon 253.2 [237]
Cd* Scaffold (Sc) 292 This study
Magnetized activated carbon 73.3 [237]
Zeolite 84.3 [238]
Chitosan BSF 131.1 [79]
Cr¥ Scaffold (Sc) 576 This study
NaOH/Fe(Ill) modified 31.47 [239]
Clinoptilolite zeolite
Chitosan microfiber 20.90 [240]
immobilized with bayberry
tannin
Cu? Scaffold (Sc) 860 This study
Olivine loaded with 225.82 [241]
magnesium oxide micro rods
ZnAI-LDH 213 [242]
CuS-PVDEF electrodes 551.49 [243]
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For hazardous heavy metal ions, including Cd?, Pb?*, Ca?, Cr® and Cu?*, the scaffold
configuration consistently exhibited the highest adsorption capacities, reaching 292,
445, 477, 576 and 860 mg-g~!, respectively (Table 21). These values surpass not only the
other BA derived forms but also the most reported adsorbents, including magnetized
activated carbon [237], modified zeolites [238], layered double hydroxides and
functionalized polymer composites [242]. The outstanding performance of the scaffold
is primarily governed by its three-dimensional interconnected porous architecture,
which provides large accessible surface area, reduced diffusion resistance, and

homogeneous distribution of active binding sites [244].

At the molecular level, adsorption proceeds through a synergistic mechanism
involving electrostatic attraction, chelation and surface complexation [245]. The amino
and hydroxyl groups of chitosan act as primary coordination sites, enabling the
formation of stable inner-sphere complexes with heavy metal ions, particularly for
Cu? and Cr®* [246,247], which exhibit strong affinity toward nitrogen- and oxygen-
donor ligands. Additionally, hydrogen bonding and physical entrapment within the
hierarchical pore network further contribute to the high adsorption capacities [47]. The
macroporous channels ensure rapid ion transport, while mesoporous domains
enhance contact probability between metal ions and active functional groups,

collectively leading to exceptionally fast kinetics and high uptake efficiency.

Importantly, the observed trend in adsorption performance (scaffold > film > powder
for heavy metals) directly reflects the increasing degree of structural organization and
porosity, confirming that morphological engineering plays a decisive role in
controlling adsorption mechanisms and efficiency. The exceptional Cu?* uptake (860
mg-g1) is particularly noteworthy and positions the BA scaffold among the highest
performing bio-based adsorbents reported to date, highlighting its strong potential for
industrial effluent treatment, electroplating wastewater remediation and mining

wastewater purification.
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7. Conclusion

The efficiency of the autoclave-assisted process developed is reflected in the high
extraction yield and the fine control achieved over the structural and physicochemical
properties of chitin and chitosan, which are critical determinants of their adsorption
performance in water purification applications. By tailoring the number of purification
baths to the intrinsically lower mineral and protein content of Buthus atlantis
exoskeletons, chitin exhibits a crystallinity index (Icr) of 52.21% and a maximum
thermal degradation temperature (DTGmax) of approximately 395 °C, alongside a
chitosan characterized by a low degree of acetylation (2.5%), moderate viscosity
average molecular weight (Mv = 126.2 kDa), Icr of 48.42% and DTGmax of 343 °C. SEM
observations confirmed the preservation of a compact, organized and native-like
microarchitecture, typical of terrestrial arthropod cuticles, indicating minimal

disruption of the hierarchical fibrillar assembly during extraction.

The chitosan was subsequently engineered into a three-dimensional porous scaffold,
characterized by an interconnected network of macro and mesopores, which ensures
maximal exposure of reactive amino and hydroxyl groups and provides a robust
architecture for metal ion adsorption. Adsorption experiments demonstrated that this
scaffold achieved the highest performance among all chitosan-derived materials from
BA, significantly outperforming the BA powder and BA film forms for heavy metal
removal. The scaffold exhibited exceptional uptake capacities for Cd?*, Pb?*, Cr3 and
Cu?, exceeding other bio-based 3D scaffolds reported in the literature as well as
conventional commercial adsorbents such as activated carbon. The superior
performance is attributed to the synergistic effect of hierarchical porosity and a large
accessible surface, which collectively facilitate strong chelation, electrostatic
interactions and surface complexation with metal ions. These results highlight the
unique potential of BA derived chitosan scaffolds as high-performance, sustainable
bioadsorbents, combining renewable origin, structural tunability and broad-spectrum
heavy metal removal efficiency.
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General Discussion

