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Abstract

Marine aquaculture and fishery industries produce millions of tonnes of waste every year.
According to FAO, global fish production reached about 179 million tonnes in 2018 and the 70
wt% of the processed seafood was discharged as waste. This waste is often just dumped in the
sea or disposed in landfill in developing countries while in developed countries their disposal
can be costly. Shells, in particular, represent the main marine waste but they also harbour useful
chemicals such as chitin, protein and calcium carbonate. So, turning cast off shells into new
materials, applying the concept of a circular economy, would benefit both the environment and
the economy.

Mussel shells, for example, are mainly built up of single crystals of calcite and aragonite in an
external and an internal layer, respectively. The recovery of these biomineral building units
offers the possibility to overcome the synthetic difficulties in replicating the ability of organisms
to act as crystal shapers and morphology modifiers.

Mollusk shells are a massive source of biogenic calcium carbonate (bCC) that can potentially
substitute ground and precipitated calcium carbonate. These materials can be used as filler in
polymeric matrices after a surface coating with hydrophobic molecules.

bCC may also be transformed into a new added-value material such as apatite with
cytocompatible and osteoinductive properties for biomedical applications or it may be
converted into nano-crystalline and amorphous calcium carbonate for applications that span
from medical to material science.

bCC can also be extracted from crab and shrimp shells individually or in combination with
other molecules such as proteins and chitin for potential applications as dye adsorbents.
Therefore, this thesis aimed to valorise seafood wastes from different calcifying marine
organisms by recovering the biomaterials they are composed of and using them for different

applications exploiting their unique features as biominerals.
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Chapter 1. General introduction



Biomineralization and biominerals in marine environment

The word biomineralization was introduced for the first time by H. K. Erben as the title of the
journal “Biomineralization Research Reports™ published for a few years around 1970 [1]. The
term biomineralization refers to the process by which living organisms produce hierarchical
organic/inorganic composites referred as biominerals [2]. This hybrid composition confers
these materials unique structural and mechanical properties not obtainable via synthetic routes.
In a general overview, this process involves the selective uptake of different elements from the
surrounding environment and their incorporation into functional structures to form hard
bioinorganic materials [3]. During the last decades, the scientific community paid much more
attention on the formation mechanism, the structure and the proprieties of these biomaterials.
Biominerals, in fact, are the objects of study in many fields such as archaeology, paleontology,
orthopaedics, dentistry, oceanology, evolution and material science (Fig. 1) [2]. If you look
around, you can observe this kind of structures everywhere. Just looking in the mirror, for

example, you can see your theet that are formed of the mineral hydroxyapatite.

Archaeology

Paleontology

Biominerals

Oceanology

Orthopaedics

Figure 1. Different fields involving the study of biominerals.

The formation mechanism of biominerals presupposes a strict biological control by the organic
matrix (proteins, carbohydrates and lipids) even if it is a minor constituent in term of weight
percentage (1-5 wt%) [4]. By now it is known that for nucleation and growth to occur,
biomineral formation requires a localized zone that achieves and maintains a sufficient

supersaturation (Fig. 2). In most biological systems, the site of mineral deposition is isolated
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from the environment by a physical delimiting geometry [5]. Ion supply occurs in this
privileged space by two means: active pumping associated with organelles near the sites of
mineralization or passive diffusion gradients. The cells involved in the space delimitation also
synthetize an array of macromolecules which are then secreted into the extracellular space to
form the organic matrix framework [2]. At is point it is important to make a distinction between
biologically induced versus biologically controlled biomineralization. The former generally
occurs when the side-products of metabolism that are dependent on environmental conditions
create a chemical condition that favours the mineral formation but there is a minor control over
the mineral features whereas the mineral formed by a biologically controlled mechanism are
products of specialized, genetically controlled metabolic processes. The organic matrix,
therefore, can act as an active surface to initiate the crystal nucleation and growth starting from
an amorphous phase (in both the biologically induced and the biologically controlled
mechanisms) that, as final step, crystallizes into a crystalline one [6]. In the biologically
controlled biomineralization, moreover, the organic matrix also affects the shape, size,

morphology, composition and the final location of the crystals [5].

Figure 2. Integrated model for CaCOj3 biomineralization mechanisms in all marine organisms.
Image source: [7]. Acronyms: ICF and ECF (Intra and Extracellular Calcifying Fluid), ACC and CCC
(Amorphous and Crystalline Calcium Carbonate), PA and IA (Particle and lon Attachment).



In the marine environment, biomineralization is performed by a wide range of living organisms
going from mollusks, brachiopods, arthropods and sponges to corals, sea urchins, coccoliths,
and foraminifera [4]. The biominerals they form can have several distinct functions such as
tissues support, protection from mechanical damage as in the case of embryonic eggshells [8]
or from UV radiations [9], photosynthesis like in coccoliths [10], earth magnetic field detection
for magnetotactic bacteria [11], etc.

In nature there are more than 60 types of biogenic minerals and a huge variety of known
biomineral structures depending on the diversity of the organic matrix [4]. Among the most
diffuse biogenic minerals there are calcium carbonate, calcium phosphate, calcium oxalate and
silica. Most of the marine organisms, anyway, secrets calcium carbonate to form their
mineralized structure. Figure 3 shows some examples of marine calcifying organisms such as

coccolithophores, sea urchins, mollusks, corals, and crustaceans.

Phyllacanthus imperialis “ Ostrea.edulis

Callinectes sapidus "

] _
3§ \

Figure 3. Some examples of marine calcifying organisms: Coccolithophores (A), sea urchins (B),

mollusks (C, D), corals (E) and crustaceans (F).
Economic interest in calcium carbonate

Calcium carbonate (CaCO3) is the most widely used mineral in the world in many industries
such as paper, rubber, paints and construction both as a filler and as coating pigment due to its
white colour (Fig. 4). The papermaking process, for example, uses the higher amount of this
mineral as filler since it allows for the paper to be bright and smooth and it is inexpensive so it
reduces the use of the expensive cellulose fibers [12]. When used as filler in polymeric matrices,
instead, CaCOj3 improves the mechanical properties of the plastic material [13]. It is also used
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as an additive for rubber leading to a double positive effect i. e. increasing the volume of the
product, saving expensive natural rubber and reducing the production costs, and improving
mechanical properties such as the tensile strength, the tear strength and the wear resistance [14].
CaCOs micro and nano particles are used for biomedical applications such as drug delivery due
to its compatibility and non-toxicity [15]. Due to all these wide applications, it is not surprising
that CaCO3 market size was estimated at over 150 million tonnes in 2023 and it is expected to

reach US$ 29.3 Bn by the end of 2031 [16].
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Figure 4. CaCO; regional market (A) and end-use industry in 2022 (B). Images source: [16].

The main current commercial forms of this mineral are ground calcium carbonate (GCC) from
quarries, and precipitated calcium carbonate (PCC) from chemical synthesis.

GCC is commonly obtained by grinding natural minerals, mainly limestones, extracted from
quarries. Limestones were the first rocks to be quarried in human history due to their wide-
spread occurrence, and their softness and layered structure that made them easy to work [17].
So, GCC is quite inexpensive since the production method only involves mechanical crashing
and grinding. GCC, in fact, accounted for the 70.5 % of the global CaCO3 demand in 2021 [16].
The main issues related to GCC are firstly the absence of control over the purity of CaCO3
crystals, since it only depends from the presence of contaminants in the rocks, that affects the
whiteness of the powders. Moreover, quarries have an environmental impact since quarrying
operations can alter pre-existing ecosystems and produce powder emissions and waste rocks
[18]. The engineering activities during aggregate extraction and processing, in fact, can cause
a change in the geomorphology which also involves a visual impact (Fig. SA).

PCC is commonly derived from carbonate rocks such as limestone and dolomite by the so called
solid-liquid—gas route, also known as carbonation process, or by the solid—liquid route [19]. In
the first process, the carbonate-rich rocks are calcined using temperatures between 900 and

1200 °C to produce calcium oxide (lime) and carbon dioxide (CO2). The obtained lime is then
8



treated with distilled water to produce calcium hydroxide called milk of lime. The resulting
milk of lime is then purified and carbonated with the CO, obtained from the calcination process
in order to get CaCOjs crystals (Fig. 5B). The second process, instead, involves a direct reaction

between Ca”* and COs> ions in an aqueous solution.

water-
tank
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Figure 5. Visual impact caused by quarries (A) and schematic representation of PCC production by the

solid-liquid—gas route (B).

So, it is clear that the main issue for PCC production is the high costs since it involves the use
of expensive instrumentations in the first case, and reagents in the second case. Compared to
GCC, on the other hand, PCC has better physical properties, including high brightness, opacity
and purity [20]. The chemical synthesis, moreover, allows a better control over the
polymorphism of the crystals, their size and shape broadening the already wide fields of

applications for this mineral.
Circular economy to valorise seafood wastes

A circular economy (CE) can be defined as an economic model aimed at the efficient use of
resources through waste minimisation, long-term value retention, reduction of primary
resources, and closed loops of products, product parts, and materials within the boundaries of
environmental protection and socio-economic benefits [21]. Ten strategies have been evaluated
in order to develop the different CE targets i. e. recovering, recycling, repurposing,
remanufacturing, refurbishing, repairing, re-using, reducing, rethinking, and refusing.

The concept of recycling applies quite well in the context of seafood waste. According to the
Food and Agriculture Organization of the United Nations (FAO), in fact, global fish production
is estimated to have reached about 179 million tonnes in 2018 (Fig. 6A). Aquaculture accounted

for 46 % of the total production with its production growing at 7.5 percent per year since 1970.
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In particular, the aquaculture production was dominated by finfish (54.3 million tonnes),
molluscs, mainly bivalves (17.7 million tonnes), and crustaceans (9.4 million tonnes) (Fig. 6B)

[22].
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Figure 6. Global world capture fisheries and aquaculture production from 1950 to 2018 (A) and

aquaculture production composition in 2018 reported as weight percentage (B). Image A source: [22].

The main issue linked to this huge production from fishery industry and marine aquaculture is
the generation of a very big amount of waste by-products [23]. The 70 wt% of the processed
seafood, in fact, is discharged as wastes [22]. Shells, in particular, represent the main marine
waste since the most of mollusks and crustaceans body mass is not edible [24]. Every year, 6 to
8 million tonnes of waste shells are produced globally (Fig. 7) and these wastes are often just
dumped in the sea causing damages to the marine ecosystem [25] or disposed in landfill
affecting the quality of life for people living in proximity because of the unpleasant smell and
causing health issues due to the microbial decomposition [26]. On the other hand, their disposal
represents an environmental and economic issue since it involves the use of incineration or
burial [27]. So, turning cast-off shells into new materials would benefit both the environment

and economy [28].
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Figure 7. Discarded shrimp (A) and oyster (B) shells. Image A source: [24].

Seafood wastes, in fact, harbour useful chemicals such as calcium carbonate, proteins (to use
for fertilizers and animal feeds, for example) [29] and chitin (nitrogen-rich chemical for
pharmaceuticals, cosmetics, textiles, soaps, water treatment, household cleansers) [30] so they

offer a perfect example of circular economy.
Biogenic calcium carbonate and its applications

Calcium carbonate (CaCO3) is the most abundant biogenic mineral forming marine organism
hard tissues. Due to its abundance, in fact, the term calcification is often wrongly used as a
synonym of biomineralization [31]. In nature we can find different forms of this mineral 1. e.
three anhydrous crystalline polymorphs (calcite, aragonite, and vaterite) as well as two hydrated
crystalline phases, monohydrocalcite (MHC) (CaCO3-H>0) and ikaite (CaCO3-6H>0) [32]. In
addition to these crystalline phases, calcium carbonate also exists in various amorphous states,
known as amorphous calcium carbonate (ACC), which, thanks to the presence of the organic
matrix, play a crucial role in controlling the formation of crystalline calcium carbonate
biominerals [33].

Among the crystalline phases, calcite is the most thermodynamically stable polymorph of
CaCOs at room temperature and is the least soluble one in water as opposed to vaterite, which
is the least stable polymorph and most soluble in water. These stability differences arise from
the way the calcium and carbonate ions are assembled in the extended solid-state structures
[34]. In particular, calcite has a rhombohedral crystal structure and usually exhibits a cubic
morphology, aragonite has an orthorhombic crystal structure and a needle-like morphology and

vaterite has a hexagonal crystal structure and spherical-like morphology (Fig. 8) [35].
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Figure 8. Schematic diagrams of the rhombohedral crystal structure of calcite, the orthorhombic one of

aragonite and the hexagonal one of vaterite.

Marine organisms mainly form calcite and aragonite-based structures. Just think of corals that
lead to a production of aragonite of about 10! kg year™! through the biomineralization process
allowing them to build the most important bioconstruction of the world, coral reefs [36] or
mollusc shells containing both calcite and aragonite separated into distinct layer, the prismatic
one and the nacreous one, respectively [37].

We have already seen in the previous paragraph that seafood industry processing leads to the
production of tonnes of waste by-products every year, in particular waste shells. Seashells, on
the other hand, may be also seen as a renewable and cheap alternative source for biogenic
calcium carbonate [28]. There are several shell valorisation strategies that are currently
exploited. Biogenic calcium carbonate, in fact, has widely been used for low added value
applications such as livestock feed supplement [38], agricultural liming agent [39] and as
aggregate substitute in concrete preparation [40]. On the other hand, biogenic calcium carbonate
micro and nano particles are used for high value applications such as drug delivery [41], filler

materials [42] and catalysis [43] (Fig. 9).
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Figure 9. Overview of biogenic derived calcium carbonate applications from waste shells.
Shell valorization: challenges and unknowns

Shell waste reutilization is now a very widespread concept. We have seen in the previous
paragraph that many applications have already been exploited with calcium carbonate being
used as soil conditioner, catalyst, filler and construction material. However, the most of these
waste shell employment strategies involves sustainability or economic challenges.

First of all, shells need to be cleaned from their soft tissues and flesh prior their utilization.
When pure CaCOs is needed, for example for drug delivery purpose, shells are usually heated
up to 500 ° C to remove organic material [44]. Otherwise, a more sustainable method could be
the enzymatic cleaning [45] but it is too expensive when considering industrial applications.
The use of the shells derived CaCOs as catalysts for biodiesel production [46]or as inert material
in concrete also requests heating at high temperature for quality material [47] but the
environmental and economic impacts associated with the processing might be greater than those
associated with conventional end-of-life disposal methods of the waste. So more
environmentally friendly approaches to process seashells need to be explored.

Several studies have investigated the use of seashells as filler, especially in construction

materials [48]. Since this waste is a functional biomaterial, biogenic CaCO3 could also be used
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as filler for polymers [49]. In this case a surface treatment of the filler with hydrophobic
molecules, for example sodium stearate, would facilitate the dispersion in the hydrophobic
polymeric matrices preventing loss of mechanical performances. However, the capability of
CaCOs powders from shells to be coated with these molecules has not been studied so far.

The calcium carbonate component of seashells can be converted to calcium-based compounds
suitable for biomedical applications such as hydroxyapatite which is the primary mineral
component and constituent of human bones. The main issues, in this case, are the high energy
demand required for the calcination process to transform CaCOs into CaO [50] and the
expensive autoclaves necessary to reach high temperatures and pressures [51]. So new
sustainable methods should be investigated to carry out this transformation.

We saw that CaCOs nano particles have several applications as well as amorphous CaCOs [52].
So, if we want to recycle waste seashells rather than synthetizing CaCOs, it is necessary to find
a method to convert the biogenic CaCOs3 into nano-crystalline and amorphous CaCOs on a
potentially industrial scale.

CaCO:s is also widely used for wastewater treatment being able to adsorb molecules such as
dyes, heavy metals and phosphorous [53]. Calcium carbonate derived from crustacean shells,
in particular, resulted to be very efficient as adsorbent as well as chitin derived from them but
the adsorption capability of the combined materials (CaCO3 and chitin) is still unexplored.

So, many studies have been published about waste shell valorization strategies and much more
attention has been paid on this subject during the last years but there are still a lot of challenges

to face and things to be discovered in order to take full advantage of this huge resource.
Aim of the thesis

The aim of this thesis was to valorise seafood wastes from different species by recovering the
potential biomaterials they are composed of and using them for different applications.

The first project regarded the recovery of biomineral building units from the waste shells of the
species Mytilus galloprovincialis, namely the fibrous calcite from the outer prismatic layer and
the aragonite tablets from the inner nacre layer, by a simple and environmentally friendly
procedure. This offered the possibility to overcome the synthetic difficulties in replicating the
ability of organisms to act as crystal shapers and morphology modifiers and opened the
possibility to use those crystals to purpose different from those for which they were
biosynthesized. Here, in particular, fibrous calcite and the aragonite tablets were tested as dye

adsorbents in an envisioned water remediation application.
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The second project aimed to investigate for the first time the capability of aqueous stearate
dispersions to coat biogenic calcium carbonate powders from the shell of market-relevant
mollusk aquaculture species, namely the oyster Crassostrea gigas, the scallop Pecten
jacobaeus, and the clam Chamelea gallina employing geogenic calcium carbonate as reference.
The chemical-physical features of the materials were firstly extensively characterized by
different analytical techniques, then the prepared materials from oyster shells were tested as
fillers in an ethylene vinyl acetate compound used for the preparation of shoe soles on an
industrial scale.

The third project, instead, focused on the transformation of biogenic calcium carbonate particles
(bCCP) from oyster shell waste of the species Crassostrea gigas into hydroxyapatite (HA)
micro/nanoparticles with suitable cytocompatible and osteoinductive properties for osteogenic
applications using a one-step hydrothermal process. Compared to most of the methods reported
in the literature so far, the method we suggested is straightforward, one-pot, and involves the
full transformation of bCCP into HA nanoparticles in one step. Moreover, it is low-cost since it
can avoid the use of expensive hydrothermal autoclaves, additives, and high-purity calcium
reagents, and importantly, can be performed at relatively low hydrothermal temperatures
without any pH adjustment.

The fourth project aimed to compare the capability of different sources of calcium carbonate,
from quarries or biogenic, to be converted into nano-crystalline and amorphous calcium
carbonate (ACC). The mollusk shells of clams (aragonite), oysters (low Mg-calcite) and
scallops (medium Mg-calcite) were used. The working hypothesis was that the different
polymorph, content of Mg and species-specific organic matrix could produce ACCs diverse in
stability and transformation pathway in crystalline phases.

