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ABSTRACT

The aim of the research described in this thesis was the valorization of fishery waste biomass to obtain
chitin with a sustainable and green approach using ionic liquids (ILs). In particular, attention was
focused on the development of an extraction protocol for chitin from Spider Crab (Maja squinado)
carapace, with a “waste to wealth” idea to obtain high added-value products. Chitin, in fact, finds
various applications in different fields due to its intrinsic biocompatibility and biodegradability,
ecological safety, low toxicity and biological activity such as antimicrobial and low immunogenicity.
The key step of this work was the improvement of a one-step extraction procedure using ILs as both
extracting agents and solvents, as opposed to the traditional chemical extraction which involves two
steps using strong and hazardous acids and bases.

The one-pot pulping-based method was investigated, using simple, readily-available ILs such as
hydroxyl-ammonium acetate, ammonium acetate and ammonium formate. Each extraction was
performed in two ways: by using the neat IL as solid salt or by synthesizing it in-Situ as an aqueous
solution. The study of different reaction temperatures and the influence of different mesh sizes was
performed to optimize the extraction conditions. The pulped-chitin was fully characterized by FT-IR
and NMR spectroscopy, XRD, ICP-OES to define the acetylation degree, and purity of the products.
The so obtain pulped chitin was further deacetylated to chitosan, and MW and polydispersity of were
determined by GPC analysis.
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1 INTRODUCTION

1.1 The oceans: an essential source

Covering 70% of our planet, oceans are the source of half of the oxygen and are responsible for 17%
of animal protein production. In addition, they are an essential resource for global sustenance and
economy, providing reliable sources of food, tourism, and jobs. Therefore, it is mandatory to preserve
the marine aquatic ecosystem that, especially in recent years, is threatened by incorrect management
and resources exploitation, pollution, and climate change. In addition to these fundamental aspects,
which are threatening the abundance and natural biodiversity of marine life, there is also the major
issue of disposal of fish waste. For example, returning it to the marine environment can reduce the

oxygen level in seawater and introduce diseases and foreign species in the aquatic ecosystem.!

From 1990 to 2018, there was a 122% rise in total fish products consumption, propelling a 14% and
527% increase in fish capture and aquaculture, respectively (figure 1.1). It is estimated that in 2018
global fish production has reached about 179 million tons, with a total first sale of 82 million tons
coming from aquaculture. Of the overall total, 156 million tonnes were used for human consumption

and the remaining quantity was destined for non-food uses, mainly to produce fishmeal and fish oil.
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Figure 1.1: World capture fisheries and aquaculture production?.



China is still the major fish producer, accounting for 35% of global fish production in 2018. Other
major fish producers in 2018 were Asia (excluding China, 34%), followed by the Americas (14%),
Europe (10%), Africa (7%) and Oceania (1%). Except for Europe and the Americas, the total fish

production has seen an extensive increasing trend during the last decades, as can be seen in figure 1.2
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Figure 1.2:Regional contribution to world fisheries and aquaculture production?.

As a percentage of total landed weight, only 40% of prawns, 39% of crustaceans, 14% of mussels,
32% of crabs, 35% of brown shrimp and 35-45% of catfish harvested are destined for human
consumption, the remaining mass being discarded as waste®. In general, about 50% of the seafood
mass is discarded depending on the type of fish, product and processing techniques. Fishery waste
mainly consists of whole waste fish, head, viscera, skin, bones, blood, frames liver, gonads, guts,
some muscle tissue, etc. The corresponding composition varies according to the species, sex, age,
nutritional status, time of the year and health of the fish®. Both liquid (effluent) and solid wastes are
generated by most seafood processing. The almost universal treatment of the effluents removes from
them most settleable solids, namely offal, skin, and bones, which are collected for disposal or

reprocessing into fishmeal. The remaining suspended and dissolved solids are discharged in the
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effluents®. However, fishery waste can be a sustainable source of high valuable molecules; therefore,
development of extraction methods for the upgrading of these biowaste is desirable with a view to
the economic and environmental sustainability of the process. The application of the principles of
green chemistry for the valorization and reuse of fishery waste, can pave the way towards the

reduction of the environmental impact associated with fishing industry and aquaculture?.

1.2 Green chemistry and blue economy

1.2.1 Green chemistry: principles and fundamental concepts

Green chemistry has been defined as the design of chemical products and processes to avoid the use
and generation of hazardous substances and prevent pollution at the molecular level. This innovative
area recognizes that during the design of any chemical synthesis, product, or process, it is mandatory
to minimize the use of hazardous chemicals®. Advances in green chemistry address hazards derived
from processes, energy production, availability of a safe and adequate water supply, food production,
and the presence of toxic substances in the environment. The design of any procedure should be
guided by the twelve Principles of Green Chemistry, a classification of the theoretical approach taken
to achieve the green chemistry goals of harmless products and processes’. Green chemistry considers
the entire life cycle of materials and energy processes, from the origin of feedstocks, through
manufacturing and product design, to disposal at the end of commercial life®. Its fundamental notions
are substantial components of sustainability and represent the intersection of three major crossroads:
environmental integrity, social responsibility and economic viability® (figure 1.3). Producing
sustainable and cost-effective products is probably the biggest challenge facing green chemistry

nowadays.

Social
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Figure 1.3:Green chemistry intersects environmental integrity, social responsibility, and economic viability.

Adapted from?®,
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1.2.2 Blue Economy: toward biorefineries and sustainable marine industries

Although the use of the green chemistry principles has provided an enormous contribution toward
sustainable production systems, much needs to be done to safeguard the aquatic biodiversity and
ecosystems. Oceans are still seriously under-protected: just over 1% of the ocean surface is designated
as protected areas, compared to nearly 15% of inlands®. This difference is quite surprising, especially
considering that green chemistry principles were initially designed to protect our water resources.
Considering these aspects and the increase of global warming, which is causing severe acidification
and deoxygenation of the marine environment, the safeguard of the oceans is now a matter of primary
concern. For this purpose, in 2012, during the Rio + 20UN Conference on Sustainable Development,
the term “blue economy” was introduced to extend the substantial aspects of the green economy to
marine activities. Different definitions of blue economy have been proposed by the major
organizations all over the world, and they all agree that it is a concept related to the sustainable
exploitation of the oceans and to the preservation of their resources. A representative definition by
Conservation International is here reported to describe the purposes and basis in this context: “‘Blue
economy’ refers to the range of economic uses of ocean and coastal resources — such as energy,
shipping, fisheries, aguaculture, mining, and tourism. It also includes economic benefits that may not
be marketed, such as carbon storage, coastal protection, cultural values and biodiversity”*!. Recently
have also been established traditional Blue Economy activities, that include: marine living resources,
marine non-living resources, marine renewable energy, ports activities, shipbuilding and repair,
maritime transport and coastal tourism®®. It is clear that all these activities must devote primary
consideration to the protection and safeguard of the marine environment, and also that synergy
between blue and green economies will be based on the development of an integrated biorefinery
scheme able to maximize the use of biomass and waste. Biorefining is one of the key strategies
towards the circular economy, and its primary purpose is the development of biomass-based materials
and chemicals as valid alternatives to petrol-based ones. Similarly, to petrochemical refineries, where
crude oil is converted into added value compounds that can serve as building blocks for consumers
goods, biomass can be fractionated into its major components and converted into useful materials. A
proper valorization of these widespread residues would decrease ocean contamination, improve

marine resource management, and increase sector competitiveness.



1.3 Spider crab (Maja Squinado): occurrence and description

The Mediterranean spider crab Maja squinado (Herbst, 1788)*2, also known as European spider crab,
spinous spider crab or granseola, is one of the biggest crabs of European coasts and its geographical
range goes from the north-eastern Atlantic to the Mediterranean sea 3. FAO reported that the total
annual catches of M. squinado from 2001 to 2011 ranged from a minimum of 5,168 tons registered
in 2005 to a maximum of 6,957 in 2006. As reported in table 1.1 the main producer is France, which

contributed to more than 67% of the total catch in 2011.

Table 1.1: Catches list of Maja Squinado species in European coasts from 2001 to 2011. Adapted from?4.

Country Fishing Area 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011
(t) (t) () () (t) (t) (t) (t) (® (® ()
United
Kingdom Atlantic,
(Channel Northeast 428 406 379 323 242 194 165 265 257 246 184
Islands)
Croatia Mediterranean |, 61 54 | 113 | 110 | 69 | 244 | 246 | 19 22 29
and Black Sea
Atlantic,
Denmark Northeast 2 2 2 1 2 1 1 0 1 0 0
Atlantic,
4,807 | 4,134 | 4,440 | 4,017 | 3,917 | 4,542 | 4,695 | 4,166 | 4,965 | 4,537 | 3,758
France Northeast
Mediterranean
France and Black Sea 1 2 2 2 3 2 0 0 2 8 7
Allantic, 264 | 330 | 222 | 180 | 25 | 153 | 60 | 153 | 443 | 415 | 306
Ireland Northeast
Atlantic,
MOroceo Eastern Central 0 168 175 108 18 1 1 0 1 4 2
Mediterranean
Morocco and Black Sea 0 0 5 4 3 0 0 0 1 0 0
Atlantic,
Portugal Northeast 51 49 59 53 48 67 56 26 37 37 26
Atlantic,
Portugal Eastern Central 0 0 0 0 0 0 ! 0 0 0 0
. Mediterranean
Serbia and and Black Sea 0 1 0 2 0 0 0 0 0 0 0
Montenegro
. Allantic, 108 | 114 | 128 | 196 | 298 | 379 | 288 | 333 | 375 | 295 | 314
Spain Northeast
. Mediterranean
Spain and Black Sea 5 3 2 2 4 6 5 2 5 5 6
".JLted Allantic, 1,199 | 1,171 | 1,027 623 498 1,568 | 1,441 | 1,023 865 769 940
Kingdom Northeast
. Mediterranean
YugsoFsllQawa and Black Sea 0 0 0 0 0 0 0 0 0 0 0
Total: 6,886 | 6,441 | 6,495 | 5,624 | 5,168 | 6,982 | 6,957 | 6,214 | 6,971 | 6,338 | 5,572



https://fishbase.mnhn.fr/country/CountrySpeciesSummary.php?id=9325&c_code=830
https://fishbase.mnhn.fr/country/CountrySpeciesSummary.php?id=9325&c_code=830
https://fishbase.mnhn.fr/country/CountrySpeciesSummary.php?id=9325&c_code=191
https://fishbase.mnhn.fr/country/CountrySpeciesSummary.php?id=9325&c_code=208
https://fishbase.mnhn.fr/country/CountrySpeciesSummary.php?id=9325&c_code=250
https://fishbase.mnhn.fr/country/CountrySpeciesSummary.php?id=9325&c_code=250
https://fishbase.mnhn.fr/country/CountrySpeciesSummary.php?id=9325&c_code=372
https://fishbase.mnhn.fr/country/CountrySpeciesSummary.php?id=9325&c_code=504
https://fishbase.mnhn.fr/country/CountrySpeciesSummary.php?id=9325&c_code=504
https://fishbase.mnhn.fr/country/CountrySpeciesSummary.php?id=9325&c_code=620
https://fishbase.mnhn.fr/country/CountrySpeciesSummary.php?id=9325&c_code=620
https://fishbase.mnhn.fr/country/CountrySpeciesSummary.php?id=9325&c_code=891
https://fishbase.mnhn.fr/country/CountrySpeciesSummary.php?id=9325&c_code=891
https://fishbase.mnhn.fr/country/CountrySpeciesSummary.php?id=9325&c_code=724
https://fishbase.mnhn.fr/country/CountrySpeciesSummary.php?id=9325&c_code=724
https://fishbase.mnhn.fr/country/CountrySpeciesSummary.php?id=9325&c_code=826
https://fishbase.mnhn.fr/country/CountrySpeciesSummary.php?id=9325&c_code=826
https://fishbase.mnhn.fr/country/CountrySpeciesSummary.php?id=9325&c_code=
https://fishbase.mnhn.fr/country/CountrySpeciesSummary.php?id=9325&c_code=

Nowadays, Maja squinado (figure 1.4) represents a resource for smaller-scale fisheries and is
included in the list of species whose exploitation is regulated under Annex Ill of the Barcelona

Convention Protocol (1976).

Figure 1.4: Photograph of Maja Squinado species.

Maja squinado is characterized by a reddish-brown to yellowish-brown carapace with an average
length of 13 cm and a width of 18 cm, though it can reach a maximum length of 25 cm®®. It inhabits

rocky or sandy bottoms at depths up to 10 m.

1.4 Chitin

Chitin was first reported in 1811 by the French professor Henri Braconnot, who carried out some
reactions on raw material isolated from different species of fungi, under the name of “fungine”*°.
After cellulose, chitin (poly B-(1-4)-N-acetyl-D-glucosamine) is the second most abundant natural
polysaccharide'”8 (see figure 1.5). In chitin, the degree of acetylation (DA), defined as the ratio of
2-acetamido-2-deoxy-p-glucopyranose to 2-amino-2-deoxy-p-glucopyranose units, varies typically
between 0.80 and 0.95 depending on the source!®, indicating the presence of a certain degree of free

amino groups?.
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Figure 1.5: Repeating residues for chitin and chitosan. Chitin is composed predominantly of N-acetyl glucosamine
(GIcNAC, x) units; Chitosan is mainly composed of glucosamine (GIcN, y) units.

Chitosan is known as the partially deacetylated derivative of chitin, and different definitions are
available in the literature. Most sources mention a deacetylation degree (DD), representing the reverse
of DA, of at least 50%?2! as a criterion for defining the molecule as chitosan. Others report a
deacetylation degree of at least 60% or 75% for chitosan, implying that more than 60% consist of D-

glucosamine monomers??23,

1.4.1 Production and relative sources

Chitin is present globally, and a reasonable estimate for both annual production and the steady state
amount of chitin in the biosphere is of the order of 10'2-10'% kg 2. Marine organisms are the principal
source of chitin since it is a constituent of the exoskeleton of arthropods such as crustaceans (crab,
lobsters and shrimps) and the endoskeleton of mollusks®. However, it is also produced by several
other living organisms in the lower plant and animal kingdoms, serving in many functions where
reinforcement and support properties are required?®.

The total annual chitin production from arthropods was estimated to be 2.8 x 102 kg for freshwater
ecosystems and 1.3 x 10*2 kg for marine ecosystems?’. The relatively laborious isolation process has
led to a limited attention toward chitin and its derivatives in contrast to cellulose?®. In addition, it has
long been regarded just as a structural material without notable biological activity or functions while

now it is known for interesting properties, e.g. antibacterial and analgesic.

1.4.2 Structure

Chitin exists in three polymorphic forms: a-, -, and y-chitin (figure 1.6)%. The most common form,
a-chitin, obtained from the shell of crustaceans, is tightly compacted, characterized by a crystalline

orthorhombic form where the polymer chains are arranged in an antiparallel conformation, allowing
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maximum hydrogen bonding8. B-chitin is associated with protein in squid pens® or in tubes of
pogonophoran worms®! and has a monoclinic form with a parallel disposition of the chains. Compared
to the a- and B- chitins, y-chitin is less common. It is considered a mixture (or an intermediate) of the
previous two forms®2, where chitin chains are randomly arranged in parallel and antiparallel

directions.

