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Abstract: The valorization of aquatic-derived biowastes as possible feedstock for the production
of value-added chemicals and materials is proposed here as a sustainable alternative compared to
the exploitation of the more conventional (fossil) resources. In this context, the comprehension of
the opportunity related to the valorization of the shellfish industry biowaste for the production of
useful materials, especially focusing on chitin and its derived byproducts, is investigated. The large
amount of waste produced each year by the shellfish processing industry seems to be an appealing
opportunity for the European market to produce valuable products from underutilized waste. In order
to highlight this important market-opportunity, the actual European situation concerning the shellfish
volume of production is presented. The industrial processes necessary for the recovery of chitin,
chitosan, and their derivatives are largely described, together with a wide description of their peculiar
(and interesting) physicochemical properties. Even if nowadays the scientific literature suggests that
this class of biopolymers is very appealing, further research is still necessary for overcoming some
criticisms still present in the extraction and valorization of such substrates. However, the principles
of both circular economy and green chemistry encourage the reduction of such biowastes and their
exploitation as an alternative resource for a global sustainable future.

Keywords: aquatic environment; biomass valorization; biopolymers; biorefinery; chitin; chitosan;
shellfish waste management; sustainable materials

1. Introduction

Studies in the field of renewable resources have dramatically increased in the last decades due
to the high economic interests in the valorization of sustainable feedstocks for obtaining useful and
valuable chemicals and materials [1-6]. In general, most of the studies in this topic are involved in
the valorization of agricultural and/or municipal wastes (mostly lignocellulosic- and starch-based
substrates) as starting materials for the creation of new products, especially as fillers or additives
in the development of both polymeric and composite materials [7-16]. This is, for instance, the
case of Mater-Bi, a starch-derived commercially-available bioplastic (produced by Novamont S.p.A.,
Italy) [17-20]. Another opportunity is the thermal conversion of such residual substances for the
production of carbon-based materials, biofuels and/or biogas [21-27]. In most cases, from bio-based
substrates, it is also possible to extract fine chemicals, such as particular drugs and/or pharmaceuticals
difficult to obtain by classical synthetic routes from traditional organic chemistry [21,28,29]. In this
context, the valorization of aquatic-derived substances as possible feedstocks for the production
of bio-based materials is a very attractive solution which, in those years, caught the attention of
worldwide researchers and experts [1,4,30,31]. In particular, as widely-reported by Kerton et al. [1],
more than 70% of our planet surface is covered by oceans and other aquatic environments, which
potentially offer a wide variety of different biomasses, namely plants (mostly algae) and (in)vertebrates
(i.e., basically crustacean and mollusk waste shells and other residues from fish farms). According to
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the European Union (EU), the term “biowaste” refers to biodegradable garden and park waste, food
and kitchen waste from households, restaurants, caterers, and retail premises, and comparable waste
from food processing plants [32]. It is important to notice that, currently, fish industries” wastes are
mainly exploited as low-cost fertilizers or directly thrown into the sea, without obtaining any direct
benefits. Among the different kinds of fish industry biowaste, shellfish wastes are the most interesting
ones, since they are already exploited for the production of chitosan and glucosamine, two important
bio-based drugs that present a very appealing market in the biomedical field due to their peculiar
properties [1,33-35]. Therefore, the aim of this study is the comprehension of the opportunity related
to the valorization of the shellfish industry biowaste for the production of useful materials, especially
focusing on chitin and its derived byproducts.

Currently the principal environmental exploitation of biowaste by the EU is the production
of methane from decomposing processes in landfills, even if this process favored the release into
atmosphere of greenhouse gases [32]. In order to significantly reduce this problem, the Landfill
Directive of the European Community (1999/31/EC) obliged the EU member states to reduce
the amount of biodegradable municipal waste in landfills (i.e., 35% of 1995 levels by 2016-2020).
However, to ensure a significant competitive and sustainable waste management policy, the revised
legislative proposal on waste by EU member states is clearly focused not only in the global reduction of
waste amount, but also in promoting their re-use and recycling, in particular stimulating a symbiosis
between industries (i.e., converting byproducts into raw materials) [36].

Therefore, in order to highlight this important market opportunity, an investigation of the actual
European situation was provided, deepening the European market and possible future scenarios.