This work demonstrates the successful development of an integrated strategy for the
valorization of chitin-rich biomass through the combination of process innovation,
material design and application performance. The autoclave-assisted process (AAP)
developed in this thesis represents a significant advancement over conventional
extraction methods, enabling substantial improvements in process efficiency and
industrial feasibility. The optimized AAP protocol allows a drastic reduction in
processing time for key extraction steps. In particular, the deproteinization step was
reduced from approximately 18 hours to 75 minutes, while the deacetylation step
decreased from 24 hours to 1 hour, corresponding to reductions greater than 90%.
These results clearly demonstrate the efficiency of hydrothermal-assisted extraction
conditions in accelerating reaction kinetics, in agreement with previous studies
reporting enhanced mass transfer and reaction rates under elevated temperature and

pressure [77,81].

In addition to time reduction, the process enables a significant decrease in chemical
reagent consumption, with an estimated reduction of 83%, as well as a substantial 80%
reduction in water usage, due to the simplification of washing and treatment steps
[180]. These improvements contribute directly to the high Industrial Feasibility Score
(IFS) obtained for the process, confirming its strong potential for industrial
implementation. The extraction efficiency is further supported by a protein removal

efficiency of 94%, indicating effective purification of the chitin matrix.

Beyond process efficiency, the extracted chitin exhibits high purity, well-preserved
crystallinity and favorable thermal stability, which are essential for subsequent
valorization. The preservation of crystalline structure under optimized conditions is
consistent with findings reported in the literature, where controlled extraction

parameters contribute to maintaining the structural integrity of chitin [81]. These
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characteristics are critical for ensuring the performance of derived materials and

confirm the quality of the extraction process.

The influence of biomass origin on the physicochemical properties of chitin and
chitosan was clearly demonstrated, with variations in degree of deacetylation,
molecular weight and structural organization. These differences directly impact
material behavior and were successfully exploited in the design of functional
materials. In this context, the development of a three-dimensional chitosan scaffold
represents a major contribution of this work. The scaffold exhibited outstanding
adsorption capacities toward inorganic pollutants, reaching 860 mg-g~! for Cu?', 576
mg-g! for Cr¥, 477 mg-g™! for Ca?" and 445 mg-g! for Pb?, which significantly exceed
most values reported for conventional chitosan-based adsorbents, typically ranging
between 100 and 400 mg-g™! depending on material structure [115,225,227,248]. The
adsorption behavior further revealed a pronounced selectivity toward multivalent
ions, driven by coordination interactions with amino functional groups and
electrostatic effects [249]. This selectivity enhances the relevance of the developed
material for targeted water treatment applications, particularly for the removal of toxic
heavy metals. The combination of high adsorption capacity and selectivity positions
the developed scaffold among the most efficient chitosan-based adsorbents reported

to date.

An important outcome of this work is the successful transition from laboratory-scale
validation to pilot-scale implementation. The application of the AAP process within
the Moroccan startup SGW-ShrimpGreenWater, involving the processing of
approximately 600 kg of shrimp shell waste, confirms the scalability and robustness of
the process under real operating conditions. This progression from TRL 3 to TRL 5
represents a critical step toward industrial deployment and demonstrates the

transferability of the developed technology beyond laboratory conditions [250].
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Overall, this thesis establishes a coherent and scalable approach to chitin valorization,
combining efficient extraction, advanced material design and high-performance
applications. The significant improvements achieved in processing efficiency, resource
consumption and adsorption performance highlight the potential of the proposed
strategy for the development of sustainable and economically viable chitin-based
technologies. These results provide a solid foundation for the implementation of future
biorefinery systems, particularly in regions such as Morocco, where abundant biomass
resources and favorable conditions support the emergence of bio-based industries