Al A

viv
A 4

Al A

v

viv
AAAAAAAA
A AAA | AA

a-chitin B-chitin y-chitin

Figure 1.6:Polymorphic forms of chitin and relative disposition of chains.

In a- and B-chitin, the polymer chains are organized in sheets held together tightly by a strong network
of intermolecular hydrogen bonds?® between the amide groups (C(21)NH--- O =C(73)), approximately
parallel to the a-axis (figure 1.7 d). In a-chitin, each chain also has a C(3’)OH---OC(5) intramolecular
hydrogen bond along the c axis (figure 1.7 a), like the one present in cellulose. On different chains
the CH2OH group can form hydrogen bonds in two different ways. On one hand these groups can
bond with the oxygen of the amidic group of the adjacent monomer C(61’)OH-:--O=C(71) (figure 1.7
b). On the other hand they can build a hydrogen bond with the CH2OH group of the adjacent chain
C(61’)0---HOC(62) approximately along bc diagonal (figure 1.7 c). The results indicate that a 50/50
statistical mixture of CH>,OH orientations is present, equivalent to half oxygens on each residue,
forming inter-and intramolecular hydrogen bonds®3. B-Chitin is more prone to intra-crystalline
swelling compared to a-chitin due to the fewer hydrogen bonds 4. The effect of chitin structure and
hydrogen-bonding network on the solubility of this biopolymer will be discussed in detail in section
14.3.

12
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Figure 1.7: Modes of hydrogen bonding in R-chitin: (a) intrachain C(3”)-OH---OC(5) bond; (b) intrachain
C(6°1)OH---0=C(71) bond; (c) interchain C(6’1)O---HOC(62) bond; (d) interchain C(2;)NH---O=C(73) bond. Adapted
from?8,

In living systems chitin chains aggregate to form microfibrils that are cross-linked with other sugars,
proteins, glycoproteins and proteoglycans *. In particular, in fungal cell walls chitin is covalently
bonded to glucans, either directly or via peptide bridges®. In insects and other invertebrates, instead,

chitin is always associated with specific proteins, with both covalent and noncovalent bonding, to

produce ordered structures (see figure 1.8).

(@) (b)

Figure 1.8: Hierarchical levels in the chitin-protein matrix in crustacean cuticles. (a) chitin crystals surrounded by
proteins. (b) Chitin-protein fibrils. (c) Schematic representation of fibrils lying horizontal and parallel in successive
planes.
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1.4.3 Solubility

Due to the high crystallinity and the strong intermolecular hydrogen bonding, chitin is not soluble in
water, dilute acidic and basic solutions and many common organic solvents. Austin® and Rutherford
conducted the first extensive study on chitin solubility in 1976 when they discovered the potential of
lithium chloride-tertiaryamide solvent systems would yield at least 5% chitin solutions. Chitin is
coordinated with LiCl through the acetyl carbonyl group, forming a chitin-LiCl complex, which is
soluble in dimethylacetamide (DMAC) and N-methyl-2-pyrrolidone (NMP). Austin also determined
the solubility parameters of chitin in various solvents, including the previously cited LiCI/NMP and
LiCI/DMAc mixtures and strong carboxylic acids, such as dichloroacetic acid and trichloroacetic
acid®’. Recently new solvent systems based on methanol saturated with calcium chloride, as well as
highly acidic and polar fluorinated solvents such as hexafluoroisopropyl alcohol, hexafluoroacetone

sesquihydrate® have been described.

Despite its abundance, low cost and availability, the variability of chitin solubility still limits product
development and market access in large volumes. In fact, batch-to-batch variability, non-precise
characterization, and randomly distributed acetyl groups can result in bad reproducibility of chitin
solubility. Even if some exceptions and other solvent systems have been proposed in the literature,
these solvents are usually toxic, volatile, corrosive, or degradative. In this context, attention has been
given to converting chitin into more soluble derivatives. Various chemical modifications that can
disrupt inter- and intra-molecular hydrogen bonds without glycosidic linkages cleavage are effective
in making chitin soluble in water or other solvents. The most straightforward modification is the N-
deacetylation to transforms chitin to chitosan®.

1.4.4 Deacetylation to Chitosan

Charge density, pH, DD, and the distribution of acetylated monomers in the chitosan polymer chain
strongly influence its solubility. Due to the basicity imparted to chitosan by its amino groups (pKa =

6.3) 29, this biopolymer can generally be dissolved in acidic solutions at pH < 6.0%.

The alkaline deacetylation reaction of chitin to chitosan consists of a pseudo-first-order®!, two-step
nucleophilic substitution reaction. The first step involves the addition of hydroxide to the amide
carbonyl, followed in the second step by carbon-nitrogen bond cleavage that yield the free amine
(chitosan) and acetate.

14
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Figure 1.9: Reaction mechanism of deacetylation promoted by strong alkali reagents (top) that convert chitin to
chitosan (bottom). R: amine or acetamide groups.

Thermal treatment with strong aqueous alkali (sodium or potassium hydroxides 30-50% w/v, T = 100
°C) is therefore needed to obtain chitosan with DA < 30%. The most common methods for chitosan
production are the Broussignac*? and Kurita®® processes that involve deacetylation of chitin via alkali
treatment under heterogeneous and homogeneous conditions, respectively. The first deacetylation
procedure involves a mixture of solid potassium hydroxide (50%, w/w), 96% ethanol (25%, w/w) and
mono ethylene glycol (25%, w/w). The dissolution is exothermic, and the temperature of the mixture
may increase up to 90°C during this step. In the method applied by Kurita and co-workers, on the
other hand, a suspension of chitin is treated with 40% aqueous sodium hydroxide and heated at 80 °C
under a nitrogen stream for three hours*3. Both methods have been extensively compared. The results
show that different reaction parameters such as chitin source, extraction conditions, temperature, and
repeated alkali treatment strongly influence final product MW and DD. When the same temperature
was applied in both processes (80 °C), the molecular weight was equivalent, but better deacetylation
was obtained by using the Kurita process. Moreover, it was observed that, after two repeated alkaline
steps, the final acetylation degree was obtained; increasing the number of reaction steps only led to
depolymerization. To get the same degree of acetylation with the Broussignac process, it was
necessary to increase the reaction temperature to 120 °C. Still, in these conditions, important
depolymerization was observed (MW of 126,000 g/mol instead of more than 600,000 g/mol)**. In
conclusion, Kurita’s process is functional to obtain chitosan with high MWs and with a disperse range
of DA while Broussignac’s process is faster and leads to chitosan with low DA and MWs.

In this context, many deacetylation conditions have been reported in literature. However,
deacetylation of chitin under heterogeneous conditions remains the most widely used method at
present to achieve an effective reaction. Under these conditions, N-deacetylation takes place

preferentially in the amorphous region of chitin and then proceeds from the edge to the inside of the
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crystalline region. Regarding the effect of temperature on rate of deacetylation, it was found that
higher temperature increased the percentage of deacetylation but reduced molecular size*®. The effect
of alkali concentration and treatment time were also extensively studied. It was demonstrated that
deacetylation proceeds during the first minutes of alkali treatment and progresses only gradually after
this. Akali concentration strongly affect the DD all samples, thus higher concentrations led to higher
DD and increasing rate constants. Furthermore, alkali treatment beyond a certain time (depending on
alkali concentration) does not deacetylate significantly but serves only to degrade the molecular
chain. However, if conditions are too mild, the resulting product will be insoluble in weak acid. Rigby
(1936) earlier showed that free access of oxygen to chitin during deacetylation had a substantial
degrading effect on the chitosan product and deacetylation in an atmosphere of nitrogen yielded
chitosans of higher viscosity and molecular-weight distributions than did deacetylation in air. The
degradative effect of air became more pronounced with increased deacetylation time.

1.4.5 Properties and applications of chitin and chitosan

Chitin and chitosan have interesting characteristics that make them suitable in many fields and
applications. In this paragraph, the most important properties and related uses will be discussed in
detail, other than the mechanism of action and influences of physicochemical characteristics of

chitin/chitosan biomaterials that play a crucial role in the exploitation of biological properties.

Both chitin and chitosan are biocompatible, to a degree that depends on the characteristics of the
sample (i.e. source, DA and MW)?2, Chitosan has been studied more than chitin due to its biological
properties, easier dissolution, and processability.

Clinical tests on chitosan-based biomaterials demonstrated that, under normal conditions, no
inflammatory or allergic response after implantation, injection, local dermal application or ingestion
were observed“®. In vitro and in vivo studies established its high cytocompatibility, and that the DA
plays a crucial role in cell adhesion and proliferation. Chitosan is more cytocompatible in vitro than
chitin thanks to the higher number of positive charges that enhance the interaction with the cells*”.
Chitin and chitosan can be degraded in vivo by several proteases, like lysozyme, pepsin, and papain.
Lysozyme is a non-specific protease present in all mammalian tissues, and it possesses the ability to
hydrolyze 1-4 glycosidic linkages of chitin and certain bacterial cell-wall peptidoglycans*®. By this
process, non-toxic oligosaccharides of various lengths are produced and excreted by the organism or
incorporated into glycoproteins or glycosaminoglycans. The degradation kinetics have been
extensively studied, highlighting the inverse proportionality between the degradation rate, the degree

of crystallinity*® and deacetylation degree. The distribution of acetyl groups also influences the
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biodegradability, as demonstrated by Aiba? in 1992: chitosan with a block-type distribution of acetyl
groups was degraded four times more rapidly than a sample with the same DA but a random-type
distribution of acetyl groups.

The biodegradability makes chitin and chitosan-based materials suitable for applications such as drug
delivery and tissue regeneration.

Chitin and chitosan possess analgesic properties, and many reports assess that they provide a cool
and pleasant soothing effect when applied topically over open wounds. The mechanism of action is
different for the two polymers: as reported by Okamoto and co-workers® chitosan accomplishes
analgesic effect by absorbing proton ions released in the inflammatory site, while chitin absorbs

bradykinin, one of the main substances related to pain.

Chitosan and sulphated chitosan oligomers have been tested also for their anticoagulant activity as a
safer alternative to the traditional heparin. Their anticoagulant activity has been shown to be due to
the interaction of the positively charged chitosan polymer with receptors on the cell surface®. For

this reason, chitosan is more effective than chitin and high DD are preferable.

One of the better known and applied characteristics of chitosan is its antimicrobial activity on Gram-
negative bacteria. Two different modes of action have been proposed in the literature: one involving
the binding of the cationic chitosan to the anionic cell surface resulting in changes in permeability®?,
and the other involving the inhibition of DNA transcription®. For both mechanisms, however, the
physicochemical properties of the polymer (MW and DD), its concentration, and pH of the medium

influenced its performances.

Beyond all these fundamental properties, chitin and chitosan have demonstrated antioxidant and
radical scavenging, anticholesterolemic, and antitumoral activities, and in all cases the DD and MW
of chitosan substrate strongly influenced their applicability and performances. Due to these diverse
properties, these biopolymers, especially chitosan, have been exploited in many different applications
such as in biomedicine, as food preservatives, as excipients in cosmetics, in antimicrobial packaging,
and in biocatalysis. Some general recommendations, particularly related to the DD and MWs, and

relative application fields are reported below in table 1.2.
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Table 1.2: General Recommendations for the Use of chitin and chitosan in several applications. Adapted from?,

Application General Recommendations

Wound healing High DD chitosan preferred over chitin
Low MW samples (oligomers)
High DD
High MW
DD <80
Low MW (around 10 kDa)

DD about 85 (good proliferation and structure)

Drug delivery systems

Gene Delivery

Scaffolds (tissue engineering) ) ) )
High MW (prolonged biodegradation)

Cell immobilization Chitosan preferred over chitin (high DD)

Depend on the enzyme, immobilization method and reaction media
Enzyme immobilization Low ash content
B-chitin preferred over a-chitin in organic reaction media
High DD; high MW (viscosity)
Fine particle
High DD
Medium-low MW (5-80 kDa)

Low DD for emulsion stability

Dietary ingredient

Food preservative

Emulsifying agent . . .
High viscosity

Depend on pollutant and water conditions (pH, ionic strength)
Wastewater treatment In general, chitosan preferred over chitin. High DD

Low crystallinity

Not yet tested
Molecular imprinting High DD is expected to improve crosslinking

In general, low MW chitosan is used

) Metal reduction depends on chitosan characteristics (not yet fully tested)
Metal reduction

High DD and low MW seems to stabilize the nanoparticles

1.5 Chitin isolation

As seen in the previous section, chitin present in biomass is strongly connected to other biomolecules.
In particular, the main components of crustacean shells are — on a dry weight basis and depending on
the species and season — 30%-40% protein, 30%-50% minerals, 13%-42% chitin and other minor
components such as lipids, pigments and other metal salts. The chemical composition of the shells of
Maja Squinado species has been scarcely investigated. To our knowledge, only Pires and co-

workers®* in 2017 reported the chemical composition of this biomass substrate, and the results are
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described in table 1.3.

Table 1.3:Chemical composition of spider crab shells of Maja Squinado species. Data obtained from 54,

Chitin [%] | Protein [%] | Ash [%] | Total carotenoids[pug/g]
16 19-20 62.9 <3

The remaining part is constituted by lipids, trace elements like rubidium, iron, copper, zinc and

bromine, and contaminants, such as cadmium, arsenic and lead.

The process to isolate and purify chitin from biomass includes a series of consecutive steps: biomass
pre-treatment, deproteinization (DP), demineralization (DM), decolouration and post-treatment
processes (figure xx). Depending on the biomass source and composition, the order of these steps
may change or even not be required. In addition, the DA, degree of crystallinity and molecular weight

(MW) of the final product may also vary with the source and be altered during the isolation process®®.

Chitin- oy Post-
containing 3 . 8 Deproteinization” £ Demineralization £ Decolouration £3 i Chitin
biomass eI

Figure 1.10: Process steps to isolate and purify chitin from biomass.

1.5.1 Conventional chemical method

The pre-treatment process includes all the manipulation necessary to prepare the biomass sample for
chitin extraction like the removal of soft tissues by scraping or boiling. The substrate is then dried

and reduced in size.

The three or four upper layers of crustaceans cuticle are mineralized, with CaCOgz precipitated into
the twisted lamellar structure of the chitin—protein matrix®. DM is generally performed by acid
treatment using hydrochloric acid (HCI), nitric acid (HNOs3), sulphuric acid (H2SOs), acetic acid
(CH3COOH) or formic acid (HCOOH)%¢. Among these, HCI is preferred because it allows almost
complete removal of calcium carbonate and other organic salts. Performing demineralization at room
temperature or lower can minimize the depolymerization of chitin chains®’. However, reaction

conditions and the number of repeats may vary significantly depending on the source®®.
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It is generally agreed that the processing conditions strongly affect the MW and DA of chitin: as the
acidic conditions for demineralization (pH, time, and temperature) become harsher, the molecular
weight of the obtained products decreases. Indeed, being chitin an acid-sensitive material, it can be
degraded by several pathways: hydrolytic depolymerization, deacetylation, and heat degradation
leading to a significant change of its physical properties®’. The reaction mechanism for acidic

depolymerization and deacetylation of chitin are schematized in figure 1.11.
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Figure 1.11: Reaction mechanism of deacetylation (top) and depolymerization (bottom) promoted by acidic treatment.