In the last study, chemical processes that allowed to extract singularly or combined the main
different components from the Brown shrimp (BS) Crangon crangon and Chinese mitten crab
(CMC) Eriocheir sinensis shells were applied. The characterization of the obtained materials
was conducted in their chemical and physical features, and as proof of concept the combined
or single components were used as adsorbents of dyes commonly used in textile industries.
Finally, the treated materials coming from the shrimp and crab shells were compared in terms

of their characteristics and performance.
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Figure 10. Species involved in the studies: Mytilus galloprovincialis (A), Crassostrea gigas (B), Pecten

jacobaeus (C), Chamelea gallina (D), Crangon crangon (E) and Eriocheir sinensis (F).
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Abstract

The control over the shape and morphology of single crystals is a theme of great interest in
fundamental science and for technological application. Many synthetic strategies to achieve this
goal are inspired by biomineralization processes. Indeed, organisms are able to produce crystals
with high fidelity in shape and morphology utilizing macromolecules that act as modifiers. An
alternative strategy can be the recovery of crystals from biomineralization products, in this case,
seashells. In particular waste mussel shells from aquaculture are considered. They are mainly
built up of single crystals of calcite fibers and aragonite tablets in an external and an internal
layer, respectively. A simple mechano-chemical treatment has been developed to separate and
recover these two typologies of single crystals. The characterization of these single crystals

showed peculiar properties with respect to the calcium carbonate from quarry or synthesis. We
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exploited these biomaterials in the water remediation field using them as substrate adsorbing
dyes. We found that these substrates show a high capability of adsorption for anionic dye, Eosin
Y in this case, but a low capability of adsorption for cationic dyes, Blue Methylene in our case.
The adsorption was reversible at pH 5.6. This application represents just an example of the
potential use of these biogenic single crystals. We envision also potential applications as

reinforcing fillers and optical devices.

Keywords: Mussel shell, recycling, fibrous calcite, aragonite tablets, water remediation.

Introduction

Biominerals are biomineralization products that are commonly characterized by a shape,
morphology, polymorphism, and composition that differentiate them from their geogenic and
synthetic counterparts [1-3]. The shell of the genus Mytilus is an example of biominerals
characterized by three crystalline calcium carbonate regions: (i) the prismatic fibrous calcite,
(i1) the aragonitic myostracum and (iii) the aragonitic nacre. Each region has a species-specific
crystal shape, morphology, and composition [4-7].

In Mytilus galloprovincialis the outer layer of the shell, referred to as calcitic prismatic layer, is
made of long, slender fibers of calcite (some 1-2 um wide and hundreds of pm long), which
reach the internal surface of the shell [4]. This microstructure has been called anvil-type fibrous
calcite [8]. The myostracum is usually a very thin layer located in the attachment of the adductor
muscle to the umbo of each valve. It is located under the calcitic prismatic layer and is in contact
with the inner layer formed by the nacre [7, 9]. It is made of aragonite [10]. The nacre is a well-
defined type of micro-structure characterized by small flat tablets (200-500 nm thick) of
aragonite tightly packed together by a mineral bridge and an organic cement [11-14]. These
peculiarities confer to the M. galloprovincialis shell unique mechanical properties that have
been optimized by millions of years of evolution upon the organism’s survival requests [15].
These features have attracted the attention of researchers stimulating them to produce
biomimetic and biologically inspired synthetic laboratory processes to obtain biomaterials
similar to the biogenic ones in shape, morphology, and composition for different technological
applications [2]. Although this approach has produced an impressive number of biomimetic
minerals, materials that perform as the biogenic ones have been rarely obtained.

Thus, a more pragmatic approach has been the use of the mollusc shells themselves. In this

contest, it has to be considered that mollusc shells are waste by-products from mollusc
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aquaculture [16], that has a global production of molluscs of about 15 Mton per year (year 2015)
in which M. galloprovincialis and Mytilus edulis counts for about 1.5 Mton worldwide (year
2015) [17]. Waste mussel shells have been used for different scopes. They can be converted to
calcium oxide by calcination and successfully used as catalysts for biodiesel production [18].
Seashells could be an inert material in concrete and other related cement-based products but
heating at high temperature and crushing are requested for quality material [19]. However, a
life cycle assessment analysis revealed that the valuation of shell waste through a calcination
process may not generate environmentally friendly after effects, as the impacts associated with
the processing and treatment of shell waste might be greater than those associated with
conventional end-of-life disposal methods [19].

Taking into account these considerations an innovative approach can be the waste mollusc shell
valorisation exploiting some of the unique features of the biominerals, which are effectively
biomaterials due to their physio-chemical features and organic inorganic composite structures
[1, 20]. Magnabosco et al. took advantage of the unique presence of the intra-skeletal organic
matrix to obtain a covalent bond functionalization [21]. The intraskeletal organic matrix was
also exploited to favour the polymeric coating of oyster shell particles to improve their metal
ion adsorption [22]. The calcite fibers from the prismatic layer of the Mytilus edulis shell were
used to obtain spherical aggregates of calcite fibers, exploiting their peculiar aspect ratio [23].
Here we suggest the recovery and valorisation of biomineral building units, namely the fibrous
calcite and the aragonite tablets by a simple and environmentally friendly procedure. This offers
the possibility to overcome the synthetic difficulties in replicating the ability of organisms to
act as crystal shapers and morphology modifiers and opens the possibility to use those crystals
to purpose different from those for which they were bio-synthetized. As a case of study, we
used the fibrous calcite and the aragonite tablets as dye adsorbents in an envisioned water

remediation application.

Results

Mussel shells from a local market having an average length of 55 = 35 mm were used after a
preliminary washing with tap water and brushing to remove meat residues and mineral debris.
Then they were treated overnight with a 5 vol% NaClO solution. This provoked the oxidation
and removal of the periostracum as well as superficial organic contaminants from the shells.

The shells changed the colour of the surface becoming more whitish (Fig. 1).
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Figure 1. Camera images of mussel shell showing periostracum in the black regions and nacre in the

white regions (A) and after bleaching with NaClO 5 % v/v solution (B).

The content of intraskeletal organic matrix in the bleached shells was 1.1 £+ 0.3 wt% (Table 1).
After this stage, the shells were treated at the temperature of 220 °C for 48 hours. This process
provoked a mechanical separation of the external prismatic layer and the internal nacreous one
(Fig. 2A and 2B), while the myostracum layer remained attached to the prismatic layer [24, 25],
as can be observed in the SEM images (Fig. 2C and 2D).

Figure 2. Camera and SEM images of the outer prismatic layer and myostracum (A, C) and the inner

nacreous layer (B, D) after the thermal treatment.

The X-ray diffraction patterns showed only the presence of aragonite in the nacreous layer and
the presence of calcite with trace (about 2.7 wt%) of aragonite in the prismatic layer, according

to SEM observations (Fig. 3, Table 1).
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Figure 3. Powder X-ray diffraction patterns of mussel shell (A), nacre (B) and prismatic layer after the
thermal (C) and acid treatment (D). The diffraction patterns were indexed accordingly to the PDF 00-
005-0586 for calcite and PDF 00-005-0453 for aragonite.

Table 1. Percentage of mineral phase composition, intraskeletal material (structural water and organic
matrix) content and particle size of bleached mussel shell (A), nacre (B), prismatic layer and
myostracum (C) and isolated prismatic layer (D). The temperature range considered to estimate the

content of intraskeletal organic material was between 150 °C and 450 °C.

Sample Calcite Aragonite Intraskeletal material Doo
(Wt%) (Wt%) (Wt%) (um)
A 27.7+£0.3 72.3+0.3 1.1+£0.3 -
B - 100 1.42 £0.02 13.76 = 0.05
C 973+04 2.7+04 1.0+0.1 -
D 100 - 0.041 £0.001 9.40 +0.04

These results were also confirmed by the spectroscopic analysis (Fig. 4).
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Figure 4. FTIR spectra of mussel shell (A), nacre (B), prismatic layer and myostracum (C) and isolated

prismatic layer (D).

The thermal gravimetrical analyses of the two layers showed a content of intraskeletal organic
material (structural water and organic matrix) of about 1.0 £ 0.1 wt% and 1.42 + 0.02 wt% in

the myostracum/prismatic layer and the nacre layer (Fig. 5, Table 1), respectively.
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Figure 5. Thermogravimetrical analysis (TGA) profiles of bleached mussel shell (A), nacre (B),
prismatic layer and myostracum (C) and isolated prismatic layer (D). The temperature range considered

to estimate the content of intraskeletal organic matrix was between 150 °C and 450 °C.
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Following this separation, the two main layers were subject to diverse treatments. The
myostracum/prismatic layer was treated with a 5 % v/v acetic acid solution for 24 h with the
consequent complete dissolution of the myostracum, as shown by the absence of the diffraction
peaks of aragonite in the diffraction pattern of the remaining prismatic calcite (Fig. 3).

As the last preparative step, the treated prismatic calcite layer was lightly crushed, 600 pm
sieved and bleached to remove the remaining superficial organic matrix. The obtained material
was mainly constituted by single fibrous crystals of pure calcite (Fig. 6A and B) having a
content of intraskeletal organic matrix of 0.041 + 0.001 wt%, a surface area of 1.7 m%g, a

particle size of 9.40 + 0.04 um and an aspect ratio no lower than 5 (Fig. 7A and B, Table 2).

Figure 6. Optical microscopy images of isolated calcite fibers (A and B) and nacre tablets (C and D). B

and D are images A and C, respectively, observed using polarized light.

Table 2. Size distribution of isolated prismatic layer (A) and nacre (B).

Sample Dio (nm) Dso (um) Doo (nm)
A 1.202 + 0.004 3.156 + 0.009 9.402 + 0.037
B 3.182 £ 0.008 7.212 +£0.008 13.76 £ 0.05
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The thermally treated nacreous layers separated into almost single tablets after removal of the
inter-tablet organic matrix through a bleaching and sonication process (Fig. 6C and D). After
such process the organic matrix content remains unaltered (1.59 + 0.02 wt%) indicating that the
inter-crystalline organic matrix was already eliminated by the thermal process (Fig. 4) and the
mineral phase remained pure aragonite (Table 1). The single crystal aragonite tablets were in
majority single tablets, but also particles formed by casted two or three tablets were observed

(Fig. 7C and D).

Figure 7. SEM images of isolated calcite fibers (A and B) and nacre tablets (C and D).

The two typologies of single crystals of calcite and aragonite, were also tested for their
capability to adsorb model dye molecules, Eosin Y (EY) and Blue Methylene (BM), in the
perspective of their use as substrates for water remediation. The results of the isothermal
adsorption experiments (Fig. 8) showed that EY and BM have different adsorption profiles on

the fibrous calcite and the tablets of aragonite.
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Figure 8. Adsorption kinetics and isotherms of Blue Methylene (blue dots) and Eosin Y (red dots)
solutions at pH 7.2 on calcite fibers (A, C) and nacre tablets (B, D). The dye adsorbed is reported as the
mass of dye (mg), normalized over the mass of calcite fibers/nacre tablets (g). The error bars associated

to Blue Methylene measures are small and not visible in the graphs.

The adsorption of the EY and BM on biogenic single crystals reaches equilibrium within 24 h
(Fig. 8). In order to evaluate the adsorption kinetics mechanisms, the experimental data were
fitted by pseudo first-order and pseudo-second-order kinetic models [26]. The diffusion-based
Weber—Morris model was tested as well [27]. It is noted that the pseudo-second-order kinetic
model fits the adsorption data better than pseudo-first-order model as indicated by higher R?
values (Table 3).

EY isotherm absorption data fitted the best with a Langmuir isotherm with a Langmuir constant
Kr =0.12 and 0.19 L/mg, and a qmax = 0.52 and 0.45 mg/g on fibrous calcite and aragonitic
tablets, respectively. The BM isothermal data fitted better with a Freundlich isotherm with Kr
= 5.84 and 2.70 mg/g and n = 0.03 and 0.02 for adsorption on fibrous calcite and aragonitic
nacre, respectively (Table 4). When considered the fitting using the Langmuir adsorption

isotherm the qmax of EY was higher than that of BM almost of a factor 10.
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Table 3. Parameters for pseudo-first-order and pseudo-second-order as well as Weber—Morris models.?

Pseudo-first-order [Pseudo-second-order 'Weber—Morris

Dye/ model” model® model!
substrate (max, exp [max, cal ki R? (max, cal k> R? C kip R?

(mg g") (mgg") (min™) (mgg") (gmg' min?) (mg g") (mg g’ min""?)
EY/ 0.3424 0.2467 0.007 0.88]0.3265 0.089 0.95/0.1138 0.0074 0.66
calc. fib.
EY/ 0.2801 (0.3433 0.002 0.4910.2726 0.3128 0.9110.1363 0.0051 0.43
arag. tab.
BM/ 0.0552 10.0269 0.083 0.72(0.05331 1.6211 0.96/0.026 0.001 0.44
calc. fib.
BM/ 0.0764 (0.0532 0.00860.92(0.07584 0.5815 0.9310.024 0.001 0.26
arag. tab.

@ The reaction conditions were based on 0.01 mM EY, 0.07 mM BM and pH 7.2. ® The pseudo-first-
order model is given by In (qmax - i) = In qmax - K1 t, where qmax and q; are the amounts of adsorbed dye
(EY or BM) at equilibrium and at time t (mg g™), respectively. k; is the equilibrium rate constant of
pseudo-first-order kinetics (min'). ¢ The pseudo-second-order model is determined by 1/q: = 1/KaQmax”
1/t + 1/qmax Where k; is the equilibrium rate constant of the pseudo-second-order kinetics (g mg™! min™).
4 The Weber-Morris model is expressed by q; = ki, t''? + C, where ki, is the intra-particle diffusion rate

constant (mg g! min""?) and C (mg g™') is a constant that reflects the thickness of the boundary layer.

Table 4. Calculated parameters from the fitting of the adsorption isotherms with different models. The
R? values from the isotherm model(s) that indicated the best fitting are highlighted in bold.

Langmuir Freundlich Dubinin—Radushkevich
Dye/substrate| Kp gn R?| Kr n R? Kp g R?
(mg') (mgg')  |(mggh) (mol® kJ”?) (mg g
EY/calc. fib. 0.12 0.52 0.81 0.13 3.20 0.45 2.1 037 0.77

EY/arag. tab. 0.19 0.45 0.80 0.14 3.52 046 0.99 0.17 0.65

BM/calc. fib. 0.85 0.05 0.71 5.84 0.03 0.84 0.99 0.16 0.55
BM/arag. tab.  0.310 0.07 0.84 2.70 0.02 090 1.02 0.06 0.68

The desorption experiment showed that at pH 7.2 or 6 the dyes are not removed from the
substrates, while at pH 5.6 a partial dissolution of CaCO3; was observed, the dyes were
completely removed and the single crystal substrates were completely regenerated.

The zeta potential of the crystals was measured in water, in the dye loading buffers and after

the dye adsorption. It was no possible to obtain a zeta potential value for the nacre tablets since

32



the measurements were not homogeneous. For the calcite fibers, instead, the zeta potential was
-20.3 £ 0.6 mV in water (pH = 8.3), -11.6 = 0.4 mV in the dye loading buffer (pH = 7.2) and -
15.4+ 0.1 mV and -19.8 £ 1.0 mV after the adsorption of EY and BM, respectively.

Discussion

The sustainable and green production of biomaterial is a research theme of growing interest.
Shells are waste by-products from mollusc aquaculture, which represents a sustainable type of
food production since the molluscs, as herbivores, are low in the trophic chain. Mollusc shells
are a biogenic source of calcium carbonate, whose potentialities as biomaterials have been
poorly exploited so far. Their use as materials with a high added value can represent a perfect
example of circular economy. If the market demand increases, this will be a trigger to increase
production. The current study shows that by a simple thermal and chemical treatment it is
possible to obtain surface organic matrix free single crystals of calcite and aragonite having the
peculiar shape of long slender fibers and tablets, respectively. Synthetic calcite fibers with
diameters ranging from 100 to 800 nm were produced by a liquid-phase mineral precursor
(PILP) on existing calcite substrate crystals by the addition of poly(aspartic acid) to a
crystallizing solution [28]. Nano-fibers of calcite analogous to those produced via a PILP were
produced using a positively charged additive poly(allylamine hydrochloride) [29]. Nano-wire
of calcite particles precipitated in the pores, from 50 nm to 200 nm, of track etch membranes in
the presence of acid macromolecules from a PILP precursor phase [30]. Into the same matrix,
rod-like CaCOs crystals having a diameter of about 200 nm formed from amorphous calcium
carbonate nanoparticles [31-34]. Via an amorphous precursor route thin tablets (~600 nm thick)
of aragonite were grown at the air—water interface using poly(acrylic acid—sodium salt) in
combination with Mg?" ion [35]. Mixed surfactant solutions of Ca and Mg dodecyl sulfate were
used for the fabrication of pseudohexagonal and porous aragonite tablets with a triplet twinning
and single-crystal-like nature [36]. Synthetic nacre, morphologically indistinguishable from the
natural archetype was synthesized with amorphous calcium carbonate precursors by
confinement in the scaffold of the original insoluble nacre matrix [37].

All these synthetic methods offered the advantage to have a rigorous control over shape,
morphology and composition, opening the possibility to produce single crystals with shapes
and morphologies not observed in nature. On the other side the production of massive amounts
and the specificity on shape, morphology, composition and polymorphism can be potential
issues. Mussel shells, and in general many biominerals, are produced under biological control
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with high fidelity in crystal size morphology, composition and polymorphism. Moreover, the
fine features of the crystalline units forming the shell can be modified by the environmental
conditions in which the organism lives [38].

Our research showed that by a simple chemical, thermal and mechanical treatment the single
crystal building units - the fibrous calcite and the aragonite tablets - that form the shell can be
separated. These materials can have potential application in many fields, in optics [39], polymer
science [40], medicine [41] and the paper industry [42, 43], among many others. CaCO3
whiskers in paper were for example found to increase its strength.

Here we tested the use of single crystals of fibrous calcite and the aragonite tablets for water
remediation. A powder from bivalve shells of Anadara uropigimelana was tested as a potential
bio-sorbent for BM and showed a capability of adsorbing of 0.357 mg/g [44]. Fibrous calcite
from the mussel shell of Mytilus edulis was used for the removal of crystal violet from water
solutions with high efficiency [23].

The two substrates were able to, efficiently and in a reversible way, adsorb EY, bearing a
negative charge, but were less efficient with BM (bearing a positive charge). The adsorption
rate is an index for analysing the adsorption process. The pseudo-first-order and the pseudo-
second-order kinetic model were employed to fit the adsorption kinetics of EY and BM on the
biogenic crystals [45]. The R? of the pseudo-second-order model was higher than the pseudo-
first-order model in all cases (Table 3). This indicated that chemical adsorption is dominant
[46]. Nevertheless, in the case of BM adsorption on aragonite tablets a pseudo-first-order
kinetic model is also suitable, because of the R*>0.98. This indicates that there may be physical
adsorption during the adsorption process [47]. Additionally, the calculated maximum
adsorption capacity by the pseudo-second-order model was much closer to the experimental
maximum adsorption capacity than the pseudo first-order, which further proved that adsorption
process of EY and BM on biogenic crystals conformed to the pseudo-second-order model. The
steps involved in this kinetic model are: (i) molecules diffuse from liquid phase to liquid—solid
interface; (i1) molecules move from liquid—solid interface to solid surfaces; and (ii1) molecules
diffuse into the particle pores [48]. Herein, the first step is not rate-limited because the
adsorption was performed under shaking conditions. The rate constant (k2) of BM is higher than
that of EY suggesting an initial faster occupation of the adsorption sites on the solid surface.
The study of the isotherm models suggests that Langmuir isotherm is more suitable to describe
the adsorption process of EY. This indicates a chemically controlled adsorption and dominated

by monolayer formation, as also suggested by the kinetic analysis [49]. The driving force for
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the adsorption should be, according with the value of K, the formation of a strong chemical
bond between the surface and EY. Here, we reach 0.52 mg/g adsorption capacity for EY on the
calcite fibers resp. 0.45 mg/g for the aragonite tablets, which is higher than literature results of
0.357 mg/g reported for BM [44].