2. Fish Market and Waste Management: Crustaceans, Cephalopods, and Bivalves

Based on “The EU Fish Market” [37] published by the European Market Observatory for Fisheries
and Aquaculture Products (EUMOFA), the EU production volume of fishery and aquaculture in
the 2012-2014 biennium increased by 23% (i.e., 19% catches and 4% aquaculture). Even though the
world market is due to Asian countries (74% of the world market), the European contribution is still
significant as the EU-28 total production in 2014 was of 6.2 million tons (namely, 4.9 from fisheries
and 1.3 from aquaculture). Based on these data, the EU is the fifth world producer of fishery-related
products (below the Asian countries: China, Indonesia, India, and Vietnam) [38]. As highlighted in
the EUMOFA’s document [37], the 2014 apparent consumption of fishery- and aquaculture-derived
products in the EU reached almost 13 million tons, of which ca. 1 million tons of crustaceans, ca.
0.5 million tons of cephalopods, and ca. 1.4 million tons of bivalves and other aquatic invertebrates
were consumed. Considering the 15 species most consumed in 2014 in the EU countries, four of them
present either external shells, or radulae/beaks/cuttlebones: two of them (i.e., squids and clams) are
principally fished, whereas the other two (i.e., mussels and tropical shrimps) are mainly obtained from
aquaculture. On the other hand, considering the aquaculture production of bivalves (i.e., mussels,
oysters, and clams) increased in 2014 reaching 609,600 tons, comprised of 475,000 tons of mussels
(mainly produced in Spain), 91,500 tons of oyster (mainly produced in France), and 41,000 ton of clams
(mainly produced in Italy).

According to the EUMOFA database [39], in 2016 the volume of cephalopods was ca. 898,000 tons
(of which ca. 405,000 tons from Spain and ca. 194,000 tons from Italy), the bivalves volume was
ca. 1 million tons (of which ca. 259,000 tons from Spain and ca. 137,000 tons from Italy), and
the crustaceans volume was ca. 1.6 million tons (of which ca. 276,000 tons from Ireland and ca.
254,000 tons from Spain). By deepening the analysis of the volumes of fish industry products in the
European countries, it is possible to rationalize for the different European countries forming the EU
the contribution of each species for the three categories analyzed: namely, cephalopods (Table 1),
bivalves (Table 1), and crustaceans (Table 2). Cephalopods are divided into four groups (i.e., cuttlefish,
octopus, squid, and other cephalopods), bivalves are divided into five principal groups (i.e., clam,
scallop, mussel, oyster, other mussels), whereas crustaceans are organized into nine main groups
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(i.e., European lobster, Norway lobster, red lobster, European crayfish, king/striped prawn, brown
crab, common shrimp, other shrimps, and other crustaceans). Interestingly, for cephalopods results
evidence that the main volumes of products involved principally Spain, Italy, and France (Table 1).
The same trend is registered for the bivalves category, with some particular exceptions, such as
Portugal for clams, UK for scallops, and Netherlands, Denmark, Germany and Belgium for mussels
(Table 1). Concerning crustaceans, instead, the volumes are more broadly distributed among all the EU
countries (not only the Mediterranean countries, but also the Northern European ones), with significant
variations depending case by case (see the data reported in Table 2).

As stated in [40], it is very difficult to estimate the amount of fish-derived waste since it depends
on many variables: one above all is the processing of the fished products. In general, the principal waste
management options followed the well-known waste hierarchy: (i) reduce, (ii) reuse and/or recycle,
and (iii) disposal. Sometimes the choice of a particular waste management option strongly depends
on both the chemical composition and the mechanical properties of a datum residue. Typically, such
biowastes are processed by paying a disposal cost to a third-party or specific waste management
company. Depending on the kind of treatment, biowastes can be further used for other applications
(e.g., composting, or incineration) [40—42]. A very interesting option is their use as starting products
for the extraction of value-added chemicals. In this context, the main issue is the development of
economically sustainable routes allowing the treatment of large quantities of biomasses [40].
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Table 1. Volumes (expressed in tons) of the shellfish industry products in EU for the year 2016 obtained from the EUMOFA (European Market Observatory for Fisheries

and Aquaculture products) database [39]: Cephalopods and bivalves.