Due to the strong nature of the hydrogen and covalent bonding between chitin and protein, harsh
process conditions are required for deproteinization. This step is traditionally performed using alkali
solutions, and the effectiveness depends on the process temperature, alkali concentration, and the
ratio of its solution to the biomass®. Some old literature works®® claimed the use of a wide range of
agents for this step, including NaOH, Na,COs, NaHCO3, KOH, K>COs, Ca(OH)., NaHSO3, CaHSO3,
NasPOs, but NaOH is the most efficient agent employed. Typically, raw chitin is treated with
approximately 1 M aqueous solutions of NaOH for 1-72 h at temperatures between 65 and 100 °C ¢
When necessary, a decolouration step can be introduced to remove pigment traces, like carotenoids.
The most-reported processes employ mild oxidizing agents like potassium permanganate® or
hydrogen peroxide®® and alternatively extraction with organic solvents such as acetone®®, or
chloroform, methanol and water (v/v 1:2:4) mixture®,

Some post-treatment steps, such as neutralization, drying and milling, may be required at the end of

the extraction procedure.
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1.6 Chitin extraction by alternative methods

While pre-treatment, decolouration, and post-treatment procedures are general and applied for all
chitin-contained substrates, alternative methods for deproteinization and demineralization have been
extensively studied. According to previously reported work, the traditional method involving strong
acids makes the process ecologically aggressive, energy-intensive and a source of pollution®.
Chemical treatments also create a disposal problem for the large quantity of wastewater produced

since decontamination and neutralization are necessary®®.

From an applicative point of view, the quality of the final product, which is a function of the average
MW (and polydispersity) and the DA® is of primary concern. Although the harsh conditions used in
chemical extraction adversely affect the chemical and physical properties of the extract, it is still the

most commonly applied method on an industrial and commercial scale.

1.6.1 Biological methods

Taking into account the above-mentioned disadvantages, biological techniques for the processing of
chitin have gained particular interest®in this field. They consist in the utilization of lactic acid and
protease producing bacteria for DM and DP of crustacean shells, respectively. These processes can
be carried out simultaneously or by successive fermentations or co-fermentation of microorganisms.
Various studies showed the potential of fermentation for the production of chitin with superior
physicochemical characteristics compared to the one obtained by chemical methods. These biological
methods also allow the recovery of side products, such as proteins, pigments and mineral salts, that
remain in the liquor fraction, providing an additional source of profit along with its ecological

management®®,

1.6.2 lonic Liquids as green alternatives for chitin processing

lonic Liquids (ILs) are organic salts that are liquid at temperatures below 100 °C. Given their peculiar
proprieties such as thermal stability, outstanding solvation potential and negligible vapour pressure,
they constitute a valid alternative to traditional volatile organic solvents. Based on their cationic
portion, the most commonly employed ILs can be classified into four groups: ammonium-, N,N’-

dialkylimmidazolium-, phosphonium and N-alkylpyridinium- based ILs.
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However, there is still a degree of uncertainty regarding their greenness, as their toxicity and
biodegradability have not been completely assessed, particularly since the number of cation-anion
combinations is basically unlimited. Each ion shows its own proprieties, and the overall effect of the
ions may be different from the cation/anion individual properties, therefore an empirical evaluation
of the properties of every single ionic liquid is necessary. Despite the complex assessment of both
biological and toxicological aspects, it is accepted that ILs can be a valid green alternative to

traditional solvents.

Isolation of chitin from biomass with ILs has gained interest recently. In this context, chitin can be
either “extracted” or “pulped” from a specific source. Extraction methods consist in chitin dissolution
in ILs, while in pulping methods the biomass shell matrix, which mainly consists of minerals and
proteins, is removed, and chitin remains in the solid state. In this thesis work, we focused only on
pulping-based protocols. To overcome the disadvantages and problems associated with chemical
extraction this thesis describes pulping methods, where both the basic sites (responsible for
deproteinization) and the acidic ones (responsible for demineralization) are incorporated into a single
IL.

Examples of such ILs are hydroxylammonium acetate ([NH3OH][OAc]) and
hydroxyethylammonium acetate ([NH2(CH2)2][OACc]®. These ILs have been previously reported for
the isolation of chitin from shrimp shells with a > 80% purity, high DA and high degree of
crystallinity. Analogously, Tolesa and co-workers®® recently reported production of chitin, and
subsequent deacetylation to chitosan, using diisopropylethylammonium acetate or propanoate and

dimethylbutylammonium acetate.

1.7 Characterization techniques

Chemical characterization of chitin and chitosan were performed using Thermogravimetric Analysis
(TGA), Inductive Coupled Plasma Optical Emission Spectrometry (ICP-OES), Fourier Transformed
Infrared Spectroscopy (FT-IR), proton Nuclear Magnetic Resonance (*H-NMR), X-ray Diffraction
(XRD) and Gel Permeation Chromatography (GPC). In this section each technique will be briefly
described.

TGA

TGA analysis can provide valuable information, often quantitative, on the composition of polymeric
materials. If a multicomponent material contains low - molecular - mass compounds, polymeric

material, and inorganic additives, the three groups can be separated by temperature.
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In the specific case of chitin, a variety of TGA experiments are reported in literature, and the
characteristic temperature intervals of weight losses could be identified as follow:

- In the range 250-400 °C, a 65% weight loss is caused by depolymerisation/decomposition of the
polymer chains through deacetylation and cleavage of glycosidic linkages

- At temperature higher than 400 °C a 10-15% weight loss corresponds to the thermal destruction of
pyranose ring and the decomposition of the residual carbon.

The presence of impurities in chitin samples can also be studied thanks to TGA analysis: in particular,
proteins (weight loss at 200-250°C) and also CaCOs (weight loss at ca. 700°C) can be observed.
Inorganic additives are known to be stable in an inert atmosphere up to temperatures higher than 900
° C, although carbonates will decompose to CO2 between 600 ° C and 700 ° C. In particular, CaCO3
will convert to CaO and CO; and, calculating the CO2 mass loss is possible to quantify the amount of

calcium carbonate in the initial matrix.

ICP-OES

ICP-OES is an analytical technique to determine the inorganic elemental composition of a wide
variety of samples. This technique uses an optical emission spectrometer to detect and quantify the
radiation emitted by the sample atoms after being excited by an argon plasma at very high temperature
(between 5000 K and 10,000 K)™°. The elements present in the sample are identified according to the
emitted ray wavelengths, which are characteristic of each particular atom. The emission intensities
indicate the elements concentration and are quantified using calibration standards. ICP-OES detection
limit is in the ppb range for most elements, making this technique suitable for the determination of
trace elements in samples. Taking into account that CaCOz is the major component of crab shells,
ICP-OES measurements are useful for the quantitative estimation of calcium and magnesium salts
and other metal traces. In this way the effectiveness of pulping or extraction methods in the removal

of inorganic salts can be verified.

'H-NMR

Another technique extensively studied in this context is NMR spectroscopy. Numerous NMR
techniques has been described to determine the DA of chitin/chitosan with different accuracies. These
techniques include proton nuclear magnetic resonance *H NMR, cross-polarization (CP)/magic-angle
spinning (MAS) *C NMR and CP/MAS *N NMR spectroscopies’*. The most important factor is to
find a proper solvent, which should have good solubility properties towards the target material and

its residual signal should not overlap the signals of the sample. The most common solvents for liquid-
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state NMR spectroscopy are, D,O/CD3COOD, D,O/DCOOD and D,O/DCI"2. Different studies
conducted by Einbu demonstrated that concentrated DCI is a suitable solvent for the characterization
of chitin samples, and the DA can be determined with high precision. One advantage of using this
solvent system is that its resonance (HDO) does not interfere with any of the carbohydrate protons,
as the solvent protons resonate at 9.2 ppm (probably a weighted average of the signals from water
and acid protons due to the fast exchange between the two)*®. Figure 1.12 shows *H-NMR spectrum

of commercial chitin, previously dissolved in DCI for 30 minutes at 50°C.
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Figure 1.12: 'H-NMR spectrum of commercial chitin in concentrated DCI.

The assignment of the resonances and their chemical shifts (ppm) are given in table 1.4. Figure 1.13

represent the model structures of dimeric N-acetyl glucosamine (GIcNAc) and glucosamine (GIcN)

Table 1.4: Assignments od resonances and relative chemical shifts of chitin signals.

H-1
) H-2 Acetyl-H
H-1 | (reducing end) H-2/6
GIcNAc | 4.77 | 533 | 4.95 - 3543
2.53
GIctN [ 498 | 555 | 511 |3.33|3543
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Figure 1.13: chemical structure of N-acetyl glucosamine (GIcNAc, left) and glucosamine (GIcN, right).

The spectrum shows the characteristic resonances in the anomeric region of the acetylated o- and -
anomer at 5.33 and 4.95 ppm, respectively. H-1 of internal de-N-acetylated units resonate at 4.98,
overlapping with the B-anomeric proton at 4.95 ppm, while H-1 of internal acetylated units resonate
at 4.77 ppm. H-2 of internal de-N-acetylated units resonate at 3.33 ppm. The remaining ring protons
(H2/H6) appear between 3.5 and 4.3 ppm, while a strong signal that integrate for the three acetyl-
protons is found at 2.53 ppm. The a- and f-anomer reducing end resonances from a deacetylated unit,
which would be expected to appear at 5.55 ppm and 5.11 ppm, are absent, since there is no significant
de-N-acetylation of the sample and due to the specificity of the acid hydrolysis of the glycosidic
bonds. In this case only partial de-N-acetylation of the sample occurs after dissolution in concentrated
DCI, and the resonance from the protons of acetic acid appears at 2.13 ppm. *H-NMR spectra of chitin
in this solvent can also be used to give an indication of the purity of the sample, as methyl-proton
resonances from protein present in the sample would appear between 1.0 and 1.5 ppm”3.

The spectrum contains additional resonances. The different relative intensities of the resonances
indicate they originate from two different compounds. From previously reported NMR-data’"7® it
could be deduced that they are due to the presence of a glucofuranosyl oxazolinium ion existing in

equilibrium with GIcNAc units in concentrated HCI (see figure 1.14).
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Figure 1.14: glucofuranosyl oxazolidinium ion presents in equilibrium with GIcNAc.
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H-3 and H-2 of the glucofuranosyl oxazolinium ion are represent by two doublets at 4.61 ppm and
4.87 ppm respectively, while H-1 has a relatively high chemical shift at 6.94 ppm. This can be
explained by deshielding of the proton by the presence of two electronegative oxygens on each side
of C-1. Signals located at ca. 4.5 ppm and 6.34 ppm are associate with a second compound, that is
present in lower concentrations with respect to the oxazolidinium ion. It was previously hypothesized
that these resonances may derive from the protons of the open ring form of the acetylated reducing
end residue of the dimer or of the monomer, since partial depolymerization of chitin chains occur in

the solvent used for this analysis.

From the identification of the resonances, the DA % of chitin samples can be calculated. In this work
of thesis two different equations were employed, and the respective obtained DA value compared

(see equation 1 and 2 below).

(Tgpiat Igria+ o a1a)- o

DA%= 100

Limiat Igaia+aiptaia

Equation 1.1: Formula for the calculation of the DA% based on the integrals of H-1 and H-2 signals.

Equation 1.2: Formula for the calculation of the DA% based on the area of the H-2 of GIcN units and of the acetyl
protons of GICNAC units.

In equation 1.1 the sum of the integrals related to the H-1 is subtracted with the integral from H-2 on
deacetylated units (In2p) obtaining the integral representing only acetylated units.
In equation 1.2, Acicn represents the peak area of H-2 protons of GIcN units while Acns is the area of

the peak related to acetyl protons of GICNAC units.

FT-IR
Several studies have dealt with the description and interpretation of the infrared spectra of chitin.
Because of the high crystallinity of this polymer, its IR spectra display numerous sharp absorption

bands?®, and the characteristic signals are summarized in table 1.5.
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Tablel.5: IR bands and relative vibration mode associated with chitin’.

a-Chitin B-Chitin
absorption absorption
(cm™h (em™ Y Assigned
3479,3448 3479, 3426 You
3268 3290 oy
3106 3102 Vi
2965 2962 I
2927 2929 Ve,
2883 2880 e
1660,1627 1656 Voo (Amide 1)
1558 1556 Ve n (C—N—H) + 8y;; (Amide II)
1422 1424 dcn,
1376 1376 Scr + Sc_cm,
1312 1314 Ve n + Snpy (Amide III)
1255 1262 St
1157 1155 1vE o (ring)
1072 1069 Ve o
1113 1111 e o
1021 1032 Ve o
957 948 Yo
896 902 Y (C1 axial) (B8 bond)
698 692 Yrps (Amide V)
610 616 Yoo
566 — Ye—c

The a- and B-chitins can be distinguished by FTIR spectroscopy because of the different hydrogen
bonds. In the region corresponding to the OH and NH groups (3600— 3000 cm™) numerous signals
are present.

The more evident spectral difference is the frequency of the vibration modes of amide I in the region
1660-1620 cm™. In the a -chitin two peaks are present (1660 and 1627 cm'™), while the B -chitin only
one band at 1656 cm™ is observed. The most accepted explanation is the existence of two types of
amides: half of the carbonyl groups are bonded through hydrogen bonds to the amino group inside
the same chain (C=0---HN) that is responsible for the vibration mode at 1660 cm™. The remaining
carbonyl groups produce the same bond, and an additional one with the group —CH>OH from the side
chain. This additional bond causes a shift of the amide | band at 1627 cm™. As previously stated, the
existence of these interchain bonds is responsible for the high chemical stability of the o -chitin
structure. In the B -chitin all the amide groups participate only in the first kind of hydrogen bonds and
the amide | band appears at 1656 cm™. It has to be noted that amide | band occurs at similar
wavelengths in polyamides and proteins, so the possible presence of impurities in the extract will
affect the intensity of this absorption band.

Amide Il and the NH bending of Amide Il signals are present at 1558 cm™ and 1312 cm

respectively. Other strong bands ascribable to complex vibrations (bending, stretching, and coupling
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of these modes) of the ring structure of the polysaccharide were centred between 1021 and 1075 cm”
1 while the stretching vibration of the glycosidic linkage is visible at 896 cm™.

IR spectroscopy have been already proposed for quantitative determination of DA, The use of IR
for this purpose requires the construction of a calibration line using ratios of absorbances (A) of a
probe band (PB) that changes intensity with the DA, relative to a reference band (RB), not changing
intensity with the DA, against standard DA values. The absorbances of PB and RB are determined
by the baseline method (BL). However, the construction of a reliable calibration line is not an easy
task. On one hand, the choice of the best PB, RB and BL combinations is not obvious, and this is well
illustrated by the great number of APB(BL)/ARB(BL) ratios which have been used so far. On the
other hand, the choice of the best standard technique among those described in the literature is not
simple because of the variability of sources, isolation and preparation procedures of chitins. Recently
the different absorption band ratios, their corresponding DA ranges, and their relative advantages and
disadvantages has been evaluated, For the aim of this work IR will be exploited only for a qualitative
analysis of pulped chitins, taking into account that numerous parameters could affect the specific
calculation, such presence of protein or calcium carbonate residues in the pulped material, other than

humidity traces and heterogeneity of samples.