The adsorption of BM is better described by a Freundlich isotherm, indicating a no site-specific
interaction and formation of multilayers. The fibrous calcite surface has a negative charge that
is pH dependant and we can suppose the same for the aragonite tablets. In the loading buffer
(pH = 7.2) upon adsorption of dyes, EY or BM, there is an increase of the zeta potential, more
marked for BM (from -11.6 mV to -15.4 mV for EY and -19.8 mV for BM). To understand
these unexpected results, EY and BM having different charge, it can be supposed that other
reactions can occur on the thermally treated and oxidized biogenic crystal surfaces, beside the
expected electrostatic interaction. It has been reported that biogenic crystals have low
crystalline order on their surface, even the presence of amorphous calcium carbonate [50, 51],
and that after thermal treatment the carbonate groups are replaced by hydroxyl groups [52]. The
combination of these two effects can change the distribution mechanisms of interaction of dyes.
The isotherm data indicates that BM, positively charged, adsorbs on the biogenic calcite surface
sites mainly by direct and fast no site-specific electrostatic interactions. Differently, the
adsorption of EY, negatively charged on its carboxylate groups, should occur through the
formation of a cationic coordination bond with the calcium ions present in solution; in this
process the surface hydroxyl groups can participate to the coordination bond of calcium ions
without affecting the net charge. The adsorption capability of BM was determined to be 5.84
mg/g for the fibers resp. 2.7 mg/g for the tablets, which is again higher than that observed for
A. uropigimelana [44]. Although the loading capability of the proposed biogenic single crystal
substrates is lower than that of other no mineral materials [53], the here described materials

offer the advantage to be re-used since the dye desorption occurs under slightly acid conditions.

Conclusions

This research showed that single crystals of calcite and aragonite with a biologically controlled
shape and morphology can be obtained from mussel shells by chemical and mechanical
treatments. The separation process implies simple and sustainable processes. The obtained
single crystals, due to their unique and no lab reproducible aspect ratio, can have many potential

applications. Here they were used as a substrate for reversible dye removal, but other potential
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applications are foreseen as filler to improve mechanical properties of matrices or as part of

optical devices.
Materials and methods

Reagents and solvents were purchased from Merck. They were utilized without any further
purification. For each experiment, daily fresh solutions were prepared. Mussels of M.
galloprovincialis from Spain aquaculture were purchased. The shells were firstly washed with
tap water to eliminate the meat residues and mineral debris and then mechanically stirred in a
5 % v/v sodium hypochlorite solution for 24 hours (1 g of shells in 10 ml solution). The shells
were separated from the solution by decanting, washed with water and air dried. Next, they
were heated in an oven at 220 °C for 48 hours and the thermal treatment allowed the mechanical

separation of the inner nacreous layer from the outer prismatic layer of the shell.

Prismatic layer treatment for calcite fibers disassembly. The prismatic layer fragments were
mechanically stirred in a 5 % v/v acetic acid solution for 24 hours in order to remove the
remaining aragonitic layer of myostracum (2.2 g of fragments in 25 ml solution). The fragments
were separated from the solution by decanting, washed with water and air dried. The isolated

calcite layer fragments were then crushed by mortar and pestle, sieved at 600 um and bleached.

Nacreous layer treatment for tablets disassembly. The nacreous layer fragments were crushed
by mortar and pestle and sieved at 45 um. The nacreous powder was mechanically stirred in a
5 % v/v sodium hypochlorite solution for 24 hours (1 g of powder in 10 ml solution) and then
bath sonicated in the same solution for 15 minutes. The resulting suspension was centrifuged at
5000 rpm for 2 minutes and the supernatant was discarded. The nacreous powder was then
washed 3 times with water by centrifuge (5000 rpm, 2 minutes) and the isolated powder was

dried under vacuum in a desiccator overnight.

X-ray powder diffraction analysis. X-ray diffraction patterns were collected using a
PanAnalytical X Pert Pro diffractometer equipped with a multi-array X’Celerator detector
using Cu Ko radiation generated at 40 kV and 40 mA (A = 1.54056 A). The diffraction patterns
were collected in the 20 range between 20 ° and 60 ° with a step size (A20) of 0.05 ° and a

counting time of 60 s.
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Spectroscopic analysis. A Thermo Scientific™ Nicolet™ iS™10 FTIR Spectrometer was used
to collect the FTIR spectra. Disk sample for FTIR analysis was obtained by mixing a small
amount (2 mg) of product with 98 mg of KBr and applying a pressure of 45 tsi (620.5 MPa) to

the mixture using a press. The spectra were obtained with 4 cm ™! resolution and 64 scans.

Thermal analysis. Thermogravimetric analysis (TGA) were performed using an SDT Q600 V
8.0 instrument (TA Instruments). The system was pre-equilibrated at 30 °C, then a ramp from
30 to 600 °C with a 10 °C min™ heating rate was performed under nitrogen flow. The
measurement was performed three times on 20 mg of each sample. The temperature range
considered to estimate the content of intraskeletal organic matrix was between 150 °C and 450

°C.

BET. The specific surface area of the samples was measured by the multiple BET method using
a Gemini VII 2390 Series Surface Area Analyzer (Micromeritics Instrument Corporation) with

a nitrogen flow.

Dimensional distribution analysis. Particle size analyses were performed using a Mastersizer
3000 laser diffraction particle size analyser. The particles from each sample were dispersed in

isopropanol for the measurement.

Scanning electron microscopy. All SEM images were acquired using a ZEISS Leo 1530 Gemini
field emission scanning electron microscope (SEM) operating at 5 kV. All samples were dried

under vacuum in a desiccator and gold-coated before their observation.

(-potential analysis. The zeta potential of the particles was evaluated using a Malvern Zetasizer

Nano ZS equipped with a He-Ne laser source (633 nm, 5 mW).

Dye adsorption kinetics experiments. Adsorption kinetics experiments were carried out
suspending 50 mg of each material in 10 mL of dye in a 50 mM pH 7.2 bis-tris buffer solution.
The suspensions were kept in a 15 mL polypropylene conical centrifuge tubes at room
temperature under mechanical stirring. Two dyes were tested that are Blue Methylene and Eosin
Y both having an absorption maximum in the visible region (668 nm and 517 nm, respectively).
The dye concentration in solution was measured by a UV-Vis spectrophotometer (Cary 300 Bio,
Agilent Technologies) using a spectral range of 450-800 nm and the spectra were recorded after

30 minutes, 1 h, 2 h, 4 h and 24 h. For each measurement, the dye solution was centrifuged at
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10000 rpm for 90 s and the supernatant was transferred into a plastic cuvette with 1 cm optical

path.

Dye desorption experiments. Desorption kinetics experiments were carried out suspending 25
mg of each sample from the dye adsorption experiments in 5 mL of a 50 mM pH 5.6 citrate
buffer solution. The suspensions were kept in a 15 mL polypropylene conical centrifuge tubes
at room temperature under mechanical stirring and the concentration of the dye released in the

solution was measured using the same procedure of the adsorption experiments.
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Abstract

Waste sea shells from aquaculture are a massive source of calcium carbonate that so far has
been unexplored in their unique and peculiar features such as polymorphic selection and
fidelity, crystalline texture, and the presence of an intra-crystalline organic matrix. Biogenic
calcium carbonate (bCC) can be a potential substitute for ground calcium carbonate and
precipitated calcium carbonate. These last materials find several applications after a surface
coating with hydrophobic molecules, being stearate among them one of the most used at the
industrial scale. The capability of bCC powders to be coated with stearate has not been studied
so far. Here, we investigate for the first time the capability of aqueous stearate dispersions to
coat bCC powders from the shell of market-relevant mollusc aquaculture species, namely the
oyster Crassostrea gigas, the scallop Pecten jacobaeus, and the clam Chamelea gallina. The
chemical-physical features of the materials were extensively characterized by different
analytical techniques. The results show that the adsorption capability of the bCC powders was
different among the calcium carbonate from different species and the geogenic calcium
carbonate, employed as reference. The oyster shell powder is the bCC with a higher content of
organic matrix and showed the highest adsorption capability (about 23 wt% compared to 10
wt% of geogenic calcite). These results agree with the mechanism proposed in literature in
which stearate adsorption mainly involves the formation of calcium stearate micelles in the
dispersion before the physical adsorption. The prepared materials from oyster shells were tested
as fillers in an ethylene vinyl acetate compound used for the preparation of shoe soles. The
compound showed better mechanical performances than that one prepared using ground
calcium carbonate from limestone. In conclusion, we can state that bCC can replace ground and
precipitated calcium carbonate, has a higher stearate adsorbing capability, and represents an

environmentally friendly and sustainable source of calcium carbonate.

Keywords: Biogenic calcium carbonate, waste sea shells, stearate, adsorption, polymer filler.

Introduction

Calcium carbonate (CaCO3) is one of the most widely used materials, having a sale of about
150 Mton per year [1]. It is commonly obtained by grinding the geogenic raw mineral,

limestone, forming ground calcium carbonate mineral (GCC), or by carbonation of a calcium
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hydroxide slurry, generating the so-called precipitated calcium carbonate (PCC) [2]. GCC is
classified according to the size of the grains that have the shape of irregular rhombohedra. This
material is made of calcite, the most thermodynamically stable CaCO3 polymorph, and no
chemical change is involved in its preparation process [3]. On the other hand, the manufacture
of PCC requires more stages such as calcination, hydration/slacking, carbonation, filtration, and
drying. The size and shape of PCC grains can be controlled, and impurities are removed during
the synthetic process. PCC is generally obtained as rhombohedral or scalenohedral calcite, but
aragonite and vaterite, the kinetically favoured and the metastable CaCO3 polymorph,
respectively, can be also obtained [2]. In PCC a rigorous CaCOs polymorphic selection is a
difficult task and often traces of other polymorphs co-exist with the preponderant one.
However, PCC particles are mostly uniform in size and regular in shape when compared to
GCC. Thus, PCC is used in more advanced applications than those of GCC [4,5].

CaCOs is also the main component of mollusc shells and other skeletal structures of many
calcifying invertebrates, where it usually represents more than 95 wt% of the mass [6,7]. The
CaCOs; formed by organisms is obtained under accurate and faithful biological control. This
implies, by example, that different species are able to form structures of aragonite, calcite, or
with a precise spatial distribution of both polymorphs [8]. In the latter case, they are located in
different layers and never mixed together [7]. In biogenic CaCOs3 (bCC) the crystalline texture
and the presence of trace elements is species-specific [9,10]. This depends on the geochemical
features of the living site of the calcifying organism and can be customized [11]. Thus, bCC
offers controlled species- and site-specific features that are difficult to find and reproduce in
GCC and PCC, respectively.

An important source of bCC is mollusc shells from aquaculture [12,13]. This is a farming sector
of growing economic relevance and nowadays the production of mollusc shells by aquaculture
is about 15 Mton per year [14]. The majority of these shells are not collected and become waste
which represents a major economic and environmental issue [14—17]. Their valorisation by
sustainable and green processes is desirable and can be a good example of circular economy
[18,19].

Presently, mollusc shell powders are used as calcium integrator in poultry’s feed, liming agents
in agriculture, and inert filler in diverse composite materials [12,15]. When used as filler, the
bCC powders act as an inert and do not provide any additional performance advantage to the
material. Two exemplative cases are their application in polymers and concretes.

CaCOs is the most widely used inorganic filler in polymers [20]. The GCCs are low in price
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and used primarily to reduce formula costs. By contrast, the PCCs are higher in price and used
to modify various properties of polymer composites [2]. Oyster shell powder imparted to
ethylene-vinyl acetate/low-density polyethylene resulted in a material with a remarkably
enhanced thermal stability and antimicrobial activity against Gram-positive and Gram-negative
bacteria [21]. Mussel shell CaCO3; was used as filler for a compostable matrix made of
polylactic acid and poly(butylene adipate-co-terephthalate). In this case, thermal, mechanical,
morphological, and physical investigations of these bio-composites showed that their
performances were comparable with those produced with GCC [22].

Eo et al. prepared concrete with different oyster shell powder contents (10 wt%, 20 wt%, and
30 wt%) and found that the mechanical properties of concrete replaced by 10 wt% oyster shell
powder were basically the same as that of ordinary concrete [23]. However, the use of oyster
shell powder as fine aggregates had a negative impact on the durability of concrete [24]. It was
reported that, when compared with ordinary concrete, the one enriched with oyster shell powder
showed a higher water absorption [25].

Hydrophobic modification of the surface of CaCOs; is an effective method to improve its
applications as filler in particular in the case of mollusc shell powder [26]. This surface
treatment facilitates the dispersion in hydrophobic polymeric matrices, for example preventing
loss of mechanical performances, such as impact resistance. In addition, moisture pick-up by
CaCO3 may pose additional problems during handling and processing [27]. In concretes, it
prevents water from penetrating concrete increasing corrosion resistance [28].

Among a variety of CaCOj surface coaters such as silanes, phosphates, and titanates, the most
widely used are fatty acids [29]. In particular, a blend of stearic acid and palmitic acid (stearin)
and pure stearic acid are the most commonly used for industrial applications and laboratory
research, respectively. The process of stearic acid/stearate adsorption on the calcite surface can
occur in “dry” conditions or using “wet” methods [30]. Generally, the industrial coating is done
in water because of the low cost and the simplicity of the process [31,32]. It has been suggested
that in water suspension, in the presence of significant amounts of dissolved ions, the adsorption
and subsequent rearrangement of fatty acid micelles is probably the controlling mechanism of
coating rather than chemical surface adsorption [31-33].

Here, we suppose that the stearate adsorption mechanism on bCC powders should be similar to
that of GCC and PCC. This is because the process is mainly controlled by the presence of
micelles of calcium stearate in aqueous dispersions [31-33]. But, we also suppose that the

polymorphism, the crystalline texture, and the presence of the intra-crystalline organic matrix,
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which are a unique signature of bCC and affect the structure and release of Ca ions [34,35],
may influence the adsorption capability of stearate. To test this hypothesis, we use bCC powders
from waste sea shells from aquaculture, namely oyster shells, scallop shells and clam shells and
compared the results with those obtained using GCC powder. Finally, the selected stearate
coated bCC sample was tested as filler in an ethylene vinyl acetate compound used for the

industrial preparation of shoe soles.

Materials and methods

Reagents and solvents were bought from Merck and utilized without any further purification.
For each experiment, daily fresh solutions were prepared. Mollusc shells of Crassostrea gigas
(oyster), Pecten jacobaeus (scallops) and Chamelea gallina (clams) were purchased from F.11i
Terzi (Palosco, BG, Italy). Commercial GCC and stearate coated (about 1.5 wt%) GCC were

kindly provided by Finproject S.p.a..

Preparation of bCC powders. Mollusk shells were firstly cleaned with tap water to eliminate
mineral debris. Then, they were treated with a 5 vol% sodium hypochlorite solution for 24 hours
to remove the organic residues from the surface, washed with deionized water, and air dried.
The dry shells were finally crushed by a hammer mill and sieved at 45 pm by analytical sieving
to remove the particles with higher size. The bleached materials were obtained by milling each
powder (15 g) with 15 vol% sodium hypochlorite solution (100 ml) for 72 hours using a tube
roller and ZrO; spheres (175 g). The suspension was then filtered under vacuum and the powder

was washed with deionized water, dried in an oven at 40 °C and sieved at 45 um.

Preparation of the sodium stearate solution. Sodium stearate was first dissolved by adding it to
water at 60 °C with a concentration of 40 mM or 400 mM. The mixture was stirred for about

30 min until a homogeneous dispersion was obtained.

CaCOs coating with stearate. The coating was carried out by adding 2.0 g of the CaCOs3
particles, biogenic or geogenic, to the sodium stearate solution (50 ml) at 60 °C. The suspension
was stirred for 2 hours. The coated CaCO; was then separated by vacuum filtration,

aboundingly washed with water at 60 °C, and dried in an oven at 105 °C overnight [31].

Physical characterization of the CaCOj3 materials. X-ray diffraction patterns of the samples

were collected using a PanAnalytical X Pert Pro diffractometer equipped with a multi-array
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X’Celerator detector using Cu Ka radiation generated at 40 kV and 40 mA (A = 1.54056 A).
The diffraction patterns were collected in the 20 range between 20 ° and 60 ° for the starting
materials and 1.5 © and 12 ° for the coated ones with a step size (A20) of 0.05 ° and a counting
time of 60 s. The analysis of the diffraction pattern to obtain the polymorphic composition and
crystallite dimensions was performed using the software Profex.[36] FTIR spectra were
collected using a Thermo Scientific™ Nicolet™ iS™]0 FTIR Spectrometer. Disk samples for
FTIR analysis were prepared by mixing a small amount (2 mg) of sample with 98 mg of dry
KBr and applying a pressure of 45 tsi (620.5 MPa) to the mixture using a press. The spectra
were recorded with 4 cm™! resolution and 64 scans. Scanning electron microscope (SEM)
measurements of the samples were acquired on the Carl Zeiss Leo 1530 Gemini field emission
scanning electron microscope. The microscope was used with an accelerating voltage of 5 kV.
The samples were glued on a carbon tape, dried under vacuum in a desiccator, and 10 nm gold-
coated before their observation. The size distribution measurements were performed with a
Mastersizer 2000 (Malvern Panalytical Ltd) laser diffraction particle size analyzer by dispersing
bCC or GCC particles in isopropanol and measuring the distribution in isopropanol. Average
value was calculated for five measurements. The specific surface area of the samples was
measured by the multiple BET method using a Gemini VII 2390 Series Surface Area Analyzer
(Micromeritics Instrument Corporation) with a nitrogen flow. Thermogravimetric analysis
(TGA) was carried out under nitrogen flow at a heating rate of 10 °C min™! by TA SDT Q600
V 8.0 instrument. The system was pre-equilibrated at 30 °C, then a ramp from 30 to 900 °C was
performed. For the measurement, 10 mg of each sample in an alumina crucible were used and
the temperature ranges considered to estimate the organic material and stearate content were
different depending on the nature of the samples and were chosen based on the derivative
thermogravimetric profiles (DTG). Differential scanning calorimetry (DSC) measurements
were carried out under nitrogen flow at a heating rate of 10 °C min~! from 0 to 200 °C with a
TA Q100 instrument. The analysis was performed using 5 mg of each sample in a hermetic
aluminum crucible to clarify the presence of hydrated calcium stearate. The contact angle (CA)
with sessile water drops (volume 10 pL) was measured using an optical system (Drop Shape
Analyzer DSA30S, Kriiss GmbH). Average values were calculated for five measurements on
different points of each surface. The sample was compressed in a pellet before the measurement.
Quantitative color measurements were acquired by an Eoptis CLM-194 colorimeter using a

D65 light source and BaSOs as reference. The results were reported in the CIEL*a*b* system,
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where L* represents brightness, while a* and b* color parameters (a* on the red-green scale

and b* on the yellow-blue scale).