EU Cephalopods Bivalves
Countries Cuttlefish Octopus Squid other Clam Scallop Mussel Oyster other
(Sepia) (Octopus) (Loligo) Cephalopods  (Chamelea) (Pecten) (Mytilus) (Ostrea) Mussels
Austria 326.50 252.90 804.10 459.00 78.10 140.50 458.10 125.80 465.00
Belgium 4039.52 1903.04 6874.84 2141.20 1066.50 7621.05 24,229.30 1981.80 3979.90
Bulgaria 21.60 165.40 482.60 110.40 551.70 75.50 661.60 10.80 157.10
Croatia 491.70 513.80 9403.50 294.40 65.80 242.80 263.70 389.40 4.00
Cyprus 159.10 1049.60 1479.60 45.80 7.70 15.90 142.50 50.70 184.80
C;;;h 60.00 274.60 270.30 81.60 30.00 66.80 197.40 79.40 73.20
Denmark 253.40 821.20 1593.60 2308.03 739.44 2323.15 44,916.67 376.34 8081.50
Estonia 6.40 31.30 113.00 319.70 2.50 23.50 44.80 5.90 93.10
Finland 8.20 26.50 66.60 140.50 6.50 40.20 170.70 23.00 81.50
France 19,871.01 6078.84 25,254.52 13,563.03 10,130.50 33,630.63 46,808.53 19,034.92 15,153.20
Germany 1980.60 3107.20 9078.43 6772.60 742.46 2430.20 36,001.00 826.90 4461.90
Greece 1396.70 7206.00 20,552.40 530.70 3567.10 54.50 11,907.80 148.30 1327.10
Hungary 27.70 34.50 168.70 70.80 58.00 14.20 323.20 10.10 44.20
Ireland 207.94 24.18 658.98 33.00 2626.31 2336.88 10,428.30 7592.60 167.50
Italy 24,058.39 63,884.13 10,1342.40 4723.30 19,315.10 8248.27 46,364.11 6368.30 11,612.40
Latvia 4.70 54.90 181.90 151.10 3.20 27.10 244.60 67.90 76.80
Lithuania 16.50 52.40 772.70 428.10 41.60 9.10 112.60 22.50 62.80
Luxembourg 35.10 156.00 276.30 31.70 83.60 519.20 760.00 144.80 24.90
Malta 61.90 289.10 374.80 83.80 77.40 4.80 120.30 8.50 100.70
Netherlands ~ 2053.70 1836.00 11,303.70 647.80 9017.70 9804.00 79,811.50 3022.20 5009.40
Poland 66.00 410.20 337.50 894.40 183.90 263.70 340.00 72.20 433.80
Portugal 6210.88 47,626.83 35,539.20 2187.90 23,877.50 334.84 4789.46 618.53 3599.10
Romania 106.50 243.40 452.40 517.10 41.90 154.60 255.10 22.50 136.40
Slovakia 11.00 11.80 30.40 16.10 16.70 0.00 46.20 0.00 8.90
Slovenia 79.20 417.60 4580.30 138.50 32.10 77.20 165.40 11.40 218.80
Spain 46,058.15 105,421.65 232,400.60 21,039.85 48,100.90 8772.11 52,654.28 4996.70 19,424.00
Sweden 86.44 89.23 364.25 79.05 178.70 715.82 770.00 331.40 858.80
UK 10,810.69 1663.77 10,436.04 2503.30 7419.30 49,297.37 3911.52 2020.19 4212.90
EU-28 118,509.53 243,646.07 475,193.67 60,312.76 128,062.21 127,243.91 366,898.67 48,363.07 80,053.70
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Table 2. Volumes (expressed in tons) of the shellfish industry products in the EU for the year 2016 obtained from the EUMOFA (European Market Observatory for
Fisheries and Aquaculture products) database [39]: Crustaceans.