XRD

As previously described, chitin is present in nature in three forms, depending on their crystalline
structure: a-, B- and y-chitins. X-ray diffraction is one of the most useful techniques for the analysis
of crystalline structure and in general for material characterization. From X-ray diffraction patterns
there are two general types of structural information that can be studied: the electronic structure
(focused on valence and core electrons, which control the chemical and physical properties, among
others) and geometric structure (which gives information about the locations of all or a set of atoms
in a molecule at an atomic resolution)’2. Clark and Smith’ in 1936 were the first that reported XRD
analysis on chitin and chitosan. In later works many X-ray experiments were performed with more
sophisticated instrumentation and essentially they consist in slightly modified procedures from this
pioneering work. In the specific case of chitin and chitosan samples, XRD enables to establish the
polymorphic form, calculate the Crystallinity Index (CI) of the substrate and evaluate the water vapor
sorption properties, which occurs in the amorphous domain of hydrophilic polymers. The X-ray
diffraction patterns of the a-chitin samples and the corresponding hydrolysed chitosan show strong
reflections at 26 around 9-10° and 26 of 20-21° and minor reflections at higher 26 values (e.g., 26.4°).
Different methods for CI calculation have been reported. Most studies are limited by evaluation of

the index of crystallinity (Cl), based on calculations of the ratio of peaks heights:
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Cl = (I, - Lam)/Io
Equation 1.3: General formula for Cl calculation generally used in literature.

where I, is height of the crystalline peak and lam is height of amorphous scattering°8182,

Index of crystallinity shows the comparative content of crystalline fraction in several samples. It may
indicate which of the samples has greater crystallinity, but it does not reveal the actual degree of
crystallinity, express as the weight part of the crystalline fraction in the polymer®,

In these works, CI of chitin and chitosan samples were calculated by different ways using heights of
crystalline X-ray diffraction peaks from (110) or (020) planes and heights of amorphous scattering at
26 of 12°, 12.6° or 16° with or without subtraction of the background scattering.

To determine the actual degree of crystallinity, the quantitative X-ray phase analysis should be
performed, which requires the subtraction of the background, the correction of the experimental
diffractogram and its separation from the scattering areas related to crystalline and non-crystalline
domains. Furthermore, the area of crystalline and non-crystalline scatterings should be used to
calculate the degree of crystallinity®3.

For all these reasons, in the present work of thesis this last approach has been chosen for the

calculation of ClI.

GPC

Gel permeation chromatography (GPC) is a technique able to monitor major changes in terms of
molecular sizes (or more precisely in terms of hydrodynamic volumes). The separation process is
based on the entropy decrease of the mixture due to the stationary phase made of a porous material
containing fixed pore sizes. During an analysis, a mixture of molecules is sorted by size: smaller
molecules will penetrate inside pores and temporally retained. In addition, one of the main challenges
in GPC resides in setting a proper calibration®*. Usually polystyrenes, polyethylene oxides (PEO) or
polyethylene glycols (PEG) are used to generate a calibration curve allowing converting retention
times in terms of molecular masses. The most convenient way to run GPC experiments is either to
analyse known increasing size polymers corresponding to the molecules to analyse or to use the
classic standards considering that the molecular masses will be an approximation. In this case,
calibration was performed by PEO/PEG standards with sample weights of 601-1020000 g/mol, on
the base of previous literature work®, and commercial chitosan was used to validate the method.

Chitin can be dissolved only in a few solvents such as alkali, inorganic acids, highly concentrated

formic acid, and N,N-dimethylacetamide (DMAC)-LICI. Solubilisation of chitin in DMAc containing
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5 % LiCl appears to be non-degradative®®, while acid solubilisation is accompanied by extensive
simultaneous depolymerisation. However, this solvent system is notably toxic and inflammable, and
its use is not advisable from a green and ecological perspectives. In the attempt of measuring MW
and polydispersity of pulped chitin, its deacetylation to chitosan seems a promising alternative,
producing a more soluble and easier to handle biopolymer. In this specific case 0.3 M CH3COOH,
0.2 M CH3COONa + H20 solvent system (pH 4.45) was used as eluent phase for GPC measurements,
which have been reported in literature to be one of the best solvent systems for chitosan.
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2 AIM OF THE WORK

The aim of this thesis was the development of a green one-pot method for chitin pulping using simple
and readily-available ionic liquids.

Although there are several studies in this direction, the process is yet to be proven useful on an
industrial scale. For this reason, it would be interesting to design alternative IL pulping methods in
which we could design not only basicity (for the removal of proteins) but also acidity that would
allow for the removal of the inorganic minerals such as CaCOz. In essence, this study was focused on
for the design of a single, inexpensive IL that would replace both the HCI and the NaOH from the
industrial process to pulp crustacean shells in a single step. Four different ionic liquids, namely
ammonium acetate ([NHs][CH3COO]), ammonium formate ([NH4][HC(O)Q]), hydroxylammonium
acetate ([NH3OH][CH3COQ]) and hydroxylammonium formate ([NH3OH][HC(O)O]) have been
tested. Each extraction was performed in two ways: using the IL as solid salt or synthesizing it in-
situ, by sequential addition of the acid and base function or vice versa. This approach was evaluated
to circumvent the need for prior synthesis of the IL and thus potentially reducing the cost, and to

verify if some differences occurred with these two methods.

In a second part of the work, attention was focused on MW and polydispersity determination of the
obtained pulped chitin with the best condition and IL tested previously. In order to avoid the use of
hazardous and toxic solvent systems conventionally used for this purpose, pulped chitin was further
deacetylated to chitosan with alkali solution under heterogeneous conditions, and GPC analysis was
performed using a safer and non-toxic solvent system consisting in an aqueous solution of acetic acid
(0.3M) and sodium acetate (0.2M).

31



3 RESULTS AND DISCUSSION

3.1 Chemical composition of crab shells

As reported in Section 1.5, in nature chitin is closely associated with proteins, minerals, lipids, and
pigments that have to be quantitatively removed to achieve a high purity pulped chitin. To establish
the chemical composition of our initial substrate, ash, chitin, and protein content have been evaluated.

Ash content

Ash content have been determined using the Standard Test Method for Ash in Biomass (ASTM
E1755-01) described in the experimental section. This test method covers the determination of ashes,
expressed as the mass percent of residue remaining after dry oxidation (oxidation at 575 + 25°C), of
pre-treated biomass with acid and alkaline solutions. In this context the ash content is an approximate
measure of the mineral content and other inorganic matter in our target substrate. The measure was

performed in duplicate, and for each the ash percentage was calculated by the following equation:

Mash — Meone

%ash = x 100

Mayr — Meont

Equation 3.1: equation used in this work for ash content determination.

Where %ash is equal to mass percent of ashes, based on 105°C oven-dried mass of the sample; mash
represents the mass of ash and container (g); mcont is the tare mass of container (g); mar is the initial
mass of prepared biomass sample and container (g).

A representative picture of the ash residue and the obtained results are reported in Figure 3.1 and
Table 3.1 respectively.

Figure 3.1: Photograph of ash residue in spider crab shell after treatment.
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Table 3.1: Ash content in spider crab shells.

Sample | Ash content (%) | Mean Value (%)
1 57.3
2 57.6

57.5

Ash content value of 57.5 % is in good agreement with literature data>*, although in this case ash
amount is slightly lower. These results demonstrate that inorganic matter constitute the major
component of crab shells substrate, so its effective and total removal is of primary concern in order

to isolate pure chitin.

Protein content

Protein content was evaluated by performing chemical deproteinization on crab shells residue,
adapting a procedure described in literature®. Protein percentage was extrapolated using the
following formula:

residue

m
Y%proteins = 100 — (

biomass

x 100)

Equation 3.2: Equation used in this work for protein content determination.

Where mresique is the total dry mass of residue free of proteins and mpiomass refers to dry mass of starting

crab shells. The measure was repeated three times and the average calculated (see table 3.2).

Table 3.2: Protein content in spider crab shells.

Sample | Protein content [%] | Average protein content [%6]

1 24.2
2 19.8 21
3 19.2

The protein content of the first product exceeds the others by ca. 5%. This may be due experimental
errors or to non-homogeneous distribution of protein in the starting material. Nevertheless, these

results are in agreement with literature data® reported for Maja squinado species.
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Chitin content

Chitin percentage of 17 %was estimated by applying the conventional chemical extraction method to
separate the totality of impurities from the chitin-containing solid fraction. To ensure the effectiveness
of this method, the extract was further characterized by *H-NMR and FTIR analysis. All spectra and
characterization data will be reported in the section concerning chemical extraction method (see

section 3.2 Chemical extraction)

Calcium salts quantification

To perform a quantitative estimation of calcium salts content, with relation principally to calcium
carbonate, ICP-OES analysis were performed on crab shells (Maja Squinado) residues. The results

are reported in table 3.3.

Table 3.3: ICP-OES results. 2: calculated with the hypothesis that all calcium is in form of carbonate salt.

Quantity|
Entry ) |3 (H/LICa (96)CaCOs (o)

crab shell
] ] 19.53 | 402600 | 20.61 51.50
(starting material)

It is clear that calcium salts are the major components of spider crab shells, accounting for more than
50 wt% on dry basis. This result is also consistent with ash content analysis and shows that almost

90% of ash residue in the starting material is due to presence of calcium salts.

Lipids, carotenoids and metal traces constitute only a minor fraction of the matrix. The results of our
compositional study are summarized in the pie chart reported below (see figure 3.2). The results are
in agreement with previous works, focused on spider crab shells of Maja Squinado species. Only a
slight difference can be observed, maybe likely due to experimental error while weighing the samples
or by the variation occurring in the initial substrate. It is well known that chemical composition in
marine sources is strongly affected by the diet of the species, seasonal variation, sex and larval stage,

so these minimal changes are not surprising.
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lipids, carotenoid

and metal traces

5% proteins
21%

chitin
17%

ashes
57%
" proteins = ashes = chitin ® lipids, carotenoid and metal traces

Figure 3.2: Pie chart representing all major components of spider crab (Maja squinado).

3.2 Chemical extraction

Chemical extraction was performed by adapting a procedure reported in literature®. Spider crab shells
were treated as explained in detail in section 1.5.1. Briefly: the biomass was subjected to subsequent
acidic and basic treatments and after every step the product was washed until neutral pH and dried in
a vacuum oven.

Chitin extract was obtained as a white solid and its purity and DA were confirmed by *H-NMR and
FTIR analysis. The results, compared to commercial chitin from shrimp shells, are reported below in

figures 3.3 and figure 3.4 respectively.
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Commercial chitin

Chemical extraction
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Figure 3.3: 'H-NMR spectra (300 MHz) of commercial chitin (top) and chitin extracted with chemical method (bottom)
in DCI at 25°C. Chemical shifts are given relative to TMS at 0.00 ppm.

The two NMR spectra present all the characteristic resonances associated with chitin. Comparative
analysis showed that chitin extracted with the chemical method was more prone to deacetylation
under acidic treatment (necessary for complete dissolution of the sample). In fact, in the second
spectrum the signals associated with acetic acid at 2.16 ppm and H-2 proton of de-N-acetylated

units resulted to be more intense.

Figure 3.4: FT-IR spectrum of commercial chitin (a) and chitin extracted with chemical method (b).

The two IR spectra present all the characteristic peaks associated with chitin vibrational spectrum.

In this case only one difference can be observed, associated with the signal of v (C-O) at 1116 cm™
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that in the chitin extracted with chemical method shows bad resolution and lower transmittance

values.

3.3 Pulping with ammonium acetate

+

! Oy o ~CHs

Figure 3.5: Chemical structure of ammonium acetate.

Each extraction was performed in two ways: using the neat IL as solid salt or synthesizing it in-situ,
by sequential addition of acetic acid and ammonia aqueous solution 30-33 wt% or vice versa. All the

experiments were performed in triplicate to ensure reproducibility.

In all cases, a 10 wt % of loading of biomass was used with respect to total mass of solution (IL and
biomass), on basis of a previously reported work®, 5 times higher than the chemical extraction
method (< 2 wt %).

Concerning the solid salt, ground crab shells were mixed with solid [NH4][OAc] and the solution was
heated at 145 °C for two hours. At the end of the reaction the mixture was diluted with DI water, a
yellowish solid precipitated while impurities were confined in the aqueous phase. The solid was
centrifuged and washed with water to neutral pH and dried in oven overnight under reduced pressure.
The same procedure has been employed when ammonium acetate was formed in situ by sequential
addition of the acid and base. At first, to perform the reaction in batch conditions and to avoid water

evaporation, the reaction temperature was set to 100°C.

Table 3.4: Experimental condition tested with ammonium acetate.

Entry | Temperature (°C) | Reaction time (min) | Yield (%0)
Solid salt (m.p. 114°C) 1 145 16.4
2 100 30.0
A+B
3 145 120 171
4 100 26.5
B+A
5 145 22.9
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It has to be noted that in the case of solid salt, the reaction temperature was increased to 145 °C (table
3.4, entry 1) due to higher melting point of the salt (m.p. 114°C), in comparison with the
correspondent aqueous reagents. The chosen temperature is almost 30 °C higher with respect to the
IL m.p. to avoid the recrystallization of the IL on the flask neck. For coherence. the tests with the in
situ IL were then performed also at 145 °C in autoclave in order to have a better comparison of the
results obtained with the solid ammonium acetate. At this temperature the yields of the pulping
procedures (16.4 %, 22.9% and 17.1%; see Table 3.4 entries 1, 3 and 5), indicated that the reaction
was more efficient operating at higher temperature of 145 °C for both solid salt or formed in situ.
To verify the purity of the pulped-material, TGA and ICP-OES were performed on the samples of
chitin obtained with solid ammonium acetate and formed in situ by sequential addition of acid and
base or vice versa at 100°C (see table 3.4, entries 1, 2, 4). FTIR and *H-NMR analysis were carried
out for all condition tested. Characterization results will be described in the following paragraphs.

In figure 3.6 TGA curves for the three conditions tested are shown.
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Figure 3.6: TGA-DTA curves of chitin extracted with ammonium acetate in the forms of solid salt at 145 °C (a), and
prepared in situ by sequential addition of acid and base (b) or base and acid (c) at 100°C.

In all cases two main weight-losses can be observed: the first weight-loss in the range 40-115 °C
accounting for 8-9 wt% was due to water bonded to chitin chains, and a second weight loss between
345- 415°C % accounting for 42-69 wt%, caused by depolymerisation/decomposition of polymer
chains through deacetylation and cleavage of glycosidic linkages. At higher temperature, in the range
415-670 °C a progressive weight-loss can be observed. As previously described, it may be due to the
thermal destruction of pyranose ring and the decomposition of the residual carbon. A third and clearly
visible weight loss is present in Figure 3.6 b and 3.6 c, due to release of CO2, which is indicative of

the presence of residual calcium carbonate in the pulped chitin.

To quantify the total amount of calcium salts in the pulped-chitins, ICP-OES analysis were

performed. The results are summarised in table 3.5.

Table 3.5: ICP-OES results for chitin pulped with solid ammonium acetate or formed in situ at 100°C in batch
conditions. 2 calculated with the hypothesis that all calcium is in form of carbonate salt; ®: calcium carbonate content
from TGA analysis ©: obtained from subtraction of the two previous values (A-B).