CaCOs elemental composition. The sample was set in a Teflon holder with 0.5 mL of H>2O> (30
vol%, Carlo Erba) and 6 mL of HNOs (65 vol%, Honeywell). The holder was set in a microwave
oven (Milestone) operating as follows: 2 min at 250 Watt, 2 min at 400 Watt, 1 min at 0 Watt,
and 3 min at 750 Watt. The digested sample was quantitatively collected, diluted to 10 mL with
water, and filtered on paper. All the liquid samples obtained were measured three times, 12 s
each, with 60 s of pre-running, using an I[CP-OES, Spectro Arcos-Ametek, Inductively Coupled
Plasma Optical Emission Spectroscopy. The calibration curve was made using certified

standards in water.

Synthesis of the coated bCC / ethylene vinyl acetate compounds. The stearate-coated bCC /
ethylene vinyl acetate compounds were prepared according to an industrial procedure. Briefly,
polymers and raw materials, in the right mass ratio, were cold introduced into a closed mixer
(Comerio Ercole S.p.A.). Through friction the mixture reached the temperature of 90 °C and
then was discharged into the hopper of a granulation extruder (Filmex SAS). Successively, the
granules were introduced into the hopper of an injection press (Main Group), plasticized at 95
°C, and injected into the mold at about 200 °C, where the expansion and cross-linking reactions
take place for a curing time of about 7 min. The specimens were cooled in a temperature-

controlled environment at 23 °C and stored at the same temperature.

Mechanical and aesthetic characterization of polymeric compounds. The mechanical and
aesthetic characterization of the polymeric compounds were performed after a preliminary
specimen preparation in which a splitting machine (Camoga C420) was used to remove the
external skins and a pneumatic cutter (NOSELAB ATS 10019000) was used for the preparation
of specimens having the shape requested by the ISO regulation (Fig. SI1). For the measurement
of the tensile strength and elongation at break a Zwick/Roell Z010 dynamometer with 10 KN
load cell and Long Stroke extensometer with 800 mm extension was used. The test was
conducted according to the ASTM D412 technical standard with a clamp removal speed of 200
mm min!. The aesthetic features were evaluated by images obtained using an optical

microscope in reflection conditions.
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Results and discussion

In this work we have employed sea shells from species that have (i) a strong relevance in
aquaculture [12], (i7) are made of a single CaCOs polymorph and (iii) have diverse crystalline
textures [14,35]. The bCC used in this study are the low Mg-calcite from the oyster C. gigas,

the medium Mg-calcite from the scallop P. jacobaeus, and the aragonite clam C. gallina (Fig.

1).

Figure 1. Camera images of pristine shells from the oyster C. gigas (A), the scallop P. jacobaeus (B)
and the clam C. gallina (C).

In analysing their capability to be coated with stearate, the sea shell powders were homogenized
in grain size, performing ball milling and sieving at 45 pm. The same process was done for
GCC, as comparison. In addition, to evaluate the effects of the surface-exposed organic matrix
an aliquot of the bCC powder was bleached. The characteristics of the obtained powders are
reported in Tables 1 and 2. The X-ray powder diffraction patterns (Fig. 2 and 3) showed that
that in the powder from clam shells, upon the dry grinding process, a phase transition of about
10 wt% from aragonite to calcite occurred. This is in agreement with some literature data that
reported that this phase transition is associated to the temperature increase produced by
frictional heating of grinding [37,38], due to the highest thermodynamic stability of calcite,[29]
but disagrees with other researches reporting the opposite [39,40]. The bleaching treatment in
wet conditions favoured this phase transition and the content of calcite increased to about 19

wt%. A similar behaviour was reported for abalone shells [41].
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Figure 2. X-ray powder diffraction patterns of geogenic CaCOs (A), oyster shell (B), scallop shell (C)
and clam shell powder (D). The diffraction patterns were indexed accordingly to the PDF 00-005-0586
for calcite (c), PDF 00-005-0453 for aragonite (a) and PDF 01-080-2148 for quartz (q).
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Figure 3. X-ray powder diffraction patterns of bleached geogenic CaCOj; (A-b), oyster shell (B-b),
scallop shell (C-b) and clam shell powder (D-b). The diffraction patterns were indexed accordingly to
the PDF 00-005-0586 for calcite (c), PDF 00-005-0453 for aragonite (a) and PDF 01-080-2148 for

quartz (q).
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Interestingly, the content of intra-skeletal organic material did not change in a relevant way
after the bleaching process (Fig. 4). This is due to the fact that the majority of the organic
material is intra-crystalline, and only the organic macromolecules on the grain surface are

oxidized and removed by the bleaching process [18].
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Figure 4. FTIR spectra of unbleached and bleached powders (A) geogenic CaCOs, (B) oyster shells,
(C) scallop shells and (D) clam shells coated using a 40 mM stearate solution. (i) unbleached CaCOs
samples. (ii) bleached CaCOs samples. (*) Sodium stearate FTIR spectrum.

The surface area of the samples did not increase in a relevant way after the bleaching process,
despite the decrease of the particle size, both in the biogenic and geogenic CaCO3 samples. The
latter observation suggests that the reduction in grain size is more related to the grinding
associated with the bleaching process than the removal of organic macromolecules.

We excluded a process of dissolution and reprecipitation for GCC since the crystallite sizes
(d104)), which were determined by the analyses of the X-ray powder diffraction profile, did not
change relevantly. On the contrary, the crystalline domains of mollusc shell powder increased
after the bleaching process. This could be due to a recrystallization process of the external layer
of the crystallites that has been shown to be formed by amorphous calcium carbonate [42,43].
The results of the elemental analyses are reported in Table 2 and agree with the expected
elemental composition [44]. The weight percentage of calcium is around 40 wt%, and the
content of magnesium is higher in scallop shells than in oyster shells, while strontium is present
only in the aragonite shell of the clam. The content of other elements is quite low. After the
bleaching, only the concentration of the minor elements changed, probably due to the

dissolution of some soluble salts present in traces in the pristine shells.
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Table 1. Percentage CaCOj3; polymorph, organic matrix (OM) content, particle size distribution, specific
surface area (SSA), and crystallite size of calcite of GCC (A), oyster shell (B), scallop shell (C) and
clam shell powder (D) after 45 pm sieving. The suffix -b indicates that the samples were subject to a

bleaching/grinding process.

Sample Calcite OM content Dyo SSA daosy’
(Wt%0)* (wt%)’ (nm) (m*g’)  (m)

A 99.0 0.2 19.39 2.9 79.7

B 100 1.3 32.55 3.9 103.9

C 100 0.8 29.01 4.6 84.1

D 9.5 0.6 24.41 4.0 66.5°%
A-b 99.0 0.2 4.34 4.0 69.4
B-b 100 1.3 6.88 5.9 209.0
C-b 100 0.7 4.60 5.2 134.6
D-b 19.8 0.5 7.72 3.5 93.4%

*The complement to 100 % is represented by quartz for sample A and aragonite for sample D. # The
temperature range considered to estimate the organic material content was between 300 °C and 550 °C.
SCrystallite size of calcite along the [104] direction. ¥ Crystallite size of aragonite along the [211]

direction.

Table 2. Elemental composition of the most relevant elements in geogenic CaCOs3 (A), oyster shell (B),
scallop shell (C) and clam shell powder (D) powder after 45 um sieving. The suffix -b indicates the

samples that were subject to a bleaching/grinding process.

Sample Ca Fe K Mg Na Sr
(mgg')  (mggh) (mg g™ (mg g™ (mgg')  (mggh
A 385 0.56 5.6 7.28 23.52 ND*
B 392 ND 0.56 1.68 3.36 1.12
C 379 ND ND 2.8 2.8 1.12
D 373 ND ND ND 3.36 1.68
A-b 357 0.56 0.56 6.16 1.68 ND
B-b 382 ND 1.12 1.68 3.92 0.56
C-b 395 ND 1.12 2.24 2.8 1.12
D-b 378 ND ND ND 2.8 1.68

# The concentration was below the instrumental detection limit.
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The morphological appearance of the obtained powder particles is shown in Figures 5 and 6.
The geogenic calcite did not change the grain morphology upon the bleaching process, even if
the particle size was reduced, in agreement with the grain size distribution (Fig. 5A and B).
Differently, the mollusc shell powders showed a change in the morphology of the particles
because of the bleaching process (Fig. 5C-H). This effect appears specie-specific, being
different in the texture, the polymorphism, and the composition among species. The oyster C.
gigas shells are made of low Mg-calcite with an isomorphic substitution of magnesium to
calcium of about 5 mol% [45]. Both valves of the adult oyster shell are predominantly
composed of foliated calcite [46], which is bound on the outermost surface by prismatic calcite
and is interrupted by lenses of chalky calcite [47]. The image clearly shows that the (001)
surface of the laths making the foliated calcite is smooth before the bleaching and becomes
rough and highly porous (Fig. 5C and D). This provokes a slight increase of the specific surface
area, which mainly also contributes to the reduction of the grain size. The shell of the scallop
P. jacobaeus is composed of calcite foliated layers [46], except for a thin aragonitic prismatic
pallial myostracum [48]. The content of Mg in the calcite structure is of about 7 mol% [45]. As
observed for the shell of C. gigas the bleaching induced an increase of the surface roughness
and porosity of the laths (Fig. SE and F), which is associated with an increase of the surface
area. The aragonite shell of the clam C. gallina presents in the internal layer a granular texture
in which the grains do not show any apparent micro-structure and a thinner external prismatic
layer. These structural motifs do not change in a relevant way their morphology after the
bleaching process (Fig. 5G and H), except a reduction of the grain size, which is not associated

with a relevant change of the surface area.
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Figure 5. SEM images of unbleached (A, C, E and G) and bleached (B, D, F and H) powders from
geogenic CaCO;s (A, B), oyster shells (C, D), scallop shells (E, F) and clam shells (G, H). The insets

report high-magnification images. These images are representative of the entire population of particles.
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Figure 6. Low magnification SEM images of unbleached (A, C, E and G) and bleached (B, D, F and H)
powders from geogenic calcite (A, B), oyster shells (C, D), scallop shells (E, F) and clam shells (G, H).

These images are representative of the entire population of particles.

The samples were also evaluated in their colour, which is an important parameter for industrial
applications. White fillers are in great demand by the industry because they allow a better
control of the colouring of the material given by pigments and dyes [49]. The data (Table 3)
show that the whiteness of bleached samples is higher than the untreated ones. This

improvement was higher for clams than for oysters and scallops. A reason could be a lower
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efficiency of the bleaching process or a higher content of coloured pigment present in clam

shells.

Table 3. Colorimetric analysis of particles of: (A) geogenic CaCOs; (B) oyster shells, (C) scallop shells;

(D) and clam shell powders. The suffix -b indicates the samples that were subject to a bleaching/grinding

process.
Sample L* a* b* dE*ap*
A 92.53 0.99 6.57 7.48
B 90.34 0.63 4348 6.71
C 89.43 2.04 5.46 8.37
D 87.86 0.64 6.61 9.90
A-b 92.61 0.98 6.81 7.42
B-b 92.52 0.22 3.55 4.57
C-b 91.12 1.89 5.33 7.36
D-b 92.09 0.67 3.81 5.12

* * ) % % * % 2 * %
*The dEa* values were calculated as follow: dE,,= \/ Lo—L) +(ac— a )2 +(bc—b) .Lc,ac

and bé are the colorimetric values of the control BaSOs.

The coating of the CaCOs particles was performed using 40 mM and 400 mM sodium stearate
aqueous dispersions. These concentrations are both above the critical micellar concentration of
stearate, which according to the literature, is from 0.45 mM (at 20 °C) to 0.7 mM (at 60 °C).
[50] In a similar reference experiment, Shi et al. (2010) [31] used a 400 mM sodium stearate
aqueous dispersion with precipitated CaCOs crystals having a surface area of about 65 g m™.
This value is about 10 times higher than that of the CaCO3 powders used (Table 1). Therefore,
we used 40 mM, and also 400 mM for comparison, sodium stearate aqueous dispersions.

The adsorbed amount of stearate was determined by the weight loss in TGA experiment (Table
4, Fig. 7 and 8) in the range between about 250 °C and 500 °C. When a 40 mM sodium stearate
aqueous dispersion was used, the particles were able to adsorb slightly different amounts of
stearate according to their source (Table 4), on the other hand, these differences were more
marked when a 400 mM stearate dispersion was used (Table 5). The biogenic calcite substrates,
oyster and scallop ground shells, adsorbed more stearate than the biogenic aragonite from clam
shells and geogenic calcite. Moreover, in all the samples, the bleached substrates adsorbed a

higher amount of stearate than the untreated ones.
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Figure 7. TGA profiles of powder of geogenic CaCOs (A), oyster shells (B), scallop shells (C) and clam
shells (D) (red) and corresponding coated powder with 40 mM (blue) and 400 mM aqueous sodium
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This effect, which can be related to the increase of the specific surface area after bleaching,
which was more marked for the biogenic calcite particles than for the biogenic aragonite. The
stearate was adsorbed on the CaCOs particles in the form of Ca salt. These results can be
explained by considering that less soluble calcium stearate forms by the exchange reaction
between Na stearate and Ca ions in the water suspension [51]. As a consequence, Ca ions
dissolve from uncoated areas of the surface of CaCOj3 particles to restore the equilibrium until
only calcium stearate is present. The surface area covered by one molecule of the stearate at the
equilibrium is one important parameter that depends on the crystal faces exposed by the CaCOs
particles [33]. Kralj et al. reported the cross-sectional area of one stearate molecule of 0.21 nm?
on rhombohedral {104} calcite planes and 0.31 nm? for scalenohedral {211} planes in
nonstoichiometric calcites [52]. Also the arrangement of the stearate molecules influences the
cross-sectional area [53]. Assuming a cross-sectional area of stearate 0.2 nm?, which
corresponds to the surface area for one stearate molecule in a perpendicular orientation [54],
for the mean surface areas of CaCOs particles used (5 m? g!) the theoretical full monolayer
coverage would be about 1.2 wt% for stearate coating. At both concentrations investigated in
this study, the adsorbed amount of stearate is beyond the theoretical monolayer coverage, as
shown in Tables 4 and 5. This indicates that the stearate on the CaCOs particle surface exists in
a multilayer form, with the number of layers increasing as the adsorbed amount of stearate
increases.

The adsorbed Ca stearate on the CaCOs particle surface can be expected to have complex
calorimetric properties since the process conditions used during water coating can favour the
formation of its hydrate form, calcium stearate monohydrate [55].

(A) (B)

0 0

Heat flow (W/g)
Heat flow (W/g)

|
n

-5
1 L 1 1 I | L 1

50 100 150 200 50 100 150 200
Exo up Temperature (°C) Exo up Temperature (°C)

Figure 9. DSC profiles of powder of geogenic CaCOs; (red), oyster shells (blue), scallop shell (green)

and clam shell (orange) coated with 40 mM (A) and 400 mM (B) aqueous sodium stearate solutions.
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Figure 10. DSC profiles of powder of bleached geogenic CaCOs (red), oyster shells (blue), scallop
shells (green) and clam shells (orange) coated with 40 mM (A) and 400 mM (B) aqueous sodium stearate

solutions.

The DSC profiles (Figures 9 and 10) show, as the temperature increases, first a dehydration
peak (115 °C) and then a peak corresponding to the transitions from the crystalline-to-smectic
phase (130 °C), which agrees with what is reported in the literature for this material [56]. The
relationship between the dehydration enthalpy and the crystalline-to-smectic transition enthalpy
for the Ca stearate layer adsorbed on the CaCO3 particles surface versus the adsorbed amount
of stearate, determined by TGA measurement, is presented in Figure 11. Both enthalpies
increase linearly as the adsorbed amount of stearate increases when the 400 mM stearate
dispersion was used. Because the crystalline-to-smectic peak and dehydration peaks in the DSC
measurements only belong to the physically adsorbed part of Ca stearate, it means that the
physically adsorbed part increases in a proportional way to the total organic amount of

surfactant and that the chemisorbed part remains at a constant value for each substrate.
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Figure 11. Relationship between the dehydration enthalpy and the crystalline-to-smectic transition
enthalpy for the Ca stearate layer adsorbed on the CaCOj; particles surface versus the adsorbed

percentage of stearate.
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Important information comes from the evaluation of the adsorption capacity (Tables 4 and 5),
that here it is defined as the mass of stearate for surface unit of the CaCOs3 particles. The data
clearly show that when a 40 mM stearate dispersion was used the GCC and the oyster shell
powder adsorbed the highest amount of stearate for surface unit, but when the 400 mM stearate
dispersion was used the oyster shell powder showed an absorption capacity higher than GCC.

The rationalization of this observation needs to recall the specific features of the bCC. Among
them, the presence of the intra-skeletal organic matrix, which is the highest in oyster shell
powder among the samples analysed. Its presence destabilizes the calcium carbonate structure
and thus increases its solubility [57, 58]. Thus, according to the proposed mechanism that
implies the formation of calcium stearate, a higher amount of this salt is formed during the

interaction between stearate micelles and the powder.

Table 4. Thermal and surface analyses of geogenic CaCOs (A), oyster shell (B), scallop shell (C) and
clam shell powder (D) coated using a 40 mM sodium stearate aqueous dispersion. The temperature range
considered to estimate the organic matrix (OM) and stearate (St) content was selected according to the
derivate profile of the thermogravimetry curve. The suffix -b indicates the samples that were subject to

a bleaching/grinding process.

Sample OM + St Adsorption Contact Crystalline-to- AH
content capacity angle smectic
(Wt%) (g m?) ) ) Jgh

A 4.5 15.5 139.4 125.5 2.9
B 4.7 9.0 137.7 126.1 3.0
C 4.8 9.1 133.4 125.4 2.3
D 4.4 9.9 147.5 126.2 2.5
A-b 4.9 12.3 150.1 125.4 2.5
B-b 5.2 6.9 135.0 125.2 2.6
C-b 5.4 9.5 146.3 126.1 2.1
D-b 4.4 11.6 159.0 125.5 2.7
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Table 5. Thermal and surface analyses of geogenic CaCOj; (A), oyster shell (B), scallop shell (C), and
clam shell powder (D) coated using a 400 mM sodium stearate aqueous dispersion. The temperature
range considered to estimate the organic matrix (OM) and stearate (St) content was selected according
to the derivate profile of the thermogravimetry curve. The suffix -b indicates the samples that were

subject to a bleaching/grinding process.