U Crustaceans
Countries European Lobster =~ Norway Lobster Red Lobster European Crayfish King/Striped Prawn Brown Crab Common Shrimp other other
(Homarus) (Nephrops) (Palinurus) (Astacus) (AristaeomorphalPenaeus) (Cancer) (Cragon) Shrimps  Crustaceans
Austria 58.70 27.80 75.10 28.60 1528.90 162.10 425.40 4232.00 95.50
Belgium 4708.83 1326.39 2476.60 685.80 43,419.20 4343.36 4061.26 38,863.30 1646.75
Bulgaria 6.90 0.10 39.00 0.60 150.20 72.60 18.80 5072.20 3.30
Croatia 21.80 618.90 110.80 n.d. 162.60 13.00 11.00 843.00 54.40
Cyprus 20.30 1.80 11.40 1.10 938.20 36.40 0.20 399.60 9.20
CRZ:;'h 16.90 8.80 2.90 7.40 1177.10 23.80 10.50 1028.70 174.30
Denmark 511.20 7906.02 110.20 8.23 8368.00 3582.66 3735.48 138,614.75 6139.00
Estonia 7.90 n.d. 32.60 0.30 179.90 13.30 6.10 6163.30 14.00
Finland 33.90 2.20 57.60 39.50 267.80 64.50 26.00 2043.40 234.10
France 7195.34 10,411.29 3795.68 855.60 86,436.32 21,205.36 2896.47 32,947.31 2626.93
Germany 1302.10 492.81 280.40 302.90 33,181.90 3042.54 17,310.56 32,613.30 1075.60
Greece 160.90 33.10 206.40 8.30 2623.60 1046.50 175.70 6532.30 326.90
Hungary 6.60 5.40 34.50 2.20 236.20 42.50 0.40 356.10 25.40
Ireland 1074.44 11,167.50 617.74 5.60 751.90 255,462.28 366.53 4759.93 2047.90
Italy 4481.49 10,223.54 1242.90 6154.30 33,482.08 4161.79 392.46 41,823.06 2610.00
Latvia 2.10 2.10 11.80 0.10 382.90 17.90 7.80 1740.30 35.70
Lithuania 3.80 1.20 71.50 1.00 176.60 296.40 0.30 1298.70 46.20
Luxembourg 102.20 48.70 12.10 14.90 230.70 79.10 260.50 925.20 276.90
Malta 11.00 0.40 2.70 n.d. 162.00 5.40 0.10 347.30 7.50
Netherlands 1951.60 3949.20 732.70 494.70 46,250.40 6887.50 31,297.90 60,528.40 5171.80
Poland 15.10 2.10 11.20 11.40 1865.40 81.20 617.60 5194.90 54.20
Portugal 204.17 577.34 950.62 49.10 15,896.01 4392.39 42.90 25,022.90 1555.26
Romania 15.50 4.50 7.50 109.50 487.70 10.40 2.10 793.00 3.90
Slovakia 1.00 0.10 0.80 0.00 35.30 3.50 1.00 130.40 0.70
Slovenia 20.50 168.20 10.60 6.60 90.40 4.50 2.30 453.90 61.70
Spain 5139.42 7086.95 4249.79 1997.30 102,764.99 14,562.77 763.40 108,968.87 6879.25
Sweden 686.53 1222.40 355.40 323.60 1884.00 1156.96 191.80 30,564.16 3204.70
UK 8891.67 40,729.50 1034.34 760.30 33,911.21 45,273.32 2367.55 57,478.61 2183.80

EU-28 36,651.88 96,018.33 16,544.86 11,868.93 417,041.50 366,044.02 64,992.11 609,738.89 36,564.90
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3. The Chitin Industry Case Study

Among the different chemicals and materials obtainable from the fish industry biowaste, to the
best of our knowledge the main relevant (and promising) one is definitely chitin, together with chitosan
(its N-deacetylated form), and their relative monomers (N-acetyl)-D-glucosamine (see Figure 1).
Chitin is the second most abundant naturally-occurring polysaccharide and it is a component of
crustaceans shells, cephalopods shell parts (i.e., radulae, beaks, and cuttlebones), insect cuticles,
and cell walls of some fungi [1,43—46]. Both chitin and chitosan are 3 (1-4) glycans formed by
2-acetamide-2-deoxy-D-glucopyranose and 2-amino-2-deoxy-D-glucopyranose units (as shown in
Figure 1), with (C¢H;9O4N)n as general chemical formula for this class of biopolymers [47,48].
The ratio between the two monomeric units corresponds to the N-Deacetylation Degree (or %DD in
the following), which is an indication of the molar fraction of the 2-amino-2-deoxy-D-glucopyranose
units (i.e., the amount of freely-available amino groups) in the biopolymer [49].