Quanti .
IL form [Entry ( )tyCa (ug/L)/Ca (%)(CaCOs (%)3CaCOs (%) from TGA P/Other Calcium salts (%) ©
mg
Solid salt 1 15.55 26360 | 1.69 4.20 0 4.2
(A+B) 2 25.56 | 334100 | 13.07 32.70 14.26 18.44
(B+A) 3 2481 | 184800 | 7.44 18.60 9.42 9.18

The relative percentage of calcium in each sample was then obtained from the quantity of calcium,
expressed in pug/L. Considering the molecular and atomic weight of calcium carbonate and elemental
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calcium respectively, the value of calcium carbonate and other calcium salts can be extrapolated. In
all cases calcium salts are present, and in the case of ILs formed in situ their content is significant.
From these results it can be deduced that in this case reaction temperature is a key parameter for the
effectiveness of demineralization of crab shells residues. In fact the solid salt seems to be more
efficient in calcium salts removal, maybe due to the higher temperature of 145 °C tested with respect
of in situ formed IL at 100°C.

'H-NMR was employed to verify the presence of protein residues in the pulped material and to
quantify the DA% of all samples. In figure 3.7 a comparison between the pulping procedures with

ammonium acetate has been reported.
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Figure 3.7: Comparison of *H-NMR spectra (300 MHz) of commercial chitin (purple), chitin pulped with ammonium
acetate as solid salt (blue), chitin extracted adding acid + base (green) and base + acid (red). Dissolved in concentrated
DCl at 25°C. Chemical shifts are given relative to TMS at 0.00 ppm. A: acid; B: base.

From all *H-NMR spectra, chitin structure and relative signals are clearly present. Furthermore,
between 1.0 and 1.5 ppm the resonances of methyl-proton from protein in the sample are present,
although in small quantity. The spectrum of the treatment with the in situ formed IL by sequential

addition of base and then acid was very similar and was not reported for simplicity.
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To verify that the resonances between 1.0 — 1.5 ppm were ascribable to proteins as indicated in the
literature, chemical deproteinization was performed on a representative pulped chitin sample, in
which signals between 1.0-1.5 ppm were clearly evident. NMR spectra of pulped chitin before and

after DP were registered, and the results are reported in figure 3.8.
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Figure 3.8: 'H-NMR spectra (300 MHz) of a representative sample of pulped chitin before (top) and after (bottom)
chemical deproteinization, dissolved in concentrated DCI at 25°C. Chemical shifts are given relative to TMS at 0.00

ppm.
NMR results confirm that the signals under discussion are unambiguously attributable to methyl
protons of proteins, and that harsh DP conditions are efficient for their removal. We can conclude
that the five procedures studied employing ammonium acetate were not able to remove all the protein
residues, probably because of the limited acidity of the IL in respect to the traditional acids used in
the chemical extraction.
From all spectra, both the equations described in section 2.7 were used to calculate the DA (results
in table 3.6).

Table 3.6: DA of samples pulped with ammonium acetate.

o Method 1 | Method 2
IL form Entry | Temperature (°C) DA% DA%
Solid salt 1 145 98.8 98.8
2 100 88.2 92.8
A+B
3 145 95.7 92.0
4 100 96.6 97.4
B+A
5 145 98.5 98.6
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Partial deacetylation occurred during dissolution of all samples in the deuterated solvent causing an
increase of the signals related to acetic acid and H-2 proton of de-N-acetylated chitin. This was taken
into account in all calculation methods in order to avoid underestimation of DA. Results shows that
the two methods are in good agreement, though in all cases DA calculated with method 1 are slightly
inferior. Considering that partial de-N-acetylation occurred in the solvent used for NMR analysis and
errors in the integration, these values are only indicative of DA. In any case, it was found that chitin
pulped with ammonium formate has DA > 85%.

Figure 3.9: FT-IR spectrum of commercial chitin (a) and chitin pulped with ammonium acetate in the form of solid salt
(b) or prepared in situ by sequential addition of acid and base at 100 °C (c) and 145 °C (d).

As can be clearly deduced from Figure 3.9, all FT-IR spectra show all characteristic signals associated
with chitin and are comparable to commercial sample. Only in the sample treated at 100 °C signals
associated with calcium carbonate are present (1420-30 cm™ and 874 cm™), demonstrating that harsh
reaction condition of 145 °C improved the demineralization process, allowing better purification of

the pulped material.
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All experimental results obtained with ammonium acetate suggest that basic and acidic functions of
the IL promote pulping albeit with incomplete removal of inorganic components and protein. Better

results are achieved only at higher temperature of 145 °C.

3.4 Pulping with ammonium formate

+

Figure 3.10: Chemical structure of ammonium formate.

Each extraction was performed in two ways: using the IL as solid salt or synthesizing it in-situ, by
sequential addition of acetic acid and ammonia solution 30-33 wt% or vice versa. All the experiments

were performed in triplicate to verify the reproducibility of the proposed method.

In all cases, a 10 wt % of loading of biomass was used with respect to total mass of solution (IL and
biomass), on basis of a previously reported work®, 5 times higher than the chemical extraction
method (< 2 wt %).

Concerning the solid salt, ground crab shells were mixed with solid [NH4][HC(O)O] and the solution
was heated at reflux (130 °C) for two hours. At the end of the reaction the mixture was diluted with
DI water, a yellowish solid precipitated while impurities were confined in the aqueous phase. The
solid was centrifuged and washed with water to neutral pH and dried in oven overnight under reduced
pressure. The same procedure has been employed when ammonium formate was formed in situ by
sequential addition of the acidic and basic functionalities. At first, to perform the reaction in batch

conditions and to avoid water evaporation, the reaction temperature was 100°C.

Table 3.6: Experimental condition tested with ammonium formate.

IL form Entry | Temperature (°C) | Reaction time (min) | Yield (%0)
Solid salt (m.p. 119°C) 1 130 20.3
2 100 17.2
A+B
3 130 120 17.2
4 100 17.6
B+A
5 130 18.8
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It has to be noted that in the case of solid salt, reaction temperature was increased to 130 °C (table
3.7, entry 1) due to higher melting point of the salt (m.p. 119°C), in comparison with the
correspondent aqueous reagents. The tests with the in situ IL were then performed also at 130°C in
autoclave in order to have a better comparison of the results obtained with the solid ammonium
formate. In this case no substantial differences between the two tested temperatures were observed in
terms of product yield.

To verify the purity of the pulped-material, TGA and ICP-OES were performed on chitin pulped with
solid ammonium acetate and formed in situ by sequential addition of acid and base (or vice versa) at
100°C (see table 3.7, entries 1, 2, 4). FTIR and *H-NMR analysis were carried out for all condition
tested. Characterization results will be described in the following paragraphs.

In figure 3.11 TGA curves for the three conditions tested are shown.
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Figure 3.11: TGA-DTA curves of chitin extracted with ammonium formate in the form of solid salt (a), and prepare in
situ by sequential addition of acid and base (b) or base and acid (c) at 100°C.

In all cases two main weight-losses can be observed: the first weight-loss in the range 44-96 °C
accounting for 6-8 wt% due to water loss, and a second weight loss between 341- 417°C % accounting
for 61-70 wt%, caused by depolymerisation/decomposition of polymer chains through deacetylation
and cleavage of glycosidic linkages. At higher temperature, in the range 417-660 °C a progressive
weight-loss can be observed, that may be due to the thermal destruction of pyranose ring and the
decomposition of the residual carbon. A third and clearly visible weight loss is present only in chitin
pulped with solid ammonium formate (Figure 3.11 a), due to release of COz accounting for ca. 5.78
wit% loss, which is indicative of the presence of residual calcium carbonate, while whit ammonium
formate prepared in situ the curve is absent. This indicate that the sequential addition of acid and base
is effective in calcium salts removal. This fact may be due to the use of aqueous reagents and their
minor viscosity, which allow better penetration of chemicals in chitin chains domain thus removing
all CaCOsresidue.

This fact was also confirmed by ICP-OES analysis, and the results are reported in table 3.8.

Table 3.8: ICP-OES results for chitin pulped with solid ammonium formate or formed in situ at 100°C in batch
conditions. 2 calculated with the hypothesis that all calcium is in form of carbonate salt; °: calcium carbonate content
from TGA analysis ©: obtained from subtraction of the two previous values (A-B).

Quantit: .
IL form |Entry (ma) Y Ca (ug/L)|Ca (%)|CaCOs (%0)? | CaCOs (%) from TGA P | Other Calcium salts (%) ©
mg
Solid salt| 6 20.09 87280 | 4.34 10.85 5.78 5.07
A+B 7 20.24 8428 0.42 1.05 0 1.05
B+A 9 17.92 8568 0.48 1.20 0 1.20
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ICP-OES results shows that, using the IL prepared in-situ, only a maximum of 1.2 % of calcium salts
are present in the pulped material. When performing the reaction with the solid salt, this quantity was

almost ten times greater.

'H-NMR was employed to verify the presence of protein residues in the pulped material and to
quantify the DA% of all samples. In figure 3.12 a comparison between the pulping procedures tested

with ammonium formate has been reported.
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Figure 3.12. Comparison of *H-NMR spectra (300 MHz) of commercial chitin (purple), chitin pulped with ammonium
formate as solid salt (blue), chitin extracted adding acid + base at 100°C (green) and at 130°C (red). Dissolved in
concentrated DCI at 25°C. Chemical shifts are given relative to TMS at 0.00 ppm. A: acid; B: base.

From all *H-NMR spectra, all signals associate with chitin are clearly present. Furthermore between
1.0 and 1.5 ppm the resonances of methyl-proton from proteins in the sample are present, although
in small quantity. The spectrum concerning the treatment with the in situ formed IL by sequential
addition of base and then acid was very similar and were not reported for simplicity.

Both the equations described in section 2.7 were used to calculate the DA (results in table 3.9) from

all spectra.
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Table 3.9: DA values of chitin pulped with ammonium formate.

o~ |Method 1| Method 2
IL form |[EntryTemperature (°C) DA% DA%
Solidsalt | 1 130 94.2 95.0
2 100 96.7 96.5
A+B
3 130 94.9 95.9
4 100 94.0 95.1
B+A
5 130 86.1 90.5

Partial deacetylation occurred during dissolution of all samples in the deuterated solvent causing an
increase of the signals related to acetic acid and H-2 proton of de-N-acetylated. This was taken into
account in all calculation methods in order to avoid underestimation of DA. The two methods used
are in good agreement, though DA value of samples treated with the in situ formed IL at 130 °C by
addition of basic prior than acid (table 3.9, entry 5) differs ca. 4.5%. In all cases DA calculated with
method 1 are slightly inferior. Considering that partial de-N-acetylation occurred in the solvent
choose for the analysis and that possible error in the integration and/or interpretation of the spectra
could have been made, these values are not precise and only indicative of DA. In conclusion it was

found that chitin pulped with ammonium formate has DA > 86%.

47



Figure 3.13: FT-IR spectrum of commercial chitin (a) and chitin pulped with ammonium formate in the form of solid
salt (b) or prepared in situ by sequential addition of acid and base at 100 °C (c) and 145 °C (d).

As can be clearly deduced from Figure 3.13, the FT-IR spectra showed all characteristic signals
associated with chitin and they are comparable to commercial sample. From pure FT-IR analysis no
signals associated with carbonate salts could be detected, confirming that ammonium formate is

effective in minerals removal.

3.5 Pulping with hydroxylammonium acetate

Figure 3.14: Chemical structure of hydroxylammonium acetate.
Each extraction was performed in two ways: using the IL as solid salt or synthesizing it in-situ, by

sequential addition of acetic acid and hydroxylamine aqueous solution 50 wt% or vice versa. All the

experiments were performed in triplicate to verify the reproducibility of the method proposed.

In all cases, a 10 wt % of loading of biomass was used with respect to total mass of solution (IL and
biomass), on basis of a previously reported work®, 5 times higher than the chemical extraction
method (< 2 wt %).
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In this case solid hydroxylammonium acetate was prepared in our laboratory according to a reported
procedure®®. Hydroxylamine solution 50 wt% was kept under magnetic stirring at 0 °C. Acetic acid
was added dropwise to the stirring solution and then was allowed to heat to room temperature and
stirred overnight. The mixture was then gently purged with air and heated to concentrate the solution.
The precipitate was washed with methanol and diethyl ether to remove residual acetic acid in the
product and dried in oven under reduced pressure (15 mbar) overnight. The final product was obtained
as a white solid and was fully characterised by NMR spectroscopy (*H and *3C) using DMSO-ds and
D20 as solvents. TGA analysis was also performed to confirm the purity of the product (see appendix

section).

After solid salt IL synthesis, the general procedure of pulping previously described has been applied.
Concerning the solid salt, ground crab shells were mixed with solid [NHzOH][CH3COOH] and the
solution was heated at 100 °C for two hours. At the end of the reaction the mixture was diluted with
DI water, a yellowish solid precipitated while impurities were confined in the aqueous phase. The
solid was centrifuged and washed with water to neutral pH and dried in oven overnight under reduced
pressure. The same procedure has been employed when hydroxylammonium acetate was formed in

situ by sequential addition of the acidic and basic functionalities.

All condition tested are summarized in table 3.10.

Table 3.10: Experimental condition tested with hydroxylammonium acetate.

IL form Entry Temperature (°C) Reaction time (min) Yield (%)
Solid salt (m.p.
(m-p 1 29.3
87°C)
100 120
A+B 2 19.9
B+A 3 20.7

In this case pulping experiments could be performed at 100 °C in batch for all conditions, due to the
low melting point of hydroxylammonium acetate (m.p. 87 °C). Yields deviate from theoretical chitin
content in crab shells (17%), especially for pulping with hydroxylammonium acetate in the form of

solid salt.

To verify the purity of the pulped-material, TGA, ICP-OES, FTIR and *H-NMR were performed on
pulped chitin for all condition tested. Characterization results will be described in the following
paragraphs.
In figure 3.15 TGA curves for the three conditions tested are shown.
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Figure 3.15: TGA-DTA curves of chitin extracted with hydroxylammonium acetate in the form of solid salt (a), and
prepared in situ by sequential addition of acid and base (b) or base and acid (c) at 100°C.
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In all cases three main weight-losses can be observed: the first weight-loss in the range 37-97 °C
accounting for 6-9 wt% due to water loss a second one between 354-414°C % accounting for 46-55
wt%, caused by depolymerisation/decomposition of polymer chains through deacetylation and
cleavage of glycosidic linkages and a third weight loss due to release of CO2accounting for ca. 6-10
wt% loss, which is indicative of the presence of residual calcium carbonate. At higher temperature,
in the range 414-670 °C a progressive weight-loss can be observed, that may be due to the thermal
destruction of pyranose ring and the decomposition of the residual carbon. TGA results confirm that
acetic acid as acidic function, which is responsible of the demineralization of crab shells matrix, is
too weak and non-completely efficient in the removal of calcium salts. These assumptions are

confirmed by ICP-OES results, summarized in table 3.11.

Table 3.11: ICP-OES results for chitin pulped with solid hydroxylammonium acetate or formed in situ at 100°C in
batch conditions. 2: calculated with the hypothesis that all calcium is in form of carbonate salt; ®: calcium carbonate
content from TGA analysis ©: obtained from subtraction of the two previous values (A-B).