Sample OM + St Adsorption Contact Crystalline-to- AH
content capacity angle smectic
(Wt%) (g m?) ©) °C) Jegh
A 10.2 27.2 135.4 126.4 10.1
B 23.1 60.9 136.4 126.4 18.6
C 13.1 20.2 137.3 125.6 18.9
D 11.7 20.9 139.0 126.1 8.6
A-b 13.2 253 149.0 126.4 9.2
B-b 26.9 45.1 92.2 126.2 154
C-b 14.0 18.6 146.3 126.3 10.2
D-b 14.5 353 128.8 125.9 10.3

The structure of the adsorbed stearate was further investigated by SEM, FTIR, and X-ray
powder diffraction. In Figure 12 are shown the FTIR spectra of CaCO3 particles coated using a
400 mM dispersion of stearate. The two bands at about 2919 cm™! and 2852 cm ™! are due to the
antisymmetric and symmetric methyl stretching vibration modes (vacus and vschs), respectively.
The absorption bands at 1577 cm™! and 1544 cm™' are due to the antisymmetric
Vacoo- stretching vibration of carboxylate groups in uni-dendate and bi-dendate coordination
with Ca ions, respectively [59]. No other bands associated with carboxylate groups were
present, thus only calcium stearate formed [32]. Other absorption bands are due to vibration
modes associated with calcite and aragonite or to the alkyl chains of the stearate. No band shift
was observed among samples and only the relative intensities of the bands changed according
to the composition of stearate-calcium carbonate materials. When a 40 mM stearate dispersion
was used, the low relative amount of adsorbed stearate (Table 4) did not allow its detection, and

the FTIR spectra showed only the typical adsorption bands of calcite and aragonite (Figure 10).
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Figure 12. FTIR spectra of unbleached and bleached powders (A) geogenic CaCOs, (B) oyster shells,
(C) scallop shells and (D) clam shells coated using a 400 mM stearate dispersion. (i) unbleached CaCO;

samples. (ii) bleached CaCOj3 samples. (*) Sodium stearate spectrum.

The examination of X-ray powder diffraction patterns of the materials provided information on
the crystal form of calcium carbonate (Mg-calcite or aragonite) and also on the structure of its

stearate coating.
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Figure 13. X-ray powder diffraction patterns of unbleached and bleached powders (A) geogenic CaCOs,
(B) oyster shells, (C) scallop shells and (D) clam shells coated using a 40 mM stearate solution. (i)
unbleached CaCOj; samples. (ii) bleached CaCOj; samples. (*) Sodium stearate X-ray powder diffraction

pattern.

The diffraction peaks at small Bragg angles (26 < 12 °) from the coated particles using the 40
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mM stearate dispersion (Fig. 13) did not show diffraction peaks for the unbleached samples,
which contained the lowest percentage of stearate (Table 4). The only exception was observed
when the oyster powder was used. In this case, a weak diffraction peak was detected at 1.98 °.
Using the same stearate dispersion, the associated diffraction peaks were detected on the
bleached samples. These were at 20 values of 1.98 °, 3.90 °, 5.72 °, 7.59 ° and 9.48 °
corresponding to the first five orders of the laminar structure of calcium stearate (46.5 A) having
extended chains oriented almost normal to the plane containing the ionic groups [60]. When the
400 mM stearate dispersion was used the low angle diffraction peaks were more intense, as
expected having a higher concentration of stearate (Fig. 14). This effect was more evident for
the bleached samples (Table 5). Also, in this set of experiments, it can be noted that the oyster

shell powder was the substrate with the most intense calcium stearate diffraction peaks.
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Figure 14. X-ray powder diffraction patterns of powders of: (A) geogenic CaCOs, (B) oyster shells, (C)
scallop shells and (D) clam shells coated using a 400 mM stearate dispersion. (i) unbleached CaCOs
samples. (ii) bleached CaCO3 samples. (*) Sodium stearate diffraction pattern.

The absence of diffraction peaks in the samples with the lower content of stearate could be due
to the detection limit of the method but also because the chemisorbed stearate does not give
diffraction peaks, as previously reported [31]. Thus, where diffraction peaks are detected, the
majority of calcium stearate is physiosorbed on the surface of stearate chemisorbed CaCO3
particles.

The SEM images of the samples treated with a 40 mM and 400 mM stearate dispersion are
reported in figures 15 and 16, respectively. The samples treated with the 40 mM stearate

dispersion (Fig. 15) generally preserve all the textural and morphological features of the
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samples before the coating process. This is expected since a low amount of stearate is adsorbed,
no more than a few layers, on the unbleached samples. These layers do not change the overall
morphology and do not induce a relevant aggregation of the particles. The higher amount of
stearate adsorbed on the bleached samples does not change in a relevant way the morphology
of the particles, even if the X-ray data indicate the presence of crystalline layers able to generate
a diffraction pattern. The CaCOs particles treated with the 400 mM stearate dispersion and
containing a high percentage of stearate lose many of the surface characteristics of the uncoated
samples (Fig. 16). Moreover, the presence of deposits of layered structures, which may embed

CaCO:s; particles is observable.

Figure 15. SEM images of CaCOj; particles coated using a 40 mM stearate dispersion. (A) geogenic
CaCO:s, (B) bleached geogenic CaCOs, (C) oyster shell powder, (D) bleached oyster shell powder, (E)
scallop shell powder, (F) bleached scallop shell powder, (G) clam shell powder and (H) bleached clam
shell powder. The insets report a low-magnification image for each sample. The images are

representative of the entire population of particles.
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Figure 16. SEM images of CaCOs particles coated using a 400 mM stearate dispersion. (A) geogenic
CaCO:s, (B) bleached geogenic CaCOs, (C) oyster shell powder, (D) bleached oyster shell powder, (E)
scallop shell powder, (F) bleached scallop shell powder, (G) clam shell powder and (H) bleached clam
shell powder. The insets report a low-magnification image for each sample. The images are

representative of the entire population of particles.

According to the reported data in the aqueous coating using a hot dispersion of sodium stearate,
a chemisorbed-monolayer first forms, on which the precipitation of micelles generates
additional physically adsorbed layers of calcium stearate. During the deposition/drying process
the aliphatic groups reorganize and orient outwards of the surface, leading to a hydrophobic
CaCOs3 surface and a low surface energy [31, 32]. Moreover, the diverse textures and
polymorphisms of the bCC favour the chemical-physical processes associated to the adsorption
process, generating stacked multilayers [61], being this effect particularly marked for the oyster
shell powder.

Some of the prepared materials were finally tested as fillers in an ethylene vinyl acetate
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compound for the preparation of shoe soles. The CaCOs3 particles were used in a 10 wt%
concentration, as commonly done in the industrial process. We tested the oyster shell coated
materials since they were the substrates with the highest capability of stearate adsorption. The
process was performed according to the industrial procedure, thus giving room for a future
potential scale-up. In a separate set the ethylene vinyl acetate matrices were loaded with the
same mass percentage of 45 um sieved commercial stearate coated GCC, as control. Polymeric

compound specimens were prepared to test mechanical and aesthetic properties (Fig. 17).

Figure 17. Polymeric compound specimen preparation for mechanical and aesthetic evaluations.

The optical images in Figure 18 show that the foamability, the qualitative distribution of pores,
of the shoe soles did not change when the commercial stearate-coated GCC was replaced with
the bCC coated with different amounts of stearate. This is an important parameter that affects

the overall aesthetic feature of the compound [62], and thus its commercialization.

Figure 18. SEM images of the CaCOj3 /ethylene vinyl acetate compound. (A) compound obtained using

commercial stearate coated geogenic CaCOs particles. (B) compound obtained using oyster shell
particles coated the 40 mM stearate dispersion. (C) compound obtained using oyster shell particles

coated the 400 mM stearate dispersion.
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The data reported in Figure 19 show that the oyster powder coated with stearate improved the
maximum elongation at break with respect to the control and this effect was more marked when
the sample with the lower percentage of adsorbed stearate was used. The improvement was
about 55 %. No relevant improvement on tensile strength, being about 10 %, was observed.
Both sets of data indicate that a too high amount of physiosorbed calcium stearate has a negative
effect on the mechanical performances of the ethylene vinyl acetate — CaCO3 composite
material. The deleterious effect of the high amount of adsorbed stearate was also reported for

an ethylene vinyl acetate composite containing Mg(OH): crystals stearate coated [63].
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Figure 19. Mechanical characterization, (A) elongation to break and (B) tensile strength of CaCO3 /
ethylene vinyl acetate compounds. The control is the compound prepared using a commercial sample of
stearate coated geogenic CaCOs. Oysso and Oysago indicate oyster shell powder coated using a 40 mM

and 400 mM stearate dispersion, respectively.
Conclusions

This study has shown that bCC from waste sea shells can be successfully coated with an
aqueous dispersion of sodium stearate. All the experimental data indicate that the adsorption
process is similar to that already reported for synthetic and geogenic calcite. Shortly, at a first
layer of chemisorbed stearate is followed by the deposition of several layers of physiosorbed
calcium stearate. The peculiar properties of bCC affect the adsorption capacity of the substrate,
being particularly efficient in the case of oyster shell powders. The coated oyster powder has
been utilized as filler in an ethylene vinyl acetate compound and improved the mechanical
properties with respect to a control using commercial stearate coated calcium carbonate.
Finally, this work demonstrates that it is possible to recover calcium carbonate from sea shells

for application as fillers in replacement to geogenic calcium carbonate, thus improving the

70



circularity and the sustainability of the industries, as in the studied case of ethylene vinyl acetate

compounds.
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Abstract

We have developed a straightforward, one-pot, low-temperature hydrothermal method, to
transform oyster shell waste particles (bCCP) from the species Crassostrea gigas (Mg-calcite,
5 wt% Mg) into hydroxyapatite (HA) micro/nanoparticles. The influence on the transformation
process of the P reagents (H3;PO4, KH2PO4, and KoHPO4), P/bCCP molar ratios (0.24, 0.6, and
0.96), digestion temperatures (25 — 200 °C), and times (1 week - 2 months) were thoroughly
investigated. At 1 week, the minimum temperature to yield the full transformation significantly
reduced from 160 °C to 120 °C when using KoHPOy4 instead of KH>PO4 at P/bCCP 0.6, and
even to 80 °C for P/bCCP ratio 0.96. The transformation took place by a dissolution-
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reprecipitation mechanism driven by the favourable balance between HA precipitation and
bCCP dissolution, due to the lower solubility product of HA than that of calcite at any of the
tested temperatures. Both the bCCP and the derived HA particles were cytocompatible for MG-
63 human osteosarcoma cells and m17.ASC murine mesenchymal stem cells, and additionally,
they promoted the osteogenic differentiation of m17.ASC, especially the HA particles. Because
of their physicochemical features and biological compatibility, both particles could be useful

osteoinductive platforms for translational applications in bone tissue engineering.

Keywords: Oyster shell, biogenic calcium carbonate, hydroxyapatite micro-nanoparticles,

sustainability, one-pot, hydrothermal, cytocompatibility, osteogenic differentiation.

Introduction

Seashells represent a waste by-product from fishery industry and marine aquaculture [1]. In
2018, world production of shelled molluscs reached 17.3 million tonnes representing 56 % of
the production of marine and coastal aquaculture [2]. Waste seashells are often just dumped in
the sea causing damages to the marine ecosystem [3] or disposed in landfill affecting the quality
of life for people living in proximity because of the unpleasant smell and causing health issues
due to the microbial decomposition [4, 5]. On the other hand, their disposal represents an
environmental and economic issue since it involves the use of incineration or burial [6]. A way
to overcome these issues may be turning cast-off waste seashells into new materials by
observing the main circular economy targets, i.e., efficiency, recycling, recovering and reducing
[7].

Mollusc shells are hierarchical organic/mineral composites made of CaCO3 embedded within
an organic framework (1-5 wt%) [8]. So far, this waste by-product has been used as a source of
calcium carbonate in different fields [9]. Many studies report the use of CaCOj3 from the shells
as calcium supplements for livestock feeding [10, 11], agricultural liming agents for soil acidity
treatment [12] and as aggregate substitutes in concrete preparation [13, 14]. In recent years,
several papers have been published regarding the transformation of biogenic CaCOj particles
(bCCP) to calcium phosphates of the hydroxyapatite phase (HA).

HA [Cai0(PO4)s(OH):] is the model phase representing the bone and teeth mineral component.
Synthetic HA is the most largely studied calcium phosphate for biomedical applications such
as coatings for dental implants, drug delivery systems, bioimaging and bone filling,

substitution, replacement and regeneration in orthopaedics [15-21]. The global HA market
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including nano-, micron- and larger sizes, is expected to grow to around USD 3,086.05 million
by 2027 [22]. The interest in HA is due to its excellent features i.e., biocompatibility, bioactivity,
no-toxicity and osteointegration [23]. Recently, HA nanoparticles in particular, have widely
drawn attention due to their large surface-to-volume ratio, which mimics the dimensions of
calcified tissue constituents allowing a higher biocompatibility and cell affinity and
proliferation [24, 25, 15].

Difterent biogenic CaCOs sources have been employed as a source of calcium to produce HA
such as eggshells [26], mussel shells [27], clam shells [28], cockle shells [29], oyster shells
[30], snail shells [31], corals [32] and cuttlefish bones [33]. Among them, oyster shells are
constituted by CaCOs in the form of calcite with an isomorphic substitution of magnesium to
calcium of about 5 mol% [34]. Both valves comprise different microstructures of calcite that
are layers of sheet-like foliae alternated with discontinuous lense-like chalk layers and a thin
external layer of prisms 5-25 pum wide and 20-50 pm high which are in turn constituted by an
internal laminated structure [35, 36]. HA particles obtained from oyster shells having
biocompatibility and bioactivity properties have been already produced. However, nothing
about the osteoinductive properties of these HA particles was reported [37, 38].

Several methods have been developed to convert bCCP in HA so far. Most of them are two-step
processes involving the calcination of CaCOs3 to CaO at 900-1200 °C followed by the reaction
with a phosphate reagent (typically H3PO4) with Ca(OH), produced by hydration of CaO [39-
42]. Calcium precursors for the wet chemical precipitation of HA can also be obtained by
dissolving CaCOs in an acidic solution such as HCI or lactic acid [43, 44]. The hydrothermal
method was used in a three-step method consisting of calcination of bCCP, hydration and
carbonation of resulting CaO to produce precipitated CaCO3 particles, which were then
submitted to hydrothermal reaction with (NH4)HPO4 at 160 °C in an autoclave to yield HA
nanoparticles [45]. Rod and flower-like HA nanoparticles were synthetized by a microwave
irradiation method with the aid of EDTA as calcium chelating agent [46-48]. Agalya et al.
performed a one-pot ultrasound-assisted synthesis to produce Fe-doped HA nanoparticles using
mussel shells as calcium source with the aid of trisodium citrate as complexing agent [49]. HA
nanoparticles were also obtained via wet mechanosynthesis by the use of ball milling but for
the full conversion of bCCP to be achieved a thermal treatment had to be performed after the
milling process [50]. Balu et al. introduced an oil-bath-mediated precipitation method at 80 °C
for the synthesis of HA nanorods from cuttlefish bones powder by using basic pH [51].

In this work, we investigate the transformation of bCCP from oyster shell waste of the species
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Crassostrea gigas 1into HA micro/nanoparticles with suitable cytocompatible and
osteoinductive properties for osteogenic applications using a one-step hydrothermal process.
Compared to most of the methods reported in the literature so far, the method we suggest here
is straightforward, one-pot, easy to scale-up, and involves the full transformation of bCCP into
HA nanoparticles in one step. Moreover, it is low-cost since it can avoid the use of expensive
hydrothermal autoclaves, additives, and high-purity calcium reagents, and importantly, can be
performed at relatively low hydrothermal temperatures without any pH adjustment. The method
will benefit the environment since it proposes an efficient and low-cost production of HA
particles with applications in medicine and therapeutics using waste seashells as starting
material, thus contributing to reducing the waste material derived from the fishery industry and

marine aquaculture.
Materials and methods

Preparation of bCCP. Oyster shells of Crassostrea gigas were purchased from F.lli Terzi
(Palosco, BG, Italy). The shells were carefully washed with tap water to eliminate the meat
residues and mineral debris. Then they were treated with 5 % v/v sodium hypochlorite solution
for 24 hours to remove the organic residues from the surface, washed with tap water and air
dried. The dry shells were finally crushed by a hammer mill and sieved at 45 um by analytical

sieving in order to get biogenic calcium carbonate particles (bCCP).

Reagents. Potassium phosphate monobasic (KH2PO4, ACS Reagent, >99%), potassium
phosphate dibasic (KoHPO4, ACS Reagent, > 98%), and phosphoric acid (H3PO4, ACS reagent,
85 wt% in H20) were provided by Sigma-Aldrich. All solutions were prepared with deionized
water (0.22 uS, 25 °C, Milli-Q, Millipore).

Experimental method. The experiments were carried out in a furnace with circulated forced air,
using 10 mL glass Pyrex test tubes with PBT screw caps and a rubber disc coated by PTFE for
temperatures in the range 25 °C < T < 80 °C. For higher temperatures (100 °C < T <200 °C),
an aluminium rack was designed to contain the tubes. The rack fits into a rectangular aluminium
box with an aluminium cap to close the ensemble. Alternatively, we used the hydrothermal
reactor Berghoff BR100 model with a 100 mL PTFE liner. All tubes were filled at 70 % volume
with the bCCP aqueous dispersions. The dispersions were prepared with the bCCP by varying
the phosphate reagent (KH2PO4, KoHPOs4, H3POs) and the P/CaCO; mol ratio to 0.24
(deficiency of phosphate), 0.6 (stoichiometric with respect to hydroxyapatite), and 0.96 (excess
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of phosphate). The initial concentrations of phosphate and bCCP were the following: For
P/CaCO3 = 0.24, 120 mM P/500 mM bCCP, while for P/CaCO3 = 0.6 and 0.96, 300 mM P/500
mM bCCP and 480 mM P/500 mM bCCP, respectively. The digestion time (t) varied depending
on P/CaCOs mol ratio and the setting temperature. Thus, for P/CaCO3 =0.24 in the range 25 °C
< T <80 °C the experiments lasted 1 and 2 months, while for the range 100 °C < T <200 °C
they lasted 1 week. This set of preliminary experiments allowed us to fix the time in further
experiments with P/CaCO3 =0.6 and 0.96 in 1 week. The initial pH was not adjusted but
measured at the beginning and at the end of the experiments. Upon completion, the precipitates
were subjected to 3 consecutive cycles of washing by centrifugation with deionized water to
remove unreacted species or salts such as NaCl. Afterward, they were freeze-dried overnight at

-50 °C under vacuum (3 mbar).

Particle characterization. Different techniques were used for the characterization of the
precipitates including X-ray diffraction (XRD), thermogravimetry, FTIR and Raman
spectroscopies, inductively coupled plasma spectroscopy (ICP-OES), scanning and
transmission electron microscopies (SEM, TEM and HRTEM), energy dispersive X-ray
spectroscopy (EDS) analysis, and thermogravimetry. Selected samples were additionally
analyzed by dynamic light scattering (DLS) and {-potential against pH.

XRD data were collected by using a Bruker D8 Advance Vario diffractometer with a Bragg-
Brentano parafocusing geometry and Cu K radiation (1.5406 A). Data processing of most
matured samples was carried out with software TOPAS 6.0 (Bruker AXS, Karlsruhe) 2. The
contribution of the isotropic peak broadening due to domain size was modeled using the TOPAS
macro based on the Scherrer approximation and considering the instrumental contribution from
a measurement of LaB¢ standard (NIST SRM 660c).