OH

(/oﬁoz
HO n
NHCOCH;
Chitin
OH OH
(/O 0, HO 0]
HO & —)n HO &/ OH
NH, NHCOCH;
Chitosan N-acetylglucosamine
OH
HO 0,
HO OH

NH,

Glucosamine

Figure 1. Chemical structures of chitin, chitosan (the N-deacetylated form of chitin), and their relative
monomers (respectively, N-acetylglucosamine and glucosamine).

From the chemical viewpoint, the chitin macromolecules are stabilized by H-bonds between the
polar (hydroxyl and amino) functionalities forming oriented sheet structures. Moreover, in nature
chitin is present under two different crystalline forms (well distinguishable by spectroscopic and X-ray
diffraction analyses): a-chitin and 3-chitin [50]. According to the literature [50], a-chitin presents
an orthorhombic crystalline structure. This phase is the most abundant crystalline form of chitin
and it can be found in the cell walls of some fungi and yeasts, in the tendons and exoskeleton
(shells) of crustaceans (i.e., shrimps, lobsters and crabs), and in the cuticles of insects. Apart from
the naturally-occurring form, the a-phase can be synthesized by a re-crystallization method, in vitro
biosynthesis, or by direct polymerization process. Conversely, 3-chitin is the less diffuse crystalline
form, as it can be found associated to the proteins forming the internal gladii of cephalopods (such as
squids). The crystalline structure of such 3-form is monoclinic.

Curiously, such a crystalline 3-form cannot be synthesized from solutions or biosynthesized
in vitro, even if the 3-phase is more chemically reactive than the x-one (in fact, 3-chitin can be easily
converted into the more stable x-phase by simple acid treatments) [51]. Such enhanced reactivity
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can be explained by considering the chemical structure of such biopolymers. In particular, the chitin
H-bonds due to the polar functionalities are mainly intermolecularly organized for the x-phase,
whereas, in the case of the 3-phase, only intramolecular H-bonds are registered. Such an aspect
strongly influences the solubility of these two allomorphs respect to polar solvents. In fact, the absence
of intermolecular H-bonds explains why polar solvents (such as water, alcohols, or amines) easily
penetrate the crystalline lattice of the 3-phase without modifying its crystalline organization (i.e., only
reversible swelling phenomena occur). Conversely, x-chitin is not permeable to polar solvents (such
as water and alcohols) due to the presence of intermolecular H-bonds between chitin chains [50].
From the practical viewpoint both crystalline forms are insoluble in water and other polar solvents,
this issue is one of the main limitations in the commercial use of chitin, which requires typically
more “exotic” solvents such as a mixture of LiCl and DMAc (N,N-dimetilacetammide) [1]. In order
to overcome this solubility-problem, chitin is generally converted into the more soluble chitosan
(its N-deacetylated form), which can be dissolved into weak acid environments. The enhanced solubility
of chitosan allows its use in several technological fields, such as in membranes for water softening
processes [52], in water treatments as adsorbing material (alone or grafted to selected nanometric
substrates) [53-56], in the agriculture industry as a protective agent against oxidation [57], as a bioplastic
for food packaging [58,59], in the cosmetic industry as a moisturizing/conditioning agent [50], as carbon
precursors for the development of cathodes in Li-S batteries [60], and in biomedicine as a drug delivery
system and/or as hydrogels [61-63], as an antimicrobial agent/coating [34,64,65], and as technical
anti-allergic textiles/sutures [66,67].