Quantit .
IL form [Entry (mg) Y Ca (ug/L)|Ca (%)|CaCOs (%)?| CaCOs (%) from TGA P | Other Calcium salts (%) ©
mg
Solid salt| 11 37.75 560100 | 14.84 37.10 10.20 26.90
A+B 12 23.29 165700 | 7.11 17.80 7.13 10.67
B+A 13 25.00 244500 | 9.78 24.45 6.45 18.00

In this case, significant variations in calcium salts content can be observed. ILs prepared in situ seem
more efficient in minerals removal, like in the previous experiments described, but in this case also
the order of addition acid and base seems to play a crucial role. This can be due probably to the fact
that previous treatment with acetic acid accomplishes partial demineralization, removing minerals
which constitute the major component of crab shells, facilitating the deproteinization step performed
by aqueous hydroxylamine. However, if it was the case, it is not clear why this phenomenon was

observed only with this IL.

H-NMR was employed to verify the presence of protein residues in the pulped material and to
quantify the DA% of all samples. In figure 3.16 a comparison between the pulping procedures tested

with ammonium formate has been reported.
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Figure 3.16: Comparison of *H-NMR spectra (300 MHz) of commercial chitin (blue), chitin pulped with solid
hydroxylammonium acetate (green) and extracted adding acid + base (red) dissolved in concentrated DCI at 25°C.
Chemical shifts are given relative to TMS at 0.00 ppm. A: acid; B: base.

NMR spectra show all characteristics signals associated with chitin. Signals associated with protein
residues between 1.0 and 1.5 ppm are present as well, although their intensity seems inferior with

respect to prior pulping methods proposed in this work.

From all spectra, both the equations described in section 2.7 were used to calculate the DA (results
in table 3.12).

Table 3.12: DA values of chitin pulped with hydroxylammonium acetate.

Method 1 | Method 2

IL form | Entry |Temperature (°C)| ™3 o, DA%

Solid salt 1 100 - -
A+B 2 100 96.2 97.3
B+A 3 100 92.7 94.5

Partial deacetylation occurred during dissolution of all samples in the deuterated solvent causing an
increase of the signals related to acetic acid and H-2 proton of de-N-acetylated. This was taken into
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account in all calculation methods in order to avoid underestimation of DA. Results shows that the
two method are in good agreement, though in all cases DA calculated with method 1 are slightly
inferior. Considering that partial de-N-acetylation occurred in the solvent chosen for the analysis and
possible errors in the integration of the spectra, these values should be considered indicative. DA for
solid hydroxylammonium acetate salt was not calculated, because the signals associated with H-2 of
internal de-N-acetylated units was strongly affected by background noise or possible impurities still

present in the specific sample.

b : c

Figure 3.17: FT-IR spectrum of c;)‘r.r{hercial chitin (a) and chitin pulped with hydroxylé'rﬁwrhonium acetate in the form
of solid salt (b) or prepared in situ by sequential addition of acid and base at 100 °C (c).

As can be clearly deduced from Figure 3.17, all FT-IR spectra show all characteristic signals
associated with chitin and are comparable to the commercial sample, but signals associated with
calcium carbonate are present (1420-30 cm™ and 876 cm™) with variable intensities, demonstrating

that hydroxylammonium acetate is less effective in calcium salt removal.
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3.6 Pulping with hydroxylammonium formate

Figure 3.18: Chemical structure of hydroxylammonium formate.

Each extraction was performed in two ways: using the IL as solid salt or synthesizing it in-situ, by
sequential addition of formic acid and hydroxylamine aqueous solution 50 wt% or vice versa. All the

experiments were performed in triplicate to verify the reproducibility of the method proposed.

In all cases, a 10 wt % of loading of biomass was used with respect to total mass of solution (IL and
biomass), on basis of a previously reported work®, 5 times higher than the chemical extraction
method (< 2 wt %).

Hydroxylammonium acetate in the form of solid salt was prepared in our laboratory according to a
reported procedure®®. Hydroxylamine solution 50 wt% was kept under magnetic stirring at 0 °C.
Formic acid was added dropwise to the stirring solution and then was allowed to room temperature
and stirred overnight. The mixture was then gently purged with air and heated to concentrate the
solution. The precipitate was washed with methanol and diethyl ether to remove residual acetic acid
in the product and dried in oven under reduced pressure (15 mbar) overnight. The final product was
obtained as a white solid and was fully characterised by NMR spectroscopy (*H and *3C) using
DMSO-ds and D20 as solvents. TGA analysis was also performed to confirm the purity of the product

(see appendix section).

After solid salt IL synthesis, the general procedure of pulping previously described has been applied.
Ground crab shells were mixed with solid [NHsOH][HC(O)QO] and the solution was heated at 100 °C
for two hours. At the end of the reaction the mixture was diluted with DI water, a yellowish solid
precipitated while impurities were confined in the aqueous phase. The solid was centrifuged and
washed with water to neutral pH and dried in oven overnight under reduced pressure. The same
procedure was used for hydroxylammonium acetate formed in situ by sequential addition of the acid

and base.

All condition tested are summarized in table 3.13.
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Table 3.13: Experimental condition tested with hydroxylammonium formate.

IL form Entry Temperature (°C) Reaction time (min) Yield (%)
Solid salt (m.p. 76°C) 1 22.2
A+B 2 100 120 16.8
B+A 3 16.6

Considering the pulping yields, it seems that complete chitin isolation was achieved with
hydroxylammonium formate prepared in situ, while in the case of solid salt the yield was slightly

higher with respect to the chitin expected in our substrate (17%), which could be indicative of some

residual calcium carbonate or proteins in the product. Pulping reactions could be performed at 100

°C in batch for all conditions tested, due to the low melting point of hydroxylammonium formate
(m.p. 76 °C). In this specific case, TGA and ICP-OES analysis were not performed. Only 'H-NMR

and FT-IR spectra were recorded, and the results are reported below.

Commercial
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|
Solid a N ( |
ol M/ uwmwv%w*mw‘ w U/ \N\JMAAJV\/\M,

NI

T T T T T T T T T T T T T T T T T T T T
1.5 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20

T T T T
15 1.0 05 00
f1 (ppm)

Figure 3.19: Comparison of *H-NMR spectra (300 MHz) of commercial chitin (blue), chitin pulped with solid
hydroxylammonium formate (green) and extracted adding acid + base (red) dissolved in concentrated DCI at 25°C.

Chemical shifts are given relative to TMS at 0.00 ppm. A: acid; B: base.

All NMR spectra (see figure 3.19) resemble to commercial chitin and all signals are clearly present.

Also in this case protein residues can be detected, demonstrating that also these conditions did not

afford complete deproteinization of our substrate.
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For these samples of chitin pulped with hydroxylammonium formate spectroscopic signals are poorly
resolved. From all spectra, both the equations described in section 2.7 were used to calculate the DA

% (results in table 3.7).
Table 3.7: DA values for chitin pulped with hydroxylammonium formate.

Method 1 | Method 2

Treatment | Entry |Temperature (°C)
DA% DA%

Solid salt 1 100 97.6 97.9
A+B 2 100 94.3 96.4
B+A 3 100 98.8 98.4

Partial deacetylation occurred during dissolution of all samples in the deuterated solvent causing an
increase of the signals related to acetic acid and H-2 proton of de-N-acetylated. This was taken into

account in all calculation methods in order to avoid underestimation of DA.

Figure 3.20: FT-IR spectrum of commercial chitin (a) and chitin pulped with hydroxylammonium formate in the form
of solid salt (b) or prepared in situ by sequential addition of acid and base at 100 °C (c).

The FT-IR spectrum shows significant presence of calcium carbonate (1420-1450 cm™ and 874-876
cm™) for all condition tested. In addition, all the signals suffer from impurities present in the pulped

material and only few characteristic peaks associated with chitin could be identified.

56



3.7 Comparison between ILs

Results of the preliminary screening on the four ILs tested are summarized in Table 3.8.

Table 3.8: Experimental results obtained with all pulping methods tested in this work.

Solid salt 145 16.4 0 yes 98.8
100 30.0 14.26 yes 90.5
A+B
145 17.1 - yes 93.4
100 26.5 9.42 yes 97
B+A
145 22.9 - yes 98.6
Solid salt 130 20.3 5.78 yes 94.6
100 17.2 0 yes 96.6
A+B
130 17.2 - yes 95.4
100 17.6 0 yes 94.6
B+A
130 18.8 - yes 88.3
Solid salt 29.3 10.20 yes -
A+B 100 19.9 7.13 yes 96.8
B+A 20.7 6.45 yes 93.7
Solid salt 22.2 - yes 97.8
A+B 100 16.8 - yes 94.4
B+A 16.6 - yes 98.6

It can be deduced that all pulped chitins contain a small amount of protein residues, indicating that
further optimization is possible to obtain pure chitin. Concerning the DM step, CaCO3 residues were
eliminated using ammonium acetate both as a solid salt and ammonium formate prepared in situ by
sequential addition of acid and base or vice versa. Although ammonium acetate was used in the solid
form, easy to handle and ready to use, higher reaction temperature of 145 °C was used, which could
cause more extensive depolymerization of the final product (resulting in lower MW). To minimize
costs of pulping process and reduce energy demand, ammonium formate formed in situ seems to be
a promising choice. Concerning DA values extrapolated from 1H-NMR analysis, all methods
proposed produced chitin with high DA in the range 88-99%.
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3.8 Further study on chitin pulped with ammonium formate

Mesh influence

In view of the above-mentioned considerations, further experiments were performed only with
ammonium formate in batch condition, prepared by sequential addition of formic acid and ammonia.
Other than reaction temperature, the influence of the mesh of the ground shells was also evaluated.
For this purpose, crab shells residues were ground at different mesh sizes of 20, 60 and > 150, to
verify if this parameter affected the purity of pulped chitin, with particular attention to protein

residues.

Pulping protocol previously described was then applied, and *H-NMR analysis performed to verify

the purity of products. The results are shown in figure 3.21.
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Figure 3.21: 'H-NMR spectra (300 MHz) of chitin with different mesh sizes pulped with ammonium formate, dissolved
in concentrated DCI at 25°C. Chemical shifts are given relative to TMS at 0.00 ppm.

All NMR spectra resemble to commercial chitin and all signals are clearly present. Also in this case
protein residues can be detected for all three dimensions of the substrate under discussion,
demonstrating that mesh sizes did is not a significant parameters for the obtainment of chitin.
Although the obtained yields were comparable using the three meshes, the powder sample (mesh >

150) is recommended. For the majority of the further characterizations, in fact, a powdered sample is
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needed. However, using a fine powder can lead to more difficult manipulation during the washing

steps.
XRD

To determine the CI of the pulped material, XRD analyses were performed. A comparison between

al XRD diffractograms is shown in figure 3.22.
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Figure 3.22: XRD diffractograms of commercial chitin and chitin pulped with ammonium formate in the three
conditions tested.

To determine the actual degree of crystallinity, a quantitative X-ray phase analysis was performed.
The background signal was subtracted and the diffractogram corrected. Crystalline and amorphous
domain areas were properly deconvoluted and separated to provide CI with good accuracies. Cl of

all samples are reported in Table 3.9.
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Table 3.9: Cl % extrapolated from XRD analysis.

Sample Cl %
Commercial chitin 56.5
Solid salt 39.3
A+B 38.9
B+A 46.0

Results show that commercial chitin sample possess the higher Cl of 56.5%. While chitin pulped with
the solid salt and formed in situ by sequential addition of formic acid prior to ammonia aqueous
solution show comparable CI of 39.3 and 38.9 respectively, it seems that pre-treatment with the base

and then the acid function yield chitin with higher crystallinity.

3.9 Deacetylation to chitosan and GPC measurements

Measurement of the MW distribution of chitin is difficult due to its limited solubility in common
solvents and to the need to use hazardous and toxic solvents such as LiCI/NMP and LiCl/DMAc
mixtures and strong carboxylic acids, such as dichloroacetic acid and trichloroacetic acid®’, other than

polar fluorinated solvents such as hexafluoroisopropyl alcohol, hexafluoroacetone sesquihydrate®.

To evaluate the MW distribution of chitin avoiding the use of hazardous and toxic solvent systems,

we decided to carry out an indirect measurement on the more soluble chitin derivative, chitosan. Thus,
chitin samples pulped with ammonium formate were further deacetylated to chitosan under
heterogeneous conditions. As a base NaOH (70% wi/v and ratio solid:alkali 1:10) was used and two
different temperatures, namely 80 and 110 °C, were tested. The reactions were conducted in a two-
neck round bottom flask in inert atmosphere (to avoid peeling degradation by B-oxidation) and the
mixture was stirred for three hours. To determine the variation of MW and polydispersity for the two
temperature conditions tested, samples were taken at different reaction times. The precipitates were
washed several times with milliQ water until neutral pH and then filtered. The washing was a critical
step because of partial solubilization of almost all chitosan samples in water. This phenomenon could
be explained by the slightly acidity of water, that in normal condition has a pH 6 due to CO dissolved
in it. Considering pKa value of amine groups of the polymer, in these conditions it was partially
soluble, resulting in operational problems. For each sample GPC measurements were performed, and
experimental results concerning MW distribution and polydispersity are summarized in figure 15 and
table 3.10.
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Figure 15: Trend of the molecular weight (a) and polydispersity (b) of chitin during time.

Table 3.10: Values of Mp, Mn, Mw and PD obtained from GPC analysis for chitosan samples.

0.1 1.24 E+05 3.78 E+04 1.77 E+05 4.69
0.5 1.05 E+05 5.73 E+04 2.47 E+05 4.32
1 8.16 E+04 2.81 E+04 2.45 E+05 8.7
2 8.88 E+04 2.61 E+04 1.89 E+05 7.2
3 8.16 E+04 2.40 E+04 1.89 E+05 7.8

Results shows that all chitosan samples obtained by partial deacetylation at 80°C were not soluble in
the solvent system chosen for the analysis, indicating that in these conditions DA values were too

high and not sufficient to obtain soluble chitosan samples. Concerning MW distribution and
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polydispersity for chitosan obtained at 110 °C, it can be hypothesized that during the first half hour
of the reaction, smaller chitosan chains are solubilized in the eluent phase, bringing to small PD values
and a progressive increase in MW distribution. It is clear that during the first hour of the reaction,
deacetylation occurred at high-speed rates, and bring to soluble chitosan samples. After the first hour,
depolymerization occurred competing with deacetylation mechanism. This fact could be deduced by
the progressive decrease in MW distribution of samples and higher PD. After two hours treatment,

MW distribution levels off, and MW values between 2-3 hours are very similar.
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4 CONCLUSIONS AND FUTURE PERSPECTIVES

In this study, we evaluated the efficiency of four different ILs for chitin pulping, as an alternative and
green method to conventional chemical extraction procedures. Ammonium acetate, ammonium
formate, hydroxylammonium acetate and hydroxylammonium formate were proposed and tested.
There are numerous advantages in using ILs for chitin pulping: they are easy to handle, readily
available and versatile. Other than that, single ILs include both basic and acidic functions, necessary
for the removal of proteins and inorganic minerals (e.g. CaCOs), which constitute the major
components of crustacean shells and cuticles. In this way a single IL could potentially replace both
the acid and the base (usually HCI and NaOH) from the industrial process, allowing the design of
one-pot pulping procedures. As starting chitin source spider crab Maja Squinado shells were chosen.
The choice of this complex, unusual and poorly studied substrate was made in order to design a
system able to overcome the pulping issues associated with matrix complexity and presence of

impurities.