Thermogravimetric analyses of some selected samples were performed with Shimadzu TGA-
50H calorimeter at a flow rate 100 mL/min air in an alumina crucible. The measurements were
carried out from 25 to 950 °C at a rate of 20 °C/min.

FESEM observations and EDS were performed with both a field emission high resolution
microscope GEMINI LEO 1500 (Zeiss, Jenna, Germany) equipped with an energy dispersive
X-ray (EDX) spectroscopy by Oxford Instruments.

Transmission electron microscopy (TEM) was performed with a Carl Zeiss Libra 120 Plus
instrument at 80 kV. High-resolution transmission electron microscopy (HR-TEM) analyses
were performed with a TITAN G2 60-300 FEI Instrument (FEI, Hillsboro, OR, USA) operating

at 300 kV. The instrument is equipped with EDX Super X detector to perform microanalysis,
82



and STEM type HAADF. For both techniques the powder samples were ultrasonically dispersed
in HoO (MilliQ), and then a few droplets of the slurry were deposited on copper microgrids
coated with FORMVAR carbon film prior to observation.

Fourier transform infrared spectra were initially recorded with an Invenio R FTIR spectrometer
(Bruker) equipped with an attenuated total reflectance (ATR) accessory of diamond crystal.
FTIR spectra in transmittance mode were recorded within the wavenumber range from 4000
cm! to 400 cm™ at a resolution of 4 cm™'.

Elemental analysis of Calcium and Phosphorous was carried out by inductively coupled plasma
optical emission spectroscopy (ICP-OES) with an OPTIMA 8300 spectrometer (Perkin Elmer).
The analysis of both the crystal size distribution by dynamic light scattering (DLS) and the
electrophoretic mobility ({-potential) of the HA samples was performed with a Zetasizer Nano
ZS analyzer with a 633 nm laser (Malvern, UK) using disposable polystyrene cuvettes
containing the particles suspended in deionized water (0.5 mg/ mL) at 25 °C. For the
measurements of the {-potential versus pH, the MPT-2 autotitrator (Malvern, UK) connected to
the analyzer was employed. Diluted HCI and NaOH solutions (0.25 and 0.1 M, respectively)
were used as titration agents. No additional electrolytes were added. For oyster shell bCCP, the
analysis was performed by laser diffraction with a Mastersizer 2000 (Malvern, UK) coupled to
a Hydro 2000SM.

Biological tests

Cell Cultures. MG—63, a human osteosarcoma cell line (ATCC®CRL-1427™), was grown in
Dulbecco modified Eagle’s medium (DMEM) (Sigma-Aldrich, Milan, Italy) supplemented with
10 % fetal bovine serum (FBS), antibiotic solution (streptomycin 100 pg/mL and penicillin 100
U/mL, Sigma-Aldrich, Italy) and 2 mM L-glutamine (complete medium). m17.ASC cells (a
spontaneously immortalized mouse mesenchymal stem cell clone from subcutaneous adipose
tissue) [53] were maintained in Claycomb medium (Sigma-Aldrich), supplemented as above.
All cells were incubated at standard conditions (37 °C, 5 % CO»), and splitted when at 80-90
% confluency (at ratios, MG-63 of 1:8 and m17.1ASC of 1:10).

Cytocompatibility Tests. For cytocompatibility assays MG-63 cells (5 x 10°/well) and m17.ASC
(2 x 10°/well) were seeded in complete medium for 24 hours and then different concentrations
(ranging from 0.1 to 100 pg/mL) of both bCCP and HA nanoparticles obtained from oyster shell
(here referred as Oy-bCCP and apatite NPs, respectively) were added in 100 pL of fresh

medium. Hydrogen peroxide (1 pM) was used as an internal control of toxicity. After 72 hours
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of incubation, cell viability was evaluated by the 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) (MTT, Sigma-Aldrich) colorimetric assay as described in
Gomez-Morales et al. [54]. Briefly, 20 uL of MTT solution (5 mg/mL in PBS solution) was
added to each well and the plate was incubated at 37 °C for 2 hours. Afterward, supernatants
were carefully aspirated, and then, 125 pL of 0.2 N HCI in isopropanol was added to dissolve
formazan crystals. 100 uL were then removed carefully, and the optical density was measured
in a multiwell reader (2030 Multilabel Reader Victor TM X4, Perkin Elmer) at 570 nm. The
absorbance value of untreated cells was taken as 100 % viability, and values obtained from cells
undergoing the different treatments were referred to this value. Experiments were performed at

least for 3 times using 3 replicates for each sample.

Osteogenic Differentiation of mesenchymal stem cells. m17.ASC cells were seeded onto 12-
well plates at a density of 1 x 10* cells per well and after 24 hours they were treated with an
osteogenic medium (DMEM containing FBS 10 %, 50 pg/mL ascorbic acid, 10 mM f-
glycerophosphate, and 10 nM dexamethasone) for 14 days. The culture medium was replaced
every 3 days as previously described in Zamperone et al. [53]. To evaluate the potential osteo-
inductive effects of the particles, m17.ASC cells were cultured with Oy-bCCP and apatite NPs

at a concentration of 25 pg/mL in the growth medium for 14 days.

Alkaline Phosphatase (ALP) Staining and Quantitative Analysis. The osteogenic differentiation
was evaluated by alkaline phosphatase (ALP) staining and quantified with ImageJ software as
described in Dupont et al. [55]. Briefly, after 14 days of culture with the particles, cells were
washed three times with PBS, fixed with 4 % paraformaldehyde (4 % PFA; Sigma-Aldrich) for
15 min and stained with an alkaline phosphatase detection kit (Millipore, Merk Millipore,
Milano, Italy) according to the manufacturer’s protocol. Cells cultured alone (without particles)
or with the osteogenic differentiation medium were used as negative and positive control,
respectively. Images were acquired under the optical microscopy at 200x magnification. For
ALP quantification, the intensity of violet staining was estimated as the integrated density
(INT.DEN.) by ImageJ analysis. This value was normalized to the number of cells for each
picture and was expressed as the arbitrary unit (a.u.). Experiments were performed at least 3

times.

Alizarin Red Staining (ARS) and Quantitative Analysis. The calcium deposition of m17.ASC
cells was assessed by Alizarin Red S staining after the induction of osteogenic differentiation

with or without the NPs for 14 days as previously described [53]. Briefly, cells were washed
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with PBS pH 7.2, fixed with PFA (2 wt% in PBS) and then were stained with Alizarin Red S
solution (40 mM), pH 4.1 for 30 min at room temperature. Afterward, the wells were washed
thrice with bi-distilled water to remove the non-specific precipitation, and then samples were
analyzed and photographed by optical microscopy at 200x. To quantify the staining,
mineralized deposits were dissolved in 10 % acetic acid (Sigma-Aldrich) for 30 min, and then
150 uL of each sample were collected in a 96-well plate to measure their optical density in a
multiwell reader (2030 Multilabel Reader Victor TM X4, Perkin Elmer) at 405 nm. Experiments

were performed at least 3 times using 3 replicates for each sample.

Statistical Analysis. Data were statistically analyzed and are expressed as mean + standard
deviation of at least 3 triplicates. Statistical analyses were performed using a one-way ANOVA
with Bonferroni’s post test for grouped analyses using GraphPad Prism version 7.0 for Mac,
GraphPad Software (GraphPad Prism, San Diego, CA, USA). Statistical differences between
the treatments were considered significant when p values were p < 0.05 (*), p <0.01 (**),p <

0.001 (***), and p < 0.0001 (****),

Results and discussion

Influence of P/bCCP molar ratio, P reagent, and temperature on bCCP to apatite

transformation

Figure 1 summarizes the main results of XRD and spectroscopic characterizations (FTIR and
Raman) of the precipitates resulting in experiments with initial molar ratios P/bCCP = 0.24 at
1 month (Fig.1a-c), P/bCCP = 0.60 at 1 week (Fig. 1d-f), and P/bCCP = 0.96 at 1 week (Fig. 1
g-1). For the sake of simplicity, the figure shows the results at 25 °C and at the minimum
temperature yielding the highest transformation (Fig. la-c), or at temperatures yielding full
transformation (Fig. 1d-f, and 1g-1). In these plots, the starting material Oy-bCCP presents the
characteristic XRD pattern of calcite (PDF 00-005-0586), with reflections at 26=29.3 ° (104)
and 23.03 ° (012) marked in the diffractogram [56]. The XRD pattern of a carbonated-apatite
blank [57] shows the main reflections at 20 = 25.87 ° (002) and the quadruplet 31.77 © (211),
32.19°(112),32.90 ° (300), and 33.97 °© (202), respectively (PDF 01-1008) (Fig. 1a). The FTIR
spectrum of Oy-bCCP in the range 400-1200 cm™' shows the L2(CO3) and v4(COs3) vibration
modes at ~875 cm™ and 713 cm™! [58] while for the HA it shows the characteristic asymmetric

stretching L3(PO4) at 1000-1100 cm™!, symmetric stretching v1(PO4) at ~ 960 cm™!, and the
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bending mode v4(PO4) at 562 cm™ and 603 cm™!. The presence of a small band in the L2(CO3)
region is due to the CO3* ions substituting both OH™ (A-type) and PO4>*(B-type) (Fig. 1b) [57,
20]. Concerning the Raman spectra in the range 800 cm™ to 1200 cm™! (Fig. 1c¢), we find the
bands of HA v1(POs) at ~ 960 cm™, [59] and calcite v1(COs) at ~ 1086 cm’!, [60] as the most

representative ones.

a P/bCCP =0.24 b o o, O, POX ¢ v,PO}> v, €O,
80°C K,HPO, (defect P) oy v Y, J
A'_\/-/—V-—v—\’\f—'_
o g _
Z|80°C KH,Po - 3
g s g
Z|2SCK PO, i e V] = .
wn .- wa
& |25°C KH,Po, 3 g
= 1122 300, 2 =
Ap-blank 002' & / /202 =
— AN N |
Oy-hCCP 012 \l L ] \
1 1 I n I L 1 L I L L 1 n 1 n 1 1 1 n 1 n
10 20 30 40 50 60 1200 1000 800 600 400 800 900 1000 1100 1200
20(° Wavenumber (cm™) Raman Shift (cm™)
d P/HCCP = 0.6 e f
(stoichiometric)
180°C KH,PO, 3 -~ __—J\k
p— . [ — )
: 1
] 0, w ! —
;MwLJJ_J(uw% < B W
= - VT @
Z [160°C K,HPO a = B z
é Lgizﬁ . LJJU | B NM V\JFR 552 A |
=
E ]4“0(: KZHP04 E W B .__!/__A__\J\_’__
w ULL_ A M in =
Oy-bCCP _ . o Jf——v,—v—\ \
| 1 1 1 1 I 1 I 1 L L 1 L | L 1 1 L 1 I 1 L 1 L
10 20 30 40 50 60 1200 1000 800 600 400 800 900 1000 1100 1200
2 0(°) Wavenumber (ecm™) Raman Shift (cm™)

g P/bCCP=0.96 h i
excess of P

140°C KH,PO, W

; I
100°C KH,PO, | Ju.l /»”/\/”“\\

I
V

Oy-bCCP l L w ‘,_L

1 L 1 n 1 L | L 1 L L 1 L 1 L 1 | L L

1 ! L | !
10 20 30 40 50 60 1200 1000 800 600 400 800 900 1000 1100 1200
2 0(°) Wavenumber (¢em™) Raman Shift (cm™)

Intensity (a.u.)

Transmitance (a.u.)
J
<
3

Intensity (a.u.)

Figure 1. XRD patterns (a, d, g), FTIR (b, e, h) and Raman (c, f, i) spectra of precipitates obtained from
aqueous suspensions with initial P/bCCP ratios 0.24 (defect of P) at 1 month, 0.6 (stoichiometric
composition with respect to HA) at 1 week, and 0.96 (excess of P) at 1 week, at 25 °C and at the

minimum temperatures allowing the maximum or full transformation percentage.
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In the experiments with P/bCCP ratios 0.24 (Fig. 1a-c and Fig. 2) we obtained mixtures of bCCP
and HA. This P/bCCP ratio allowed us a preliminary screening of the influences of time (t),
temperature (T) and P reagent on the evolution of the precipitation. The effect of these
parameters on HA wt% was quantified by Rietveld analysis of the XRD patterns using TOPAS
6.0 software (Fig. 3). The plot shows an increase of transformation with T within the range from
25 °C to 80 °C (Fig. 3a), with a maximum percentage at 80 °C of 39.5 wt%, which was attained
with 120 mM KH>POs. The conversion percentages when using K;HPO4 were worse (34.4 wt%
and 30.4 wt% for 120 and 30 mM, respectively) but improved when the digestion time doubled
to 2 months (37.1 wt%) (Fig. 3b). Only when increasing the temperature to 180 °C and 200 °C
the HA wt% increased to around 43.6 wt%, even reducing the time to 1 week. The experiments
using H3POg (at 25 °C) did not produce any transformation, so this reagent was ruled out in

further experiments using higher P/bCCP molar ratios.
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Figure 2. XRD patterns of precipitates obtained from aqueous suspensions with initial P/bCCP ratios
0.24 (defect of P) at 1 month using KH>POys (a), and at 1 month (b), 2 months (c) and 1 week (d) using
K>HPO..
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Figure 3. Evolution of apatite wt% with the temperature in experiments with initial P/bCCP ratios 0.24
(defect of P) between 25 °C to 80 °C for 1 month (a), between 25 °C to 80 °C for 2 month and between
100 °C to 180 °C for 1 week (b).

At P/bCCP molar ratios 0.6 (stoichiometric) and 0.96 (excess of P) the study shows the
influences of P reagent (KH2PO4 or KoxHPO4) and T (25 °C to 200 °C) at t=1 week. A detailed
examination of Figures 1d-f and 4 for the P/bCCP ratio 0.6, and Figures 1g-i and 5 for the ratio
0.96 allowed us to determine the minimum temperature (Tmin) to yield the full conversion. The
examination considered the disappearance of the calcite reflection (104) in the XRD pattern
and the lack of both the C(v4COs3) vibration mode in the FTIR spectrum and C(v1CO3) in the
Raman spectrum at the same T. It was observed that for P/bCCP ratios 0.6 the Tmin is 160 °C
when using KH2PO4 and 120 °C for KoHPO4. However, for P/bCCP ratios 0.96 the Tmin was
120 °C when using KH>PO4 and 80 °C when using KoHPOs.
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Figure 4. XRD patterns of precipitates obtained from aqueous suspensions with initial P/bCCP ratios
0.6 (stoichiometric composition respect to HA) at 1 week using bCCP size fraction @<45 pm and

KH>POs (a) or KoHPO4 (b) at different temperatures in the range from 25 °C to 200 °C.
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Figure 5. XRD patterns of precipitates obtained from aqueous suspensions with initial P/bCCP ratios
0.96 (excess of P) at 1 week using bCCP size fraction @3<45 pm and KH,PO4 (a) or K;HPO4 (b) at
different temperatures in the range from 25 °C to 200 °C.

Thermogravimetric analyses (TGA) of HA particles obtained at molar ratios 0.6 using both
reagents (Fig. 6) revealed the presence of three main regions. The first one between 25 °C and
230 °C is associated to adsorbed surface water, the second one up to 500-600 °C is due to loss
of internal or structural water, and the third one between 600 and 950 °C is due to loss of CO2
by decomposition of CO3> [61]. The latter region is divided into two sub-regions in the CO3-
apatite obtained with KH>PO4 (Fig. 6a), with losses of 3.4 wt% and 2.3 wt%, and the associated
first derivative (DTG) peaks centered at 708 °C and 795 °C. These losses can correspond to A-
and B-type COs> substituted groups in AB-type CO;z-apatites [62]. The presence of both types
of substitutions is reflected in the V2(CO3) region of the FTIR spectrum, which is decomposed
into two small peaks at 879-880 cm™ and 870-872 cm™! attributable to A-type and B-Type CO3*
substitutions [18, 63]. In the COs-apatite prepared with KoHPO4 (Fig. 6b) only one temperature
region was found with a loss of 6.8 wt% and a DTG peak centered at 796 °C. The v2(CO3) of
the FTIR spectrum shows a main peak at ~872 cm™! attributable to B-type COs [18, 63]. When
increasing the conversion temperature to 200 °C, the CO; region shifted to around 750-950 °C
in both apatites, with losses of 1.6 and 1.7 wt%, evidencing the minor content of carbonate of
these samples. The three mentioned thermal regions of HA compare with those of Oy-CaCO:s.
The first from 25-260 °C is due to the loss of adsorbed water, the second one to the loss of
internal structural water and organics, and the third one between 650 and 790 °C, with DTG

peak at 760 °C, to the loss of CO; yielding the residue of CaO.
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Figure 6. TGA of Oy-CaCOs and COs-apatites obtained by one-step hydrothermal conversion of Oy-
CaCOs at 160 °C and 200 °C using KH,PO4 (a) and at 120 °C and 200 °C using K,HPO4 (b) at P/CaCO;
molar ratios 0.6. Arrows indicate the temperature of the endothermic peak associated to loss of CO> by

carbonate decomposition from the COs-apatite samples.

The type of P reagent regulated the initial pH of the suspensions, i. e. 5.6-5.8 when using
KH>PO4 and 8.5-8.8 in the case of K;HPO4 (Table 1), while the conversion process was
responsible for the higher pH at the end of the experiment, reaching in some cases values higher
than 10.0. This increase of pH is explained by the progressive dissolution of bCCP that favors
the increase of activities of Ca?*, COs>", HPO4>", PO+*, OH, as well as of neutral (CaHPO4°)
and ion pair (CaPO4") species up to reach the critical supersaturation for the nucleation of the
HA phase. The favorable balance between HA precipitation and CaCOs dissolution, due to the
lower solubility product of HA than that of calcite, was responsible for the whole dissolution of

CaCO:.

Table 1. Initial and final pHs of aqueous suspensions in the experiments using initial KH,PO4/bCCP

and K,;HPO4/bCCP ratios 0.6 and 0.96.

pHo 25°C 40°C 60°C 80°C 100°C 120°C 140°C 160°C 180°C 200°C
KH2PO4/bCCP (0.6) 5.64 851 7.17 9.55 854 941 10.76 9.12 927 9.58 9.97
KoHPO4/bCCP (0.6) 8.68 920 945 9.62 9.66 10.26 10.65 9.37 9.69 9.80 9.94
KH2PO4/bCCP (0.96)5.82 885 7.68 805 7.08 1096 739 852 7.14 956 9.95
K:HPO4+/bCCP (0.96)8.51 9.18 9.28 6.67 10.12 9.62 946 9.45 927 956 9.71
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For a better understanding of the process, Figure 7 shows the results of a simulated experiment
using KoHPO4 and P/CaCOs3 0.96 in which the full conversion was attained at 80 °C. It is
observed the decrease of activities of the aqueous species Ca>" and CaHPO4° with an increase
in pH and a slow decrease of HPO4* (Fig. 7a, c), which indicates that these are the species
involved in the nucleation process. Recently, some authors showed pieces of evidence that the
non-classical calcium phosphate precipitation pathway involves prenucleation clusters (PNC)
identified as Ca>(HPO4)3*, which are constituted by a molecule of CaHPO4° plus HPO4> and
an extra Ca®" ion [64], or ion associations of the type Ca(HPOu4); [4, 65]. Going back to the
simulation, the decrease of the activities of Ca**, CaHPO4°, and HPO4>", also agrees with the
formation of these types of PNCs. The crucial role of PNCs in the formation of the solid phase

could explain the decrease in Tmin to attain the full CaCO3 to HA transformation when using

K2HPO..
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Figure 7. Simulation results with Visual MinteQ 3.1 of the experiment P/CaCO3 0.96 using K;HPO, as

P reagent in which full conversion was obtained at 80 °C. (a) Speciation vs pH considering calcite as a
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finite solid; (b) Saturation indexes (S.1.) vs pH of hydroxyapatite (HA), octacalcium phosphate (OCP)
and CaCQ; (calcite) considering calcite at finite solid (S.1.=0); (c) speciation vs pH after full conversion
giving rise to calcite=0 mol/l and HA=0.1 mol/l; (d) Saturation indexes vs pH of HA, OCP and calcite,
showing the mother solution in equilibrium with HA (S.1.=0), and subsaturated respect to calcite and
OCP (S.I. < 0). In the simulation the “activity” units are mol/l and S.I.= log IAP-log K, being IAP the

ionic activity product, and K, the solubility product.