[210].
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General Conclusion

This thesis demonstrates the feasibility of an integrated approach for the valorization
of chitin-rich biomass, combining process intensification, material engineering and
application-oriented design. The development of the autoclave-assisted process (AAP)
represents a major advancement in chitin extraction, enabling a significant reduction
in processing time, chemical consumption and water usage. The reduction of
deproteinization time from 18 hours to 75 minutes and deacetylation from 24 hours to
1 hour illustrates the efficiency of the process, while the decrease of 83% in chemical
use and 80% in water consumption confirms its relevance from an industrial
perspective. These improvements are reflected in the high Industrial Feasibility Score
(IFS), highlighting the strong potential of the process for large-scale implementation
(IFS=A). The extracted chitins exhibited high purity, preserved crystallinity and
favorable thermal properties, confirming the quality of the developed extraction
protocol. The influence of biomass origin was shown to play a key role in determining
the physicochemical properties of chitin and chitosan, opening opportunities for
tailoring material performance according to targeted applications. In this context, the
development of a three-dimensional chitosan scaffold constitutes a major contribution,
demonstrating outstanding adsorption capacities for heavy metal ions, with values
reaching 860 mg-g! for Cu?* and 576 mg-g! for Cr®. These performances place the
developed material among the most efficient chitosan-based adsorbents reported in

recent literature.

A key achievement of this work is the successful transition from laboratory-scale
validation to pilot-scale implementation. The application of the AAP process within
the Moroccan startup SGW-ShrimpGreenWater, involving the treatment of 600 kg of
shrimp shell waste, confirms the robustness and transferability of the process under

real conditions. This advancement corresponds to a progression from TRL 3 to TRL 5,
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marking a critical step toward industrial deployment. Taken together, these results
demonstrate that the combination of an efficient extraction process, adaptable
feedstock strategy and high-value material development provides a solid foundation

for the emergence of sustainable chitin-based technologies.

Scientific perspectives

The results obtained in this work open several directions for future research. A first
perspective concerns the optimization of the AAP process through fine control of
operating parameters, with the objective of further improving extraction selectivity
and reproducibility across different biomass sources. The adaptation of the process to
continuous or semi-continuous systems represents an important step toward higher

technological maturity levels, particularly in view of reaching TRL 6-7.

Another important direction relates to the control of structure—property relationships
in chitosan-based materials. The ability to tune degree of deacetylation, molecular
weight and crystallinity offers opportunities for designing materials with targeted
functionalities. Future work may focus on advanced functionalization strategies,
including chemical modification or hybridization with inorganic phases, in order to
enhance selectivity, stability, multifunctionality and diversify the potential

applications.

Economical perspectives

The results of this thesis strongly support the development of a chitin-based
biorefinery in Morocco, based on a multi-feedstock strategy. The concept of an
Adaptive Multi-Feedstock Biorefinery Hub (AMFBH) (Figure 56), introduced in this
work, provides a relevant framework for such an implementation. By integrating
diverse biomass sources, including shrimp shell waste, insect-derived materials and
marine organisms, this approach ensures resource availability, flexibility and

resilience against supply fluctuations.
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Figure 56. Conceptual representation of an adaptive multi-feedstock chitin
biorefinery architecture

Morocco presents a particularly favorable environment for the deployment of such a
system. The presence of a well-established seafood processing industry generates
significant quantities of chitin-rich by-products, while the emergence of insect farming
and the availability of diverse marine resources further expand the biomass base. In
addition, favorable climatic conditions and strategic geographical positioning facilitate

the development of integrated and sustainable industrial infrastructures.

From an economic perspective, the transformation of low-value biological residues
into high-value functional materials represents a key driver for industrial viability. The
development of advanced applications, such as high-performance adsorbents for
water treatment, creates opportunities for market integration and value creation. The
successful implementation of the AAP process within SGW-ShrimpGreenWater
demonstrates that this transition is already underway and can be further expanded.
Looking forward, the combination of technological readiness (TRL 5), process
efficiency and resource availability provides the necessary conditions to progress

toward higher maturity levels (TRL 6-7), involving pilot-scale optimization and pre-
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industrial demonstration. In this context, the development of a Moroccan chitin
biorefinery based on a multi-feedstock strategy appears not only feasible but
strategically relevant for supporting the transition toward a circular and sustainable

bioeconomy.
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