Prior to pulping tests, the chemical composition of spider crab shells was determined to better
understand the exact amount of protein, inorganic minerals and other minor components in the
biomass substrate. Results showed that ashes, which represent the total amount of mineral salts and
other inorganic matter, constitute the major component, accounting for ca. 57 wt % on dry weight
basis. The other major components were in order proteins (21%) and chitin (17%) while lipids,
pigments and other metals represented only the 5%. Results were in good agreement with previously
reported data, although minimal variations in all components could be noted. This fact is not
surprising, considering the variability of natural substrates. Chemical composition, in fact, is
subjected to continuous variation due to catching period, sex, dimensions, larval stage, climate

changes, diet of the specific individual, and vary significantly in different species.

After this preliminary evaluation, conventional chemical procedure was performed and validated, to
verify its effectiveness and applicability. *H-NMR and FT-IR analysis both confirm product purity,

and all characteristics signals associated with chitin molecule could be clearly identified.

Pulping procedures were then performed in two ways: by using the neat IL as solid salt or by
synthesizing it in-situ as an aqueous solution in batch conditions. In the specific cases of solid salts,
to choose the appropriate reaction temperature, the melting points of the different ILs were taken into

account.

In all cases, 10 wt % of loading of biomass was used with respect to total mass of solution (IL and

biomass), on basis of a previously reported work®, five times higher than the chemical extraction
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method (< 2 wt %), presuming the favourable economics of the process from a chemicals perspective,
but this does not address possible environmental regulations, energy usage, etc. which could factor
into a commercial process. All characterization data confirm that in the conditions tested, ammonium
formate prepared in-situ seems to be the most promising IL for chitin one-pot pulping process,
allowing the quantitative isolation of chitin with high purity and a high degree of acetylation (DA >
90%). Mesh size of the initial substrate apparently does not influence pulping efficiency, although it
is advisable the use of powdered crab shells samples due to its heterogeneous matrix and because all
characterization technique require the use of very finely powdered samples. TGA and ICP-OES
analysis confirm that all calcium minerals were efficiently removed. However, all *H-NMR spectra
show signals associated with methyl protons of proteins between 1.0 and 1.5 ppm, demonstrating that
in these conditions proteins were still present, in both reaction condition tested (100 °C and 130°C).
This may be indicative that deproteinization in this case is not strongly influenced by temperature,
but further experiments are needed to confirm this hypothesis. In alternative, to assess pulping
efficiency of all ILs, other parameter such reaction time and biomass/total mass of solution ratio
should be tested. Furthermore, we have to highlight the fact that in all procedure great amount of
wastewater were generated during washing step of the pulped material. Further studies could be aimed
at eliminating residual proteins and to minimize water consumption in order to improve process

intensification and ensure eco-sustainability.

Due to lack of solubility of chitin in almost all common organic solvents and water, the
characterization of the product was very challenging. To evaluate purity and DA of chitin samples,
H-NMR has been extensively used in literature and was chosen in this work. However, the strong
acidic conditions required for sample dissolution caused in all cases competitive deacetylation and
depolymerization, making interpretation and signal identification elaborate. It was also noted that the
same treatment used for dissolution, caused different polymer degradations depending on the sample
treated. FT-IR spectroscopy was used in order to verify the possible presence of impurities and assess
chitin obtainment. Although infrared spectroscopy enables also quantitative evaluation of the DA, in
this case it was not employed because it requires prior knowledge of an approximate DA range. In
addition, the presence of protein residues could affect absorbance intensities of specific bands implied
in the calculation of the DA.

In the second part of the study, further characterizations were performed on chitin pulped with
ammonium formate, including XRD and GPC measurements. In this case it seems that the addition
order of reactants played a crucial role and strongly influenced the polymer crystallinity: higher CI
were obtained for samples treated with the in-situ formed IL by sequential addition of base and then

acid.
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To overcome the intractability and solubility problems of chitin samples, deacetylation to chitosan
under heterogeneous alkali condition yielded a sample suitable for GPC: analysis of the so obtain
derivate at different reaction times and temperature were performed. Results showed that
deacetylation temperature of 80 °C did not provide sufficient DA of pulped chitin and all sample
collected were insoluble in the buffer solution used as eluent. Only reaction temperature of 110°C
was effective and produced soluble chitosan with different MW distribution and PD. Taking into
account that these pulping procedures has not been previously tested on Maja squinado species,
comparison with previously reported data is not possible.

In conclusion we proposed a preliminary study on the use of innovative and simple ILs for one-pot
chitin pulping. The IL can be used neat or made in- situ by the sequential addition of acid and base.
Though pulping with ammonium formate is the more promising procedure, the varying production
costs, applicability on different fishing waste-derived substrates and safety issues are still unknown.
This work presents a step toward narrowing the choices for chitin isolation technologies that can lead
to an economically and environmentally sustainable process replacing the current hazardous, energy

consuming, and environmentally unsafe process.
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5 EXPERIMENTAL SECTION

5.1 MATERIALS AND METHODS

Chemicals

All reagents and solvents employed were used without further purification. Chitin from shrimp shells,
NaOH, HCI, NH20OH aqueous solution 50 wt%, acetic acid, NH3 solution 30-33 wt%, formic acid,
ammonium formate salt, ammonium acetate salt and KBr were ACS grade and were all purchased

from Sigma-Aldrich.
Chitinous biomass

Spider crab shells were obtained from a local restaurant in Venice, already washed with a detergent
solution. Shells were chopped into smaller pieces with a hammer, grounded and then sieved into three
different meshes (20, 60 and >150).

Powders of spider crab shells were weighed and stored in glass bottles at ambient temperature before

usage.

5.2 Determination of the chemical composition of spider crab shells

Ash content

Ash content was determined using the Standard Test Method for Ash in Biomass E1755-01. For this
purpose, 1.0 g of dried crab shells were placed in a porcelain crucible and put in a muffle furnace at
600°C for 3 h. The crucible was then removed, set in a desiccator, and allowed to cool to room
temperature. The system was weighted to the nearest 0.1 mg. After weighing, the crucible was
inserted again into the furnace for 1 h at 600°C, cooled in the desiccator, and reweighed. This last
step was repeated until the mass of the crucible varied by less than 0.3 mg from the previous weighing.

The procedure was performed in duplicate, and a mean-value calculation determined ash content.

Protein content

Protein content was determined by chemical deproteinization of crab shells. 0.5 g of spider crab shells

powder was suspended in aqueous NaOH (1 M; 20 mL/g of solid), at 70 °C for 3 hours under
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continuous stirring. The solid product was centrifuged (6000 rpm for 10 minutes), washed with water
until neutral pH, and dried in oven under reduced pressure (15 mbar) overnight.

Protein percentage with respect to dry crude shell weight was then calculated.

5.3 SYNTHESIS - GENERAL PROCEDURES
5.3.1 Synthesis of Hydroxylammonium acetate

Hydroxylammonium acetate and was prepared according to a reported procedure®®. Hydroxylamine
solution 50 wt% (26.42 g, 0.4 mol) was stirred at 0 °C in a 250 mL round-bottomed flask while acetic
acid (26.4 g, 0.44 mol) was added dropwise over three hours. The solution was then allowed to reach
room temperature overnight under continuous stirring. The mixture was then gently purged with air
and heated at 40 °C to concentrate the solution. The precipitate was washed with methanol (100 mL)
and diethyl ether (100 mL) to remove residual acetic acid and dried in oven under reduced pressure
(15 mbar) overnight. The final product was obtained as a white solid (11.9 g, yield 32 %) and was
characterised by NMR spectroscopy (*H and *C inDMSO-ds or D,0). Melting point was also

determined. Characterisation data are reported in the Appendix section 6.1.

5.3.2 Synthesis of Hydroxylammonium formate

Hydroxylammonium formate was prepared adapting a reported procedure®®. Hydroxylamine solution
50 wt% (26.42 g, 0.4 mol was stirred at 0 °C in a 250 mL round-bottomed flask while formic acid
(20.25 g, 0.44 mol) was added dropwise over three hours. The solution was then allowed to reach
room temperature overnight under continuous stirring. The mixture was then gently purged with air
and heated at 40 °C to concentrate the solution. The precipitate was washed with methanol (100 mL)
and diethyl ether (100 mL) to remove residual acetic acid and dried in oven under reduced pressure
(15 mbar) overnight. The final product was obtained as a white solid (11.9 g, yield 32 %) and was
fully characterised by NMR spectroscopy (*H and *C inDMSO-ds or D20). Characterisation data are
reported in the Appendix section 6.1.

5.4 Chemical extraction protocol

In a typical procedure, a powdered sample (1 g) of spider crab shells was suspended in aqueous HCI
(0.5 M; 40 mL/g of waste) and stirred at room temperature for 15 min. The residual solid was
centrifuged (6000 rpm for 10 minutes), water was added to neutral pH, and the resulting solid was

dried in oven under reduced pressure (15 mbar) overnight. The demineralised powder was then
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suspended in aqueous NaOH (1 M; 20 mL/g of solid), at 70 °C for 3 hours under continuous stirring.
The solid product was centrifuged (6000 rpm for 10 minutes), washed with water until neutral pH,
and dried in oven under reduced pressure (15 mbar) overnight. The final product was obtained as a
white solid (0.337 g, yield 17.0 %).

5.5 Pulping protocols

5.5.1 General Procedure for Chemical Pulping of Crab shells using IL solid salt

This protocol is suitable for pulping of spider crab in ratio 10 wt% of biomass with respect to the total
mass of solution (See table 5.1). Ground crab shells (0.5 g) were mixed with solid IL (4.587g) in a
100 mL round-bottom flask. The solution was kept under magnetic stirring for 2 hours in an oil bath
heated at 100 °C. After complete melting of the IL, a vigorous bubbling/foaming could be observed.
A yellowish solid precipitated after the desired reaction time of two hours, while impurities were
confined in the aqueous phase. The mixture was diluted with 50 mL of DI water and separated in a
spin-dryer. The solid was washed with water (5 x 50 mL) until neutral pH was reached and dried in
oven under reduced pressure (15 mbar) overnight. The final product was obtained as a yellow-white
solid.

For all ILs in the form of solid salts 10% of biomass with respect to total mass of solution was
maintained. This implies that the mole of each specific IL will vary in dependence to their MW (see
table 5.1).

5.5.2 General Procedure for Chemical Pulping of Crab shells using IL prepared in situ in
batch conditions by addition of acid and base aqueous solutions

This protocol is suitable for pulping of spider crab in ratio 10 wt% of biomass with respect to the total
mass of solution (see table 5.1). 0.500 g of ground crab shells were put in a 100 mL two-necked
round-bottom flask and acidic function was added, followed by dropwise addition of aqueous basic
solution over several minutes, using a syringe. The solution was kept under stirring for 2 hours in an
oil bath heated at 100 °C. A yellowish solid precipitated after the desired reaction time, while
impurities were confined in the aqueous phase. The mixture was diluted with 50 mL of DI water and
separated in a spin-dryer. The solid was washed with water (5 x 50 mL) until neutral pH was reached
and dried in oven under reduced pressure (15 mbar) overnight. The final product was obtained as a
yellow-white solid. The same procedure was repeated by changing the addition order of reactants
(first the base, then the acid) to verify if some differences were observed in the pulped material’s
purity and quality.
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For all ILs 10% of biomass with respect to total mass of solution was maintained. This implies that
the mole of each specific IL will vary in dependence to their MW (see table 5.1). In these cases, the

acidic function was added in minimum excess (1.05 eq.) with respect to base (1 eq).

5.5.3 General Procedure for Chemical Pulping of Crab shells using IL prepared in situ by
addition of acid and base aqueous solutions in autoclave

To 0.500 g of ground crab shells weighted directly in a 100 mL two-necked round-bottom flask was
added the acidic function, followed by aqueous basic solution over several minutes, with the aid of a
syringe (quantities reported in table 5.1). The solution was kept under magnetic stirring for ca. 0.5
hours until foaming and bubbling occurred. The mixture was then placed in a stainless-steel autoclave
equipped with a Teflon reactor. It was kept under magnetic stirring for 2 hours and was allowed to
cool to room temperature.

The mixture was then diluted with 50 mL of DI water and separated in a spin-dryer. The solid was
washed with water (5 x 50 mL) until neutral pH was reached and dried in oven under reduced pressure
(15 mbar) overnight. The final product was obtained as a yellow-white solid. The same procedure
was repeated by changing the addition order of reactants (first the base, then the acid) to verify if
some differences were observed in the pulped material’s purity and quality.

For all ILs 10% of biomass with respect to total mass of solution was maintained. This implies that
the mole of each specific IL will vary in dependence to their MW (see table 5.1). In these cases, the

acidic function was added in minimum excess (1.05 eq.) with respect to base (1 eq).

Table 5.1: Quantity of ILs, acid and base used for chitin pulping and relative yields.

Solid salt Acid Base Yield (%)
. Acid + | Base +
g mol g mol g mol Solid salt Base Acid
3.977 30 26.5
. (1.193 of 16.4 (100°C) | (100°C)
Ammonium acetate | 4.587 | 0.0595 | 3.603 | 0.0599 pure 0.070 (145°C) 171 229
base) (145°C) | (145°C)
3.977 17.2 17.6
. (1.193 of 20.3 (100°C) | (100°C)
Ammonium formate | 4.587 | 0.00727 | 3.383 | 0.0735 pure 0.070 (130°C) 172 188
base) (130°C) | (130°C)
3.211
Hydroxylammonium (1.605 of 29.3 19.9 20.7
acetate 4587 | 0.0493 | 2.982 | 0.0496 bure 0.0486 (100°C) (100°C) | (100°C)
base)
Hydroxylammonium 1.820 of 22.2 16.8 16.6
formate 4587 | 0.0580 | 2.670 | 0.0580 pure base 0.055 (100°C) (100°C) | (100°C)
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5.6 Deacetylation of pulped chitin

Chemical deacetylation under heterogeneous conditions was performed according to a reported
procedure®’. Prior to analysis all sample were pulverized with an agar mortar. The parameters tested
were 80°C and 110°C for the reaction temperature and 70% (w/v) for the NaOH concentration in a
ratio solid:alkali (1:10). The reactions were conducted in a two-neck bottom flask in inert atmosphere
(to avoid peeling degradation by p-oxidation) and the mixture was stirred over the course of three
hours. Samples were taken at different reaction times of 10, 30, 60, 120, 180 minutes and the

precipitates were washed several times with milliQ water (4 x 50 ml) until neutral pH and filtered.

5.7 Characterization of ILs prepared in our laboratory

'H-NMR and *C-NMR

'H-NMR and ¥C-NMR spectra were obtained using a Bruker NMR spectrometer Ascend 400
(AV400), operating at 400 MHz for *H nuclei and 100 MHz for 3C at ambient temperature (298 K).

5.8 Characterization of extracted chitin

Fourier-transform infrared spectroscopy (FT-IR)

The samples for FTIR analysis were prepared by grinding the dry blended powders with powdered
KBr, (ratio of 1:100 Sample: KBr) and then compressed to form pellets of 5 mm-diameter using a
hydraulic press at a pressure of 10 tons for one minute.