In particular, the simulation shows the evolution of the aqueous activities of Ca?", HCOs,
HPO.*, PO4*", OH", CaPO4" and CaHPO4° versus pH (Fig. 7a) as well as of S.I. respect to HA
and OCP (Fig. 7b) considering both calcite as the calcium source (S.1.=0) and no precipitation
of a new phase. It is shown the slow increase of PO4*", OH" and CaPO4" activities with pH while
the activity of the other species decreases, and the higher S.I (HA) compared to S.I.(OCP)
indicating the preferred precipitation of HA at these pHs. Once the experiment finishes the
amount of calcite is 0 and that of HA is 0.1 mol/l (full conversion). The activity of all species
in the remaining solution is now generally lower than in Figure 7a expected for HCO3™ and
PO,*. Under this condition, the solution remains undersaturated with respect to OCP and

calcite, and just saturated (S.I1.=0) with respect to HA (Fig. 7d).
Morphological and microstructural characteristics of the precipitated HA particles

Following the precipitation processes at different temperatures, the FESEM micrographs (Fig.
8) show that the initial micrometer-sized Oy-bCCP layered rods (Fig. 8a) were coated with HA
nanoparticles in the experiments at 25 °C, irrespective of P/bCCP molar ratio and P reagent used
(Figs. 8b, e, f, 1, j). In experiments with P/bCCP 0.24, at the temperatures for maximum
transformation (Figs. 8c, d), the HA nanoparticles displayed mostly isometric morphologies. At
P/bCCP molar ratios 0.6 and 0.96, the obtained nanoparticles displayed predominant
morphologies depending on the P reagent type, i. e. thin needle- and plate-like anisometric
morphologies when using KH>PO4 (Figs. 8g, k) or more isometric quasi-spherical rods when

using KoHPO4 (Figs. 8h, 1).
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Figure 8. FESEM micrographs of bCCP and apatites obtained at 25 °C and at the minimum temperature
allowing full transformation using KH,PO4 and K;HPO4 at P /bCCP molar ratios 0.24 (a-d), 0.6 (e-h),
and 0.96 (i-]).

The results are confirmed by HRTEM characterizations of samples transformed at 200 °C.
Figures 9a and 91 show the high-angle annular dark field (HAADF) images of samples prepared
at P/bCCP molar ratios 0.6, using KH2PO4 and KoHPOs, respectively. While the former
particles are mostly needle-like, the latter are more isometric. In both cases, the EDX elemental
mappings reveal the presence of Ca, P, and in minor extent Mg (Figs. 9b, ¢, d and j, k, ) with a
(CatMg)/P of 1.73 £ 0.03 when using KH>PO4, and 1.72 £ 0.08 or 1.81 £+ 0.08 when using
K>HPO4 as revealed in 2 different zones of this sample. The indexed selected area electron
diffraction (SAED) pattern of the first sample (Fig. 9¢) shows the characteristic crystallographic
planes of HA, i.e. (002), (211), (310), (152), while the HRTEM image (Fig. 9f) shows lattice
fringes of the elongated particles structured as single crystal domains whose d-spacing of 8.15

A corresponds to planes (100).
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Figure 9. (a, i) HAADF-STEM micrographs of samples prepared with KH,POs and K;HPOs,
respectively; (b, ¢, d) and (j, k, 1) EDX element mapping analysis of Ca, P, and Mg of particles of the
image (a) and (i), respectively. (e, g) SAED patterns of samples prepared with KH,PO4 and K;HPOs,
respectively showing the planes of the apatite phase. (f, h) HR-TEM images showing the lattice fringes
of particles prepared with KH>PO4 and KH,POs, respectively. Note than in the latter image, lattice
fringes correspond to the apatite planes (112), (211) and (300), and calcite planes (104) and (006).

On the other hand, the indexed SAED pattern of the second sample (Fig. 9g) shows different
crystallographic planes of the HA phase, i.e. (101), (112), (212), (312), but the HRTEM image
(Fig. 9h) displays in addition, lattice fringes corresponding to the (104) and (006) planes of
calcite. This finding indicates that even after increasing the digestion temperature, a small
amount of calcite, not detected by XRD, is present in the samples. Whether it is untransformed
bCCP or precipitated crystals in the experiment is not possible to be distinguished by
microscopy. Most likely, they correspond to freshly precipitated calcite due to oscillations in
the solution saturation index at the stationary state (dynamic) once attaining the full
transformation. Note in the simulated experiment of Figure 7 that after full transformation the

solution remains only slightly undersaturated with respect to calcite.
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Crystal size distribution and electrophoretic mobility --potential- of the HA particles

The crystal size distribution (CSD) and electrophoretic mobility ({-potential) against pH of
aqueous suspensions of both Oy-bCCP and HA-derived particles are relevant properties to
assess their potential biomedical applications as carriers for drug delivery or as osteoinductive
implantable bone filling materials. The trend of a colloidal suspension to disperse in simulated
physiological conditions of the blood (pH~7.4), in a tumor microenvironment, or in an inflamed
tissue (pH 5-6), depends on the size and surface charge of their particles. While the dispersion
of the colloidal particles is essential for their use as carriers of chemotherapeutic or anti-
inflammatory drugs [18, 66] it seems a priori not a crucial feature for its use as an

osteoinductive implantable material.
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Figure 10. Volume based CSD (a, d), cumulative volume based CSD (b, ), and {-potential versus pH
(c-f) of Oy-bCCP and HA particles prepared at different temperatures using KH,PO4 and K,HPO,, and
P /bCCP molar ratios 0.6 (a-c), and 0.96 (d-f). Note that CSD of HA and Oy-bCCP particles, though
plotted in the same figures, were measured by different techniques i. e. DLS and laser diffraction,

respectively.

The CSD is here plotted as both volume-based (Figs. 10a, d) and cumulative volume-based
distribution (Figs. 10b, e) because these latter plots allow measuring the percentiles D1o, Dso

and Doo of the distribution. The percentiles characterize the percentage of cumulative volume
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undersize distribution. Do is close to the individual particle size observed microscopically
while Dso (the median of the population), and Do are influenced by the aggregation of particles.
We can observe the big reduction of the particle size experienced when transforming the Oy-
bCCP particles to HA, with Do reducing from 2270 nm to 99 nm (ratio P/bCCP 0.6) or to 10
nm (ratio P/bCCP 0.96), in both experiments using KH>PO4 at 200 °C. The influence of P/bCCP
ratio, P reagent, and T on the percentiles is evident. The experiments with P/bCCP ratio 0.96 at
200 °C yielded a lower particle size with negligible aggregation, with Dio, Dso and Do
percentiles equal to 10, 61 and 67 nm, respectively when using KH>POy4, and 41, 67 and 70 nm
when using KoHPO4. However, by decreasing the temperature to 120 °C and 80 °C, the
percentiles increased greatly. In experiments with P/bCCP ratio 0.6 there is not a clear trend.
Using this molar ratio both the particle size and aggregation tendency are higher. Following the
discussion, the particles prepared at P/bCCP ratio 0.96 at 200 °C could find application as drug
carriers, while those prepared at P/bCCP ratio 0.6 could find applications as implantable

materials. For these particles, we have studied their osteoinductive properties.
Biological tests
Cytocompatibility of the Oy-bCCP and HA derived nanoparticles

The cytocompatibility of Oy-bCCP and HA derived NPs was tested in a MTT assay on the MG-
63 human osteosarcoma cells and on the m17.ASC murine mesenchymal stem cells, after 3-
day incubation at different concentrations ranging from 100 to 0.1 pg/mL. No significant
toxicity was observed on MG-63 cells at any particle concentration (Fig. 11A), since in all cases

the cell viability is higher than 85 %.
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Figure 11. Viability of MG-63 (A) and of m17.ASC cells (B) incubated for three days with different
nanoparticles derived from the oyster shell and with different concentrations. Viability was assessed in

MTT assays. Data represent means + SD of three independent experiments performed in triplicate and
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statistical analyses were carried on using One-way ANOVA, with Bonferroni comparison test. For

statistical analysis all data were compared to untreated samples (* p < 0.05, **** p < 0.0005).

On the other hand, the mesenchymal stem cells are more sensitive to the inorganic particles
than the osteosarcoma cell line, especially when they were incubated with the highest particle
concentration of 100 ug/mL (Fig. 11B). Nevertheless, in all cases the cell viability was always
higher than 80 %, which is above the cut-off of 70 % indicated by ISO 10993-5:2009 [67]. As
expected, all the cells were affected by the addition of 1 pM hydrogen peroxide, which reduced
their viability to less than 50 %. Thus, these data show the good cytocompatibility of the
different Ca-based materials that will be used in this study focused on the osteogenic

differentiation of the stem mesenchymal cells.

HA particles Derived from Oyster Shell Induce Osteogenesis and Mineralization in

m17.ASC Cells

Since calcium-based nanomaterials play a critical role in the osteogenesis process [68, 69] we
analyzed the ability of Oy-bCCP and apatite-derived nanoparticles to induce the osteogenic
differentiation of the mesenchymal cell line m17.ASC. It has been reported that the increase of
ALP enzyme activity is a pivotal event during the early stage of the osteogenesis and generally
reaches the maximum level at 2 weeks [70]. Hence, after m17.ASC cells were incubated with
25 pg/mL (minimum effective dose reported in the literature) of particles for 14 days in the

absence of osteogenic stimulators and then we evaluated the ALP activity by the staining assay.
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Figure 12. Effects of Oy-bCCP and apatite particles on ALP activity of m17.ASC cells after 14 days
incubation with 25 pg/mL particles or with the osteogenic induction medium used as positive control.
(A) Representative images of ALP staining assay obtained at optical microscopy. Magnification 200X.
(B) Quantitative analysis of ALP activity obtained by counting ALP spots with ImageJ software. Data
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representing three independent experiments are reported in the histogram as an average (A.U. = SD) and
statistical analyses were carried on using One-way ANOVA, with Bonferroni comparison test.

Significance was considered as follows: * p <0.05, ** p <0.01, *** p <0.001.

As shown in Figure 12A, a strong violet signal, typical of ALP staining, was visualized in both
particle-treated groups, in contrast to untreated cells. In fact, the quantitative analysis (Fig. 12B)
showed that the intensity of violet staining associated with the particles (7000 and 9000 a.u. for
Oy-bCCP and apatite, respectively) is nearly comparable to the signal detected (12000 a.u.) in
the case of differentiated cells with osteogenic medium. Thus, these findings suggest that the

tested particles could play a role at early stages of the osteogenesis process.
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Figure 13. Effects of Oy-bCCP and apatite nanoparticles on the mineralization process of m17.ASC
cells. (A) The extracellular calcium deposition was visualized by Alizarin Red S staining after cells were
cultured with 25 pg/mL particles or with the osteogenic induction medium used as positive control.
Magnification 200x. (B) Mineralization was quantified following the colorimetric analysis of Alizarin
Red S solution from calcium deposition. Results were obtained in three independent experiments made
in triplicates and they were reported in the histogram as an average + SD of the optical density measured
in a multiwell reader at 405 nm. For statistical analysis all data were compared to untreated samples

using One-way ANOVA, with Bonferroni comparison test (*** p <0.001).

As a matter of fact, mineralization is another hallmark of the osteogenesis contributing to the
final stage of the differentiation process, which is characterized by the calcium salts deposits
forming the bone matrix [71]. Therefore, we evaluated whether Oy-bCCP and apatite particles
were also able to induce the mineralization in cell line m17.ASC performing the alizarin red
staining after the cells underwent the same treatments without or with the particles as described

above. The formation of mineralized matrix, which was visualized as a red nodule-like staining,
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was not only detectable in differentiated cells with osteogenic factors, but also when cells were
incubated with both types of NPs (Fig.13A). For quantitative analysis, we measured the
intensity of ARS extracted from the stained wells and expressed it as the optical density (O.D.).
It is clear from Figure 13B that particle-treated groups attained O.D. values similar to the
positive control. Thus, the data obtained after 14 days of incubation illustrate that both Oy-
bCCP and apatite particles significantly increased the mineralized matrix depositions in cells
compared to the untreated group (negative control). Taken together, these results suggest that
these calcium-based materials derived from oyster shells benefit the osteogenic capacity even
in the absence of osteogenesis stimulators. Two recent studies have tested the osteoinductive
properties of calcium-based materials derived from oyster shells, indicating the interest in
reusing this waste material in the biomaterials field. In the first one, Coringa et al. [72] tested
the internal layer of the shell (i. e. nacre) of the species Crassostrea rhizophora from
Northeastern Brazil as a bone substitute material and concluded that nacre presents good
biocompatibility and promoted the stimulation for bone-forming cells. In the second one, Ho et
al. [73] produced biphasic calcium phosphate (HA/B-TCP) granules from oyster shells and
found that this material was able to promote the differentiation of induced pluripotent stem cells
[73]. Based on the results of the current work the bCCP recovered from Crassostrea gigas
oyster shells and the HA derived particles can be useful osteo-inductive platforms for

translational applications in bone tissue engineering.
Conclusions

We have set up a one-pot low-temperature hydrothermal method to transform oyster shell bCCP
particles into HA micro-nanoparticles. The following crystallization parameters were screened
to find the minimum temperature allowing the complete transformation: P reagent (H3POs,
KH>PO4, and KoHPO4), P/bCCP molar ratio (0.24, 0.6, 0.96), temperature (25-200 °C) and time
(1week-2 months) in absence of any additive and without pH adjustment. The digestion
temperature significantly reduced from 160 °C to 120 °C by using KoHPOy4 instead of KH2PO4
in experiments with P/bCCP molar ratio to 0.6, and even to 80 °C when increasing the P/bCCP
molar ratio to 0.96. The P reagent also influenced the HA morphology and its carbonation type.
The transformation process followed a dissolution-reprecipitation mechanism driven by the
favorable balance between HA precipitation and CaCOs dissolution, due to the lower solubility
product of HA than that of calcite at any of the temperatures tested. Both the bCCP and the

derived HA particles were cytocompatible when were incubated with MG-63 human
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osteosarcoma cells and with the m17.ASC murine mesenchymal stem cells. In addition, both
materials promoted the osteogenic differentiation of the m17.ASC cells in the absence of
osteogenic differentiation media, especially the HA particles. We conclude that due to their
biological features, both particles can be employed as osteoinductive platforms with

applications in bone tissue engineering.
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Abstract

Nano-crystalline calcium carbonate (CaCO3) and amorphous CaCO3 (ACC) are materials of
increasing technological interest. Nowadays, they are mainly synthetically produced by wet

reactions using CaCOs3 reagents in the presence of stabilizers. However, it has been recently
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discovered that ACC can be produced by ball milling of calcite. Calcite and/or aragonite are the
mineral phases of mollusk shells, which formed from ACC precursors. Here, we investigated
the possibility to convert, on a potentially industrial scale, the biogenic CaCO3 (bCC) from
waste mollusk seashells into nano-crystalline CaCO3 and ACC. Waste seashells from the
aquaculture species, namely oysters (Crassostrea gigas, low Mg-calcite), scallops (Pecten
jacobaeus, medium Mg-calcite), and clams (Chamelea gallina, aragonite) were used. The ball
milling process was carried out by using different dispersing solvents and potential ACC
stabilizers. Structural, morphological and spectroscopic characterization techniques were used.
The results showed that the mechanochemical process produced a reduction of the crystalline
domain sizes and formation of ACC domains, which co-existed in micro-sized aggregates.
Interestingly, bCC behaved differently from the geogenic CaCO3 (gCC), and upon long milling
times (24 hours) the ACC reconverted into crystalline phases. The aging in diverse
environments of mechanochemically treated bCC produced a mixture of calcite and aragonite
in a species-specific mass ratio, while the ACC from gCC converted only into calcite. In
conclusion, this research showed that bCC can produce nano-crystalline CaCO3; and ACC
composites or mixtures having specie-specific features. These materials can enlarge the already

wide fields of applications of CaCO3, which span from medical to material science.

Keywords: Biogenic calcium carbonate; ball milling; amorphous calcium carbonate; nano-

crystalline calcium carbonate; aging; calcium carbonate polymorphs.

Introduction

The polymorphs of calcium carbonate (CaCO3) include amorphous calcium carbonate (ACC),
three anhydrous crystalline phases (calcite, aragonite, and vaterite), and two hydrated ones
(monohydrate and hexahydrate). Calcite and aragonite are by far the most common and stable
forms, whereas ACC is the least stable polymorph from the viewpoint of thermodynamics [1].
ACC has been widely found in organisms, where it plays an important role in the
biomineralization of crystalline CaCOs3 [2]. It is generally accepted that biogenic ACC can
broadly occur in one of two forms: stable or transient [3]. While the stable form remains non-
crystalline, the transient phase can act as a precursor to either calcite or aragonite.

Stable ACC was found in various organisms like mollusk shells [4], American lobsters [5], coral
skeletons [6], and so forth. In addition, evidence suggests that calcific biominerals, such as the

mollusk nacre [7] and the urchin's spine [8], are formed from an amorphous precursor.
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The popular involvement of ACC in biological processing organisms [9, 10], usually via
complex non-classical crystallization pathways [11], has aroused interest in the scientific
community. In recent years, a lot of work has been carried out on the preparation and application
of ACC.

Since ACC is not a stable phase from the viewpoint of thermodynamics, temporal stabilization
is achieved by the incorporation of organic molecules and specific ions in both biological and
synthetic systems. The synthesis and stabilization of ACC have been pursued by freeze-drying
[12, 13], with polymers [14] and proteins [15, 16], or by using foreign ions like Mg**, [17-
19] and phosphate [20]. These approaches start from the Ca®" and CO3>" ion constituents in
aqueous solution, and the crystallization process is stopped at the ACC stage by stabilizing the
product kinetically [21].