Based on the chemical composition of crustaceous shells, chitin is linked with proteins forming a
chitin-protein organic matrix where minerals salts (i.e., calcium carbonate, the reinforcing component)
and carotenoid pigments (mainly astaxantin and its esters) are dispersed in the shell. Once the raw
crustacean shells were ground, sieved, and dried, the fractionation of the elements forming the raw
materials involves three main steps (as reported in Figure 2) [1,68]. These are the deproteination (i.e., the
removal of the protein), demineralization (i.e., the removal of calcium carbonate) and discoloration
(i.e., the removal of the pigments). The deproteination step is a very delicate procedure since it requires
chitin-protein separation, but still maintains the integrity of the amino-polysaccharide. In general, this
step is the first one since it guarantees the dissolution of the chitin-protein complex, thus allowing the
complete separation of chitin. Such separation is reached by means of a basic environment: typically
sodium or potassium hydroxide (generally, NaOH at low concentration 0.125-5.0 M, at T > 160 °C with
contact times from minutes up to days). The main problem related to this step is that at basic pH chitin
starts to N-deacetylized, thus forming chitosan (changing the %DD). Recently, an increasing number
of studies [69,70] are focused on the possibility of using biological extraction for the isolation of chitin.
Concerning the biological extraction, this process is obtained by means of enzymes (i.e., proteases,
such as trypsin, pepsin, and/or papain) obtained from plants, microorganisms, and/or animals.
One limitation of this biologically-driven extraction is the non-complete deproteination (5-10% of
residual protein), thus the chemical extraction is still the most preferred technique. Moreover, the
chemical deproteination step can be realized indifferently before or after the demineralization step,
whereas for the enzymatic process, it should be performed after the demineralization step. If the two
processes were inverted, the minerals present in the biomass will further reduce the overall efficiency
of the biologically-catalyzed separation process.



Resources 2017, 6, 65 8 of 15

Crustacean shell

waste
Grinding
Sieving
Drying Chitosan
7'
Raw material ;
Drying
Heating (160°C) . X 5
Liquid residue | l Solids |
Rapid cooling I
‘ Carotenoids | | Solids |
Kurita or
Broussignac Desacetylation
Alkaline NaOH, method

treatment T>70°C

I I Acid
treat "

| Proteins | \ Solids ‘— Crude chitin

Bleaching | H:0:

Drying

h 4

Chitin

Figure 2. Schematic representation of both chitin and chitosan preparation from crustacean shell waste
using traditional chemical methods. Reprinted with permission from [68].

In the demineralization step, instead, raw materials are treated in acid environments (typically
strong acids such as hydrochloric, sulfuric, or nitric acids, as well as acetic acid). The most common
treatment consists of using 10% HCI at room temperature (RT) with a contact time of ca. 2-3 h.
This way, calcium carbonate is solubilized as CaCl, following the reaction (1), while chitin remains as
solid matrix:

CaCOj3 + 2HCI — CaCl, + CO, + H,O 1)

For the demineralization process, the experimental conditions, such as time, temperature, acid
concentration, and solute/solvent ratio, strongly depend on the starting biomass (i.e., the degree of
mineralization depends on the raw shells). One problem related to this step is that at acid pH chitin
starts to hydrolyze, thus sometimes in order to minimize this side-reaction, further non-conventional
treatments are preferred, such as the use of either EDTA (Ethylenediaminetetraacetic acid) or biological
treatments. Lastly, in the discoloration step, the carotenoid pigments (i.e., astaxantin) linked with a
macromolecular protein forming a complex named crustacyanin, should be removed by an oxidation
step to produce colorless chitin. In general, this procedure is carried out by a reaction with oxidizing
species, such as hydrogen peroxide or potassium permanganate. Sometimes such pigments are also
recovered by means of mild heat treatments (extraction) rather than oxidation processes.

The production of chitosan, instead, starting from chitin consists in a basic treatment where the
N-deacetylation reaction takes place. Obviously, depending on the reaction chemical parameters
(namely, time, temperature, and base selected) it is possible to modulate the %DD, thus forming
different chitosans with different freely-available amino groups [50]. Even for chitosan, it is possible
to distinguish two different processes: a chemical deacetylation [71] and an enzymatic one [72].
Additionally, the chemical deacetylation can be carried out either in heterogeneous [73] or in
homogeneous [74] conditions. Concerning the heterogeneous method, chitin is treated under a
hot solution of concentrated NaOH for several hours, thus obtaining a water-insoluble chitosan with
a 85-90% of DD. Vice versa, in the homogeneous method, chitin is firstly dissolved for 3 h in a
concentrated NaOH solution and subsequently further dissolved in chopped-ice at a temperature of ca.
0 °C. This way, the chitosan obtained is water-soluble with a DD minor than 45-52%. The enzymatic
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process is used for the production of chitosan oligomers by exploiting hydrolytic enzymes (classified
as EC. 3.5.1.41, chitin deacetylase) obtained from fungi and insects. The biopolymer thus obtained
presents a very low DD, confirming that the chemical deacetylation is still the more efficient method.