FT-IR spectra were recorded on a Perkin-Elmer Spectrum One FT-IR spectrometer. All spectra were
recorded in the middle infrared (4000 cm™ to 450 cm™) with a resolution of 4 cm™ in the absorbance

mode for 16 scans at room temperature.

'H-NMR

Chitin samples were dissolved in a deuterium chloride solution (DCI 35 wt % in D20) with vigorous
stirring for 30 minutes at 50 °C. *H-NMR spectra were obtained using a Bruker UltraShield 300
operating at 300 MHz at ambient temperature (298 k) for 64 scans with a spectral window of 20 ppm.
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Chitin signals- *H NMR (300 MHz, DCI 35% in D0, 298 K) & (ppm): 6.94 (d, H-1%), 5.33 (br, a-
H1A), 4.95-4.98 (br, -H1A + H1D), 4.87-4.88 (d, H-2"), 4.77 (br, H1A), 4.61 (d, H-3*), 3.5-4.3 (m,
H2/H6), 2.53 (s, H-Acetyl), 2.13 (s, H-acetic acid). Signals denoted with an asterisk refers to
glucofuranosyl oxazolidinium ion existing in equilibrium with GIcNAc in concentrated DCI.

TGA
The thermogravimetric analyses were carried out in a TA instruments SDT 2960. About 5 mg of all
samples were placed in aluminium crucible and heated from ambient temperature to 800 °C with a

heating rate of 10 °C/min. under a nitrogen atmosphere (flow rate 1 mL/min).

ICP-OES
ICP-OES measurements were performed on a Perkin Elmer ICP -OES 5300 DV. All chitin samples
were digested in nitric acid (3 mL) and hydrochloric acid (2 mL), dilute to 10 mL of final volume,

and heated at 150 °C for 20 minutes to ensure complete dissolution.

XRD

XRD measurements were performed employing a Philips diffractometer with a PW 1319 goniometer
with Bragg-Brentano geometry, equipped with a focusing graphite monochromator and a proportional
counter with a pulse-height discriminator. Nickel-filtered CuKo radiation and a step-by-step

technique were employed (steps of 0.05° in 20), with a collection time of 30 s per step.

GPC

Gel permeation chromatography was performed using an Agilent Infinity 1260 GPC instrument
equipped with a viscosimetric and a refractometric detectors using an injection volume of 100 uL and
a flow rate of 0.5 mL/min. A Polysep-GFC-P linear column (1 kDa-10 MDa) was used maintaining
a constant temperature of 5°C during the analysis. An aqueous solution of acetic acid (0.3M) and
sodium acetate (0.2M) was used as eluent and PEO/PEG standards with sample weights of 601—
1020000 g/mol were used for the calibration. Prior to analysis 2 mg of chitosan samples were dilute

in 1 mL of eluent phase, and the solution was filtered.
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6 APPENDIX

6.1 Characterization of IL synthesized in our laboratory
'H-NMR and ®C-NMR

Hydroxylammonium acetate
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Figure 6.1.1: *H-NMR spectrum of hydroxylammonium acetate in D20.
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Figure 6.16.2: 'H-NMR spectrum of hydroxylammonium acetate in DMSO-ds.
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Figure 6.17.3: 13C-NMR spectrum of hydroxylammonium acetate in D,0.
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Figure 6.18.4: *C-NMR spectrum of hydroxylammonium acetate in DMSO-ds.
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Hydroxylammonium formate
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Figure 6.1.5: *H-NMR spectrum of hydroxylammonium formate in DO.
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Figure 6.19.6: *H-NMR spectrum of hydroxylammonium formate in DMSO-ds.
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Figure 6.20.7: ®*C-NMR spectrum of hydroxylammonium formate in D,O.
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Figure 6.21.8: 1*C-NMR spectrum of hydroxylammonium formate in DMSO-ds.
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6.2 Characterization of pulped chitin

6.2.1 TGA
Pulping with ammonium acetate

Size: 57217 mg TGA-DTA
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Figure 6.2.1.1: TGA curve of chitin extracted with ammonium acetate solid salt (at 145 °C) in the range 25°C-800°C in
nitrogen atmosphere.
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Figure 6.2.1.2: TGA curve of chitin extracted with ammonium acetate prepared in situ in batch condition (at 100 °C) by
sequential addition of acid prior to base in the range 25°C-800°C in nitrogen atmosphere.
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Figure 6.2.1.3: TGA curve of chitin extracted with ammonium acetate prepared in situ in batch condition (at 100 °C) by

sequential addition of base prior to acid in the range 25°C-800°C in nitrogen atmosphere.
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Pulping with ammonium formate

Size: 57703 mg TGA-DTA
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Figure 6.2.1.4: TGA curve of chitin extracted with ammonium formate solid salt (at 130 °C) in the range 25°C-800°C
in nitrogen atmosphere.
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Figure 6.2.1.5: TGA curve of chitin extracted with ammonium acetate prepared in situ in batch condition (at 100 °C) by
sequential addition of acid prior to base in the range 25°C-800°C in nitrogen atmosphere.

78



Size: 4.7334 mg TGA-DTA
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Figure 6.2.1.6: TGA curve of chitin extracted with ammonium acetate prepared in situ in batch condition (at 100 °C) by
sequential addition of base prior to acid in the range 25°C-800°C in nitrogen atmosphere.
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Pulping with hydroxylammonium acetate
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Figure 6.2.1.7: TGA curve of chitin extracted with hydroxylammonium acetate solid salt (at 100 °C) in the range 25°C-
800°C in nitrogen atmosphere.
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Figure 6.2.1.8: TGA curve of chitin extracted with hydroxylammonium acetate prepared in situ (at 100 °C) by
sequential addition of acid prior to base in the range 25°C-800°C in nitrogen atmosphere.
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Figure 6.2.1.9: TGA curve of chitin extracted with hydroxylammonium acetate prepared in situ (at 100 °C) by
sequential addition of base prior to acid in the range 25°C-800°C in nitrogen atmosphere.
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6.2.2 'H-NMR
Pulping with ammonium acetate
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Figure 6.2.2.1: *H-NMR spectrum of chitin pulped with ammonium acetate solid salt in DCI 35% in D,O.
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Figure 6.2.2.2: 'H-NMR spectrum of chitin pulped with ammonium acetate prepared in situ in batch conditions (100
°C) by sequential addition of acid prior to base in DCI 35% in D,0O.
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Figure 6.2.2.3: 'H-NMR spectrum of chitin pulped with ammonium acetate prepared in situ in autoclave (145 °C) by
sequential addition of acid prior to base in DCI 35% in D20.
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Figure 6.2.2.4: 'H-NMR spectrum of chitin pulped with ammonium acetate prepared in situ in batch conditions (100
°C) by sequential addition of base prior to acid in DCI 35% in D,O.
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Figure 6.2.2.5: *H-NMR spectrum of chitin pulped with ammonium acetate prepared in situ in autoclave (145 °C) by
sequential addition of base prior to acid in DCI 35% in D20.
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Figure 6.2.2.6: 'H-NMR spectrum of chitin pulped with ammonium formate solid salt in DCI 35% in D0.
84



Li @ g @ ER @9I0p 2 [ i
& ~ s He BEass = i =
] | [ N | |
ta00
/
/
+800
!
J 700
I P 4
H500
F500
400
+300
’l 200
‘ 1
, i i l ! +100
.| h 1 ‘ l , K‘ \
[ : A4 | i | fl
[ S | IS WU W | R [ L S thM———»\-/l LT S LN W L "
fTo T L | N ¥
=8 kA oo g 5
=-1 o o wi o N o
T T T T T T T T T T T T T T T T T T T T T T
105 100 95 80 85 80 75 70 &5 60 55 50 45 40 35 30 25 20 15 L0 05 0O
1 (ppm)

Figure 6.2.2.7: *H-NMR spectrum of chitin pulped with ammonium formate prepared in situ in batch conditions (100
°C) by sequential addition of acid prior to base in DCI 35% in D0.

R A 2 R ORERBAR @ g @
-3 -] o E-] won T T T T m L ™~
| I I I Y |
300
.‘J.’I
/ 800
.'I.
/ +700
£ 4'.:,
600
+500
400
~300
r200
| ! | A r100
| — | w IRr |
| | ,‘J
I N e T e
frorT — T T |
28 ORI g8 3 mo3
33 22 - B3
T T T T T T T T T T T T T T T T T T T T T
.0 105 100 95 90 85 80 75 70 &5 60 55 50 45 40 35 30 25 20 15 10 05 00

£1 (ppm)

Figure 6.2.2.8: *H-NMR spectrum of chitin pulped with ammonium formate prepared in situ in autoclave (130 °C) by
sequential addition of acid prior to base in DCI 35% in D,0.
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Figure 6.2.2.9: 'H-NMR spectrum of chitin pulped with ammonium formate prepared in situ in batch conditions (100
°C) by sequential addition of base prior to acid in DCI 35% in D,0O.
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Figure 6.2.2.10: 'H-NMR spectrum of chitin pulped with ammonium formate prepared in situ in autoclave (130 °C) by
sequential addition of base prior to acid in DCI 35% in D20.
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Pulping with hydroxylammonium acetate
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Figure 6.2.2.11: *H-NMR spectrum of chitin pulped with solid hydroxylammonium acetate in DCI 35% in D,0.
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Figure 6.2.2.12: 'H-NMR spectrum of chitin pulped with hydroxylammonium acetate prepared in situ in batch

conditions (100 °C) by sequential addition of acid prior to base in DCI 35% in D,0.
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Figure 6.2.2.13: *H-NMR spectrum of chitin pulped with hydroxylammonium acetate prepared in situ in batch
conditions (100 °C) by sequential addition of base prior to acid in DCI 35% in D20.

Pulping with hydroxylammonium formate

600
550

B 500

400
350
300
r250

r200

/' r150

| "
| l ‘| 100

/] i |\ | P [l

| | A
Iy Mo b WA (SN \L»Jtmﬂ,,J\J’ VN A

T T
10.5 100 9.5 9.0 8.5 8.0 7.5 70 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 20 15 1.0 0.5 0.0

Figure 6.2.2.14: --H-NMR spectrum of chitin pulped with hydroxylammonium formate solid salt in DCI 35% in DO.
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Figure 6.2.2.15: *H-NMR spectrum of chitin pulped with hydroxylammonium formate prepared in situ in batch

conditions (100 °C) by sequential addition of acid prior to base in DCI 35% in D,0O.

A & =5 [ LhR=aNSs88

o -] Lo -] I.r\l{\_\_l.nl.r‘\l.nl.r\l.‘ng‘j

[ A" | e
~ e

S I\M_J% N B ___M)J‘l_lﬁ\“u'rlk_ﬁm,}

|,| |
EﬂH\' w|

23

|
[ I lL
|
(V. IL«L_ILW- — s
L A T T T T T
o ma = ) s =
N =& =S = = & S
z2 Sz 3 =] E -
T T T T T T T T T T T T T T T T T T T T
1.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 &8.0 5.5 5.0 4.5 4.0 3.5 30 25 20 15 1.0 0.5 0.0
1 (ppm)

Figure 6.2.2.16: *H-NMR spectrum of chitin pulped with hydroxylammonium formate prepared in situ in batch

conditions (100 °C) by sequential addition of base prior to acid in DCI 35% in D,0.
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6.2.3 FT-IR spectra
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Figure 6.2.3.1: FT-IR spectrum of commercial chitin (1 mg) in KBr pellet (100 mg).
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Figure 6.2.3.2: FT-IR spectrum of chitin (1 mg) pulped with ammonium acetate solid salt (145 °C) in KBr pellet (100

mg).
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Figure 6.2.3.3: FT-IR spectrum of chitin (1 mg) pulped with ammonium acetate prepared in situ in batch conditions
(100 °C) by sequential addition of acid prior to base.
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Figure 6.2.3.4: FT-IR spectrum of chitin (1 mg) pulped with ammonium acetate prepared in situ in autoclave (145 °C)
by sequential addition of acid prior to base.
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Figure 6.2.3.5: FT-IR spectrum of chitin (1 mg) pulped with ammonium acetate prepared in situ in batch conditions
(100 °C) by sequential addition of base prior to acid.
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Figure 6.2.3.6: FT-IR spectrum of chitin (1 mg) pulped with ammonium acetate prepared in situ in autoclave (145 °C)
by sequential addition of base prior to acid.
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Pulping with ammonium formate
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Figure 6.2.3.7: FT-IR spectrum of chitin (1 mg) pulped with ammonium formate solid salt (130 °C) in KBr pellet (100
mg).
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Figure 6.2.3.8: FT-IR spectrum of chitin (1 mg) pulped with ammonium formate prepared in situ in batch conditions
(100 °C) by sequential addition of acid prior to base.

93



% Trars mitancs

79

78+

774

764

754

744

734

724

714

70

69

68+

67

66

63

63

624

™ N
\ |""'/ | HJ
| \ ST
./ | | | i | gf
,l'/\llﬂlnl /\j n\ f ﬂ llnyfgl {||G g
| o'z H\h\ Ug |||'|
y gz ||
\ /;/ | | |L|| g\ﬁ ‘.'l
\ / | ||\/ |‘d
\ / | 3
| | :
‘. | ik
\ A ‘.
\/

Wavenumber [em™]

Figure 6.2.3.9: FT-IR spectrum of chitin (1 mg) pulped with ammonium acetate prepared in situ in autoclave (130 °C)
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Figure 6.2.3.11: FT-IR spectrum of chitin (1 mg) pulped with ammonium formate prepared in situ in batch conditions

(100 °C) by sequential addition of base prior to acid.
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Figure 6.2.3.12: FT-IR spectrum of chitin (1 mg) pulped with hydroxylammonium acetate solid salt (100 °C) in KBr
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Figure 6.2.3.13: FT-IR spectrum of chitin (1 mg) pulped with hydroxylammonium acetate prepared in situ in batch
conditions (100 °C) by sequential addition of acid prior to base.
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Figure 6.2.3.14: FT-IR spectrum of chitin (1 mg) pulped with hydroxylammonium acetate prepared in situ in batch
conditions (100 °C) by sequential addition of base prior to acid.
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Pulping with hydroxylammonium formate
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Figure 6.2.3.15: FT-IR spectrum of chitin (1 mg) pulped with hydroxylammonium formate solid salt (100 °C) in KBr

pellet (100 mg).
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Figure 6.2.3.16: FT-IR spectrum of chitin (1 mg) pulped with hydroxylammonium formate prepared in situ in batch
conditions (100 °C) by sequential addition of acid prior to base.
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Figure 6.2.3.17: FT-IR spectrum of chitin (1 mg) pulped with hydroxylammonium acetate prepared in situ in batch
conditions (100 °C) by sequential addition of base prior to acid.
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Figure 6.2.4.1: XRD diffractogram of commercial chitin.
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Figure 6.2.4.2: XRD diffractogram of chitin pulped with ammonium formate solid salt.
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Figure 6.2.4.3: XRD diffractogram of chitin pulped with ammonium formate prepared in situ by sequential addition of
acid prior to base.
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Figure 6.2.4.4: XRD diffractogram of chitin pulped with ammonium formate prepared in situ by sequential addition of
base prior to acid.
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Figure 6.2.5.1: GPC representative analysis of chitosan obtained by heterogeneous alkali deacetylation of pulped chitin.
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