4. Chitin: A European Opportunity

The possible exploitation of shellfish industry biowaste in Europe is a very complex issue, very
difficult to analyze. As previously discussed, in Europe there are tons of fish industry-derived
biomasses that, in principle, should be considered as a “Promised Land” in terms of market opportunity,
since they are currently less exploited. As quantified in [75], byproducts or residues in fish and shellfish
industrial processing may constitute 70% of the overall amount. Additionally, market surveys and
the presence of few industrial realities suggested that the solution discussed in this manuscript is
not only a potential solution, but also a real business opportunity for the EU market. From the
economical viewpoint, chitin is available in the market with a price of ca. 500 €/kg, whereas chitosan’s
price strongly depends on the purity and the molecular weight, although it is ca. 1100-1200 €/kg.
Depending on the extraction method selected (either chemical or biological), different process costs
have to be taken into account (reactants and other plant costs). Obviously, a case-by-case LCA
(Life Cycle Assessment) study is mandatory. Although, by considering a chitosan extraction yield of ca.
40-50% [76], the recovery of these biopolymers from such biowaste seems to be a very promising route.

Quite recently, Mo et al. [77] investigated the possible exploitation of fish waste obtained from
food processing as a possible alternative to conventional ingredients for feeding aquaculture fishes.
Evidence obtained confirmed that a large variety of waste materials could be used to reduce the
amount of conventional protein supply in the diet of farmed fishes. This way, a real circular economy
where one industry byproduct (fish waste) is converted into another industry product (fish food for
aquaculture) is realized, thus confirming that the circular economy view is the direction to follow
in the future. We need to completely forget the concept of “waste”, and replace it with “residue”.
This viewpoint can also be a possible alternative economic solution in developing countries. In a
recent study, Hardy et al. [78] reported the massive use of shellfish in Senegal. As evidenced by the
authors, marine mollusks are abundant and easy-to-process substrates used worldwide by humans
since the mid-Holocene period (see [78] and references within). As described in [79], millions of
tons of shell waste are annually generated as byproducts by the Chinese shellfish industry. From the
economic and sustainable viewpoint, it is desirable to convert these residues into usable products for
industrial applications. Nowadays, several studies are involved in their re-use, mainly in wastewater
and soil treatments [75,79].

Even if the scientific literature is rich in studies focused on the possibility of producing
value-added products from fish, shellfish, and crustacean processing, it is important to notice that apart
from food, very few aquatic-derived products are available in the daily market. Probably, one of the
main reasons for this trend is the difficulty in isolating specific parts or components, as well as obtaining
specific health information (necessary for the pharmaceutical industry, see [75] and references within).
In any cases, as stated before, the possibility of exploitation for obtaining value-added products strongly
depends on the chemical composition of the residue: every aquatic animal category provides a different
residue, with a different chemical composition, and this is also reflected on the possible extractable
chemicals and materials. Lastly, another important key factor to be taken into account is that such
naturally-derived substances are highly perishable and must be available in relatively large amounts on
a regular basis to run the process in both an economical and sustainable way [75]. However, for the sake
of comparison, it is important to highlight that several industries are growing worldwide, in particular
nearby the site of production, for the production of chitin and chitosan [80]. A possible solution is
the development of integrate sites where both the producers of shellfish residues and those who are
involved in their valorization can collaborate in a circular economic view. One interesting example
of valorization of byproducts obtained from fish industry is the case of Astro (Lavis, Italy), a fish
industry located in Trentino Province (Italy) focused on trout farming. As reported in the literature,
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Fiori et al. [81] demonstrated that it is possible to produce omega-3 rich fish oils in a biorefinery concept
from fish industry residues obtaining a significant benefit in terms of a reduction in utility costs and
greenhouse gases emission.

Furthermore, as reported in [1], it is important to notice that both chitin and chitosan can be used
as starting materials for the production of useful chemicals, such as mono-, di- and oligosaccharides
via further hydrolysis processes. Some examples are the production of (i) chitobiose, a dimer of
N-acetylglucosamine (NAG),, (ii) N-acetylglucosamine (NAG) monomer, and (iii) glucosamine (GlcN)
salts via enzymatically-catalyzed hydrolysis reactions of the obtained chitin/chitosan [82,83]. It is
important to notice that both chitin and chitosan oligomers are molecules that possess bioactive
properties (against tumors, bacteria, and fungi) that makes them suitable for the biomedical and
pharmaceutical industry. In particular, since chitosan is a cationic biopolymer, it is widely studied
as a carrier for the delivery of genetic materials (DNA, RNA) forming complexes by electrostatic
interaction [84]. The chemistry of chitosan is strongly due to the reactivity of its amino groups, which
can be used as reactive sites for the functionalization of the biopolymers with hydrophilic, hydrophobic,
cationic, anionic, or specific selective moieties, thus enhancing the possibility of its use.

Jardine and co-authors [85] deeply analyzed the possibilities of exploitation of chitinous biomasses
in a biorefinery. In their study, the authors reported a significant consideration concerning the
valorization of chitin-containing biomasses: “countries such as China, Thailand and Ecuador have
well-established aquaculture industries and hence, well established chitin and chitosan industries” [85].
Recent studies reported the possibility of the recovery of gaseous products (NHs, H,O, CO, and
COy), as well as N-rich aromatic biochars via pyrolysis [46,60,85,86]. Depending on the chemical
treatment employed on chitin, it is possible to obtain a platform to produce different chemicals, such
as: 5-hydroxymethylfurfural (5-HMF) [87], lactic acid [88], 3-acetamido-5-acetylfuran (3A5AF) [89],
levoglucosenone, acetic acid, and 4-(acetylamino)-1,3-benzenediol [86] (see Figure 3). Quite recently,
levulinic acid (4-oxopentanoic acid, a keto-acid very interesting for the market since it can be used as a
feedstock for the production of biofuel additives, as well as other fine chemicals) was obtained from
both chitosan and glucosamine by means of a hydrolysis reaction carried out under mild conditions [90].
It is important to notice that both chitin and chitosan can also be used in composite and blended
materials, opening a way to significant (and promising) future scenarios in the development of novel
useful materials [91-93].
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Figure 3. Chitin as potential platform for chemicals. Reprinted with permission from [85].
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5. Conclusions and Future Perspectives

The environmental problems affecting our planet are largely due to human overexploitation of
natural resources, including (fossil) fuels, minerals, water, land, and biodiversity. Additionally, the EU
countries generate large amounts of waste. In this context, the large amount of waste produced each
year by the shellfish processing industry, and the absence of sustainable (both from the economic and
environmental viewpoint) waste management seem to be an appealing alternative for the European
market to produce valuable products from the underutilized shellfish biowaste in substitution to
the terrestrial free-lands consumption. Among the different chemicals obtainable from aquatic
environments, this study is focused on the chemistry of shellfish-derived biowaste and, in particular,
on the chemistry of chitin and its derived products.

Interestingly, even though 74% of the world market is basically due to Asian countries, the
Europe contribution is still significant (the EU is the fifth world producer of fishery-related products).
In this manuscript, we have tried to investigate from both the technical and economic viewpoint,
the EU production volumes of fishery and aquaculture, analyzing the possible application of these
resources in the production of usable biopolymers, namely chitin and chitosan. In this context, a
methodical screening of the main processes necessary for obtaining such useful biopolymers was
provided and discussed. The volume survey of EU production together with the global market
prevision of chitin (1,555,000 metric tons by 2022) [94] encourage the exploitation of shellfish biowastes
for obtaining this useful material and its derivatives. The use of chitin and chitosan themselves, or as a
platform for the production of chemicals, is a great alternative to the consumption of fossil sources.
Obviously, a case-by-case LCA study is mandatory, however the benefits coming from the valorization
of chitin and chitosan are many.

Even if, nowadays, the scientific literature suggests that this class of biopolymers is very appealing,
there are still some criticisms in the method of exploitation (i.e., high perishability of the starting
biomass, difficulty of biomass fractionation, its regular supply, etc.). Further research is required to
investigate a better route for overcoming the technical and engineering problems related to biowaste
management in a broader sense. In this context, the policy of EU countries will surely act as a
stimulating agent. In our opinion, the exploitation of the aquatic environment is a green, useful,
and promising opportunity for Europe, which needs to be taken into account in order to develop both
innovative and green solutions for a global sustainable future.
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