The local structure in ACC is a matter of debate [22]. A “protostructuring” of ACC with respect
to different crystalline CaCOs; polymorphs has been proposed [23], and the concept of
“polyamorphism” has been considered for biogenic ACC [22].

Although the short-range order in ACC is pH dependent [24] and OH™ groups were found to be
incorporated in ACC [25], there are no indications for the presence of hydrogen carbonate
(HCO3") ions in ACC or any hydrated form of it.

Recent literature has shown that there is enormous potential for ACC precursor phases to be
exploited in materials synthesis [26], with their promise of superior control over nucleation and
growth and access to rapid growth rates and “non-crystalline” morphologies [12-20].

ACC actually represents a family of phases whose structure and composition are dependent on
the particular synthesis method and solution conditions (e.g. temperature, pH) [27].
Treatments following precipitation such as drying or washing with agents such as ethanol can
also make significant changes to the ACC and its crystallisation behaviour [28]. Consequently,
synthetic ACC can vary considerably in terms of stability [29], co-precipitated ions, and the
amount of structural and surface water [30]. Upscaling of ACC synthesis has been studied as
well [31].

ACC can be used for several technological and industrial applications. Calcium carbonate
cements were prepared from ACC that (re)crystallizes into calcite during the setting reaction.
The hardened samples were microporous and showed excellent bioactivity rates, although their
mechanical properties were poor [32]. Tree-dimensional objects were printed from long-term,
Mg-stabilized ACC pastes with high solid loading. This ACC remained stable for at least a

couple of months, even after printing. Crystallization, if desired, occurred only after the 3D
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object was formed at low temperatures [18]. Patterns of continuous 2D ACC films supported
rat bone marrow stromal cell attachment and differentiation into osteoblast- and osteoclast-like
cells [33]. The aqueous instability of ACC, which leads to a fast release of its payload, was
applied to realize burst drug release within cancer cells [34].

Mechanochemistry ball-milling allows producing out-of-equilibrium structures, and it can be
employed for breaking down bulk materials to nano-size [35, 36]. Defect formation on a large
scale leads to an amorphization of crystalline solids [37]. Ball milling treatment of CaCO3 has
been studied [38, 39]. The transformation of calcite to aragonite has been reported [40], as well
as the reverse transformation from aragonite to calcite [41]. Similarly, vaterite was transformed
to calcite mechanochemically [42]. Recent studies have shown that ACC could be prepared by
ball milling only using calcite, when Na;CO3 was used as a stabilizer of ACC [43, 44].

An important source of biogenic CaCO3 (bCC), which represents an alternative to the synthetic
and geogenic ones, is given by waste seashells [45, 46]. These materials are formed from an
ACC precursor and naturally contain organic macromolecules and ions that can stabilize ACC
[47].

The aim of this work is to compare the capability of different sources of CaCOs3, from quarries
or biogenic, to be converted into ACC. The main hypothesis is that the bCC can lead to a more
stable ACC. The mollusk shells of oyster C. gigas (low Mg-calcite), scallop P. jacobaeus
(medium Mg-calcite), and clam C. gallina (aragonite) were used as bCC sources. The working
hypothesis is that different polymorphs, the content of Mg, and species-specific organic
matrices can produce ACCs diverse in stability and transformation pathways into crystalline
phases. The knowledge that can be gained from this research has a double interest, for material
science but also for a better understanding of the biomineralization processes. The novelty in
this study is represented by the use of biogenic calcium carbonate, which formed by ACC

precursors before to stabilize in crystalline phases.

Experimental section

Treatment of samples. Seashells of Crassostrea gigas, Pecten jacobaeus, and Chamelea gallina
were provided by F.lli Terzi (Palosco, BG, Italy). Samples were washed with tap water, treated
with a 5 vol% sodium hypochlorite solution for 24 hours to remove the organic residues from
the seashell surface, washed again with deionized water, and air dried. The, the dry seashells
were crushed by a hammer mill. gCC was provided by Italcementi spa. These powdered

samples are referred to as starting samples. To uniform particle size of the CaCO3 from the
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different sources, both geogenic and biogenic, the powders (30 g) were dry milled in a 500 ml
zirconia jar together with 125 g of zirconia balls having a 20 mm diameter with the planetary
ball milling PM 100 by Retsch (milling: 400 rpm, 1 hour) and sieved at 45 pm. These samples
are referred to as dry milled. For amorphization tests, 1.8 g of dry milled powder was wet milled
in the zirconia jar together with 100 g of zirconia balls having a 2 mm diameter, 200 ml of
solvent (ethanol, isopropanol, cyclohexane, heptane, or butanol), and 0.2 g of additive (NaxCOs3,
MgCOs, Li2CO3, K2COs3, and Ca(OH)z) and ground at 400 rpm in the planetary ball milling
(milling: 400 rpm, pause: 20 min every 10 min of grinding), according to a reported procedure
[43]. Different grinding times, additives, and solvents were tested. These samples are referred
to as wet milled.

X-ray powder diffraction analysis. X-ray powder diffraction (XRD) patterns were collected
using a PanAnalytical X Pert Pro diffractometer equipped with a multiarray X’Celerator
detector using Cu Ko radiation (A = 1.54056 A), generated at 40 kV and 40 mA. The diffraction
patterns were collected in the 20 range between 20 ° and 60 ° with a step size (A260) of 0.02 °
and a counting time of 60 s.

An estimation of the mass percentage of amorphous material, i.e. ACC, organic matter and
water, in the sample was calculated as the percentage of the integrated intensity of the
amorphous diffraction band with respect to the integrated total diffraction intensity. We suppose
that this diffraction band is due to the ACC, being the content of organic matrix and water very
low and these materials are formed by atoms having low diffraction scattering factors (i. e.
carbon, nitrogen, oxygen and hydrogen).

Spectroscopic Analysis. A Thermo Scientific Nicolet iS10 FTIR Spectrometer was used to
collect the FTIR spectra. The disk specimen for Fourier transform infrared (FTIR) analysis was
obtained by mixing a small amount (about 2 mg) of sample with 98 mg of KBr and applying a
pressure of 45 psi (620.5 MPa) to the mixture using a press. The spectra were obtained with 4
cm ! resolution and 64 scans.

Thermogravimetric Analysis. Thermogravimetric analysis (TGA) was performed using an SDT
Q600 V 8.0 instrument (TA Instruments). The system was pre-equilibrated at 30 °C, then a ramp
from 30 to 600 °C with a 10 °C min ™! heating rate was performed under nitrogen flow (100 mL
min™'). The measurement was performed three times on 20 mg of each sample. The temperature
range considered to estimate the content of the intraskeletal organic matter and water was

between 150 and 450 °C.
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Particle Size Distribution Analysis. Particle size analyses were performed using a Malvern
Mastersizer 2000 laser diffraction particle size analyser (Malvern Panalytical). The particles
from each sample were dispersed in isopropanol for the measurement.

Scanning Electron Microscopy observations. The scanning electron microscopy (SEM) images
were acquired using two different microscopes operating at 5 kV: a ZEISS Leo 1530 Gemini
and a Thermo Fisher Quattro S equipped with a Schottky FEG. All samples were dried under
vacuum in a desiccator, deposited on a carbon tape, and 10 nm gold-coated before their
observation.

Transmission Electron Microscopy investigations. The structure and composition analysis on
the nanoscale was carried out with a FEI Tecnai F20ST high-resolution Transmission Electron
Microscope (HR-TEM) operated at 200 kV. All samples were ground in an agate mortar and
suspended in ethanol. The powders were deposited directly on a Cu grid with a holey-type -
carbon film. The solvent was evaporated at 50 °C for about 3 min.

Inductively Coupled Plasma—Optical Emission Spectroscopy (ICP-OES). All the powders (200
mg) were dissolved in HNO3 50 vol% and were measured three times, 12 s each, with 60 s of
pre-running, using ICP-OES, Spectro Arcos-Ametek, Inductive Coupled Plasma Optical
Emission Spectroscopy with an axial torch and high salinity kit. The calibration curve was made

using certified standards in water.

Results and discussion

Synthesis and characterization of the starting materials

As a source of biogenic CaCOs3 (bCC) particles this research used seashells from species that
have (i) a strong relevance in aquaculture, (i7) are made of a single CaCO3 polymorph and (ii7)
have diverse crystalline textures. They were the oyster C. gigas, the scallop P. jacobaeus, and
the clam C. gallina, which shells were made of low Mg-calcite (about 1 mol%), medium Mg-
calcite (1.4 mol%) and aragonite, respectively.

Control experiments were performed using gCC, made of calcite. The elemental,

compositional, and structural characterization of these materials is reported in Table 1.
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Table 1. Percentage of CaCO3 polymorph, organic matrix (OM) content, elemental composition, and

crystallite size of geogenic calcium carbonate, oyster shell, scallop shell and clam shell powder after

hammer mill grinding. The crystallite size was calculated along the (104) and the (111) zone axis for

calcite and aragonite respectively.

Sample  Calcite  Aragonite = OM content Mg Sr daosydarn
(Wt%)* (Wt%)* (Wt%)" (at%) (at%) (nm)

geo

CaCOs 100 / 0.2 1.24 0.00 1525+ 3/ -

oyster

shell 99.41 0.59 1.1 0.99 0.09 92 +3/-

scallop

shell 96.23 3.77 0.7 1.36 0.04 88+3/70£16

clam 5.78 94.22 0.7 028 0.8 43+16/161+8

shell

The starting materials were dry-milled and sieved to homogenize the particle size. The obtained

materials, referred to as dry milled, were used for the subsequent amorphization experiments.

The compositional and structural features of these materials are reported in Table 2 and Figure

1.

Table 2. Percentage of CaCO; polymorphs, organic matrix content, grain size, and crystallite size of

gCC, oyster shell, scallop shell, and clam shell powder after dry ball milling and sieving at 45 pm. The

instrumental error is reported.

Sample Calcite Aragonite ACC O.M. Dso S. A. daos/darny
(Wt%)® Wt%)®  (wt%)" (Wt%) (um) (m%g) (nm)
geo
100 +2 - 0+2 0+0.1 8.34 4.3 144+0.2
CaCOs
oyster
97 +2 - 3+£2 0.7+0.1 8.13 7.6 13.9+0.2
shell
scallop
90 +2 4+£2 6+2 0.9+0.1 15.54 6.6 13.7+0.2
shell
clam
hell 7+2 89 +2 4+£2 0.6 £0.1 13.80 7.3 158+0.2/12.3+0.3
she

$ Percentage of crystalline phases. * Percentage of ACC in the particles. °The crystallite size was

calculated along the (104) and the (111) zone axis for calcite and aragonite respectively. O.M. indicates
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intraskeletal organic matter and water. Ds indicates that up to 50 % percent of the total particles having
a grain size smaller than the reported value. S.A. indicates specific surface area. duwy indicates the size

of the crystalline domain along the direction indicated by the Miller indices.

The diffraction patterns (Fig. 1, Table 2) showed that a transition from aragonite to calcite
associated with the dry grinding process occurred in clam shell powder, an effect already
reported in the literature [48]. The calcite phases were not affected by the grinding process.

The analyses of the XRD diffraction patterns showed that gCC particles are free of ACC, while
the bCC particles contain ACC in a percentage that is species-dependent. The presence of ACC
is expected since this phase is a precursor of the crystalline phases in the formation of mollusk
shells and in general of many calcifying organisms. The content of ACC reported in Table 2 has
been evaluated by the X-ray diffraction patterns. It includes also a contribution from the
intraskeletal organic matter and water. It is considered that these latter components have a
minimal effect on the overall scattering, being composted of elements like carbon, nitrogen,

oxygen and hydrogen that have a low X-ray scattering factor with respect to calcium.
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Figure 1. X-ray powder diffraction patterns from starting materials (red line) and dry milled materials
(blu line) of geogenic CaCOs (A), oyster shells (B), scallop shells (C), and clam shells (D). The intensity
is in linear scale. The diffraction patterns were indexed according to PDF 00-005-0586 and PDF 00-

005-0453 for calcite and aragonite, respectively.
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The content of water, which could increase the intensity of the amorphous diffraction band, is
below 1 wt%, as indicated by the TGA data that show always a content of water and organic
matter lower than 1 wt% (Table 2; Fig. 2). This content is very low in the gCC, as expected.

The elemental composition agrees with the literature data [49], being calcite and aragonite able

to host in the crystalline lattices Mg ion and Sr ions, respectively.
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Figure 2. Thermogravimetric analysis (TGA) profiles of geogenic CaCOs3 (black), oyster (blu), scallop
(red), and clam (green). The temperature range considered to estimate the content of intraskeletal organic

matrix was between 300 °C and 500 °C.

In order to study the morphology of the dry-milled powders, SEM images have been collected
(Fig. 3). The gCC powder appeared as a mixture of big particles (around 35 pm) and small ones
of about 1 pum size. Many of them were showing typical crystalline shapes in which
rhombohedral {104} faces are visible in the small grain. The big particles are aggregates in
which the crystalline faces are not clearly defined. The powder from oyster shells was also
heterogeneous, but in this case, the bigger particles were preserving the typical foliated structure
of the Mg-calcite shells, and the small ones appeared as spheroidal grains. Their size along the
main axis was about 500 nm. The powder from the scallop shell was similar to that from the
oyster shell with the difference that the big particles did not show the foliated crystalline texture.
A different scenario was shown by the powder from the clam shells. In this case, the bigger
particles appeared as aggregates of the small ones, which were spheroids that had a size lower
than 500 nm along their main axis. The morphological analysis of the data agrees with the

measures of the specific surface area. The bCC powders, having a family of smaller particles
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with lower size than the geogenic ones, have a higher surface area (6-7 m? g'!') compared to the
gCC (about 4 m? g'!). The dimension of the crystalline domains does not show a correlation

with the above experimental data.

Figure 3. SEM images of (A) gCC, (B) oyster shell, (C) scallop shell, and (D) clam shell powders dry

milled. The inset shows a higher-magnification view.

Optimization of the CaCO3 mechanochemical process

This amorphization process of CaCOs finds inspiration from the work of Tremel et al. [43, 44].
The optimization of the experimental conditions was performed using bCC from oyster shells.
The optimal ball milling time was evaluated using 10 wt% Na»,COs3 as additive and cyclohexane

as dispersion liquid. Ball milling times of 1, 3, 6, 12, and 24 hours were used (Fig. 4).
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Figure 4. Powder X-ray diffraction patterns of geogenic CaCOs (A), oyster (B), scallop (C), and clam
(D) shells wet milled for 1 hour (a), 3 hours (b), 6 hours (¢), 12 hours (d), and 24 hours (¢). The intensity
is in linear scale. The diffraction patterns were indexed according to PDF 00-005-0586 for calcite and

PDF 00-005-0453 for aragonite.

The analyses of the diffraction patterns indicated that after 6 hours of ball milling the highest
content of ACC was observed from bCC (Table 3, Fig. 4). Fixing the ball milling time at 6 h,
the effect of several solvents such as ethanol, isopropanol, cyclohexane, heptane, and butanol

was tested, keeping 10 wt% Na>COs as additive (Fig. 5).
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Figure 5. Powder X-ray diffraction patterns of oyster wet milled for 6 hours with different solvents: (a)
Cyclohexane; (b) Heptane; (c) Isopropanol; (d) Ethanol; (e) Butane. The intensity is in linear scale. The
diffraction patterns were indexed according to PDF 00-005-0586 for calcite and PDF 00-005-0453 for

aragonite.

A higher amorphization degree was obtained using cyclohexane, suggesting that the lower the
solubility of water in the solvent, the higher the amorphization degree (Fig. 5). Such observation
could mean that by displacing water, the recrystallization of ACC is prevented. Indeed, it has
been reported that increased water content accelerates the transformation of ACC in crystalline
phases [50].

Having optimized ball milling time and solvent, trials were performed using different additives,

such as Na,CO3;, MgCO3, Li2COs3, K2CO3, and Ca(OH): (Fig. 6).
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Figure 6. Powder X-ray diffraction patterns of oyster wet milled for 6 hours with different additives: a)
Na,COs; b) Ca(OH)y; ¢) MgCOs; d) LioCOs; ) KoCOs. The intensity is in linear scale. The diffraction
patterns were indexed according to PDF 00-005-0586 for calcite and PDF 00-005-0453 for aragonite.

The material obtained using Na>xCOs as an additive showed a higher amorphization degree.

Interestingly, when MgCO3 was used as additive, Mg substitution in the calcite phase occurred

(Fig. 6).

Reduction of crystalline domain size and amorphization of CaCOs from different sources
in the presence of Na2CO3

Mechanochemical experiments on gCC and bCC from the three mollusk species were
performed using cyclohexane as a solvent and 10 wt% of Na,COs3 as an amorphizing additive.
The powders milled for 1, 6, and 24 hours were characterized by several techniques that
provided converging results (Figs. 6 and 7; Table 3). A complete amorphization was never

achieved, this observation contrasts with the experiments of Tremel et al. [43].
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Figure 6. Powder X-ray diffraction patterns of (A) gCC, (B) oyster, (C) scallop, and (D) clam shells
powders wet milled for (a) 1 hour, (b) 6 hours, and (c) 24 hours. The diffraction patterns were indexed

accordingly to the PDF 00-005-0586 for calcite and PDF 00-005-0453 for aragonite.
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Figure 7. FTIR spectra of geogenic CaCOs (A), oyster (B), scallop (C), and clam (D) shells wet milled

for 1 hour (a), 6 hours (b), and 24 hours (c).
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However, it has to be considered that in the presented research different experimental conditions
were used (e. g. a bigger jar, 500 ml versus 10 ml) with the aim to test also experimental
conditions relevant for a process scale-up. Among the bCC the one formed by Mg-calcite
showed a higher degree of amorphization, being 40 wt% and 49 wt% for oyster and scallop
powder, respectively. Under the same experimental conditions, the clam powder amorphized
for 39 wt%. These degrees of amorphization were achieved after 6 hours of grinding.
Interestingly, the gCC had a degree of amorphization of 36 wt% after 6 hours of ball milling
and this value increased to 42 wt% after 24 hours of ball milling. Diversely, the degree of
amorphization in bCC for times longer than 6 hours decreased and the conversion into a
different polymorph occurred. The oyster and the scallop powders converted to aragonite and

this occurred more for scallops than oysters.

Table 3. Percentage of CaCOs polymorphs, organic material content, grain size, and crystallite size of
gCC, oyster shell, scallop shell, and clam shell powder after different times of ball milling using
cyclohexane as dispersing agent and 10 wt% Na,COs3 as additive for amorphization. The instrumental

error is reported.

Sample Mill time Calcite Aragonite ACC O.M.* daosy/dann)
(hour) Wt%)  (wt%)®  (wt%)"  (Wt%) (nm)
1 70 +2 / 30£2 0.1+0.1 11.1+£0.3
€o
s 6 64+£2 / 362 0.1+0.1 83+0.1
CaCO:s
24 58+2 / 42+2 0.1+0.1 7.5+0.1
1 79 +2 5+2 162 05+0.1 142 +0.5
oyster
el 6 4242 18+2 40+2 0.5+0.1 6.7+02/12+1.2
she
24 45+2 26 +2 282 0.5+0.1 7.1+£0.2/13.7+0.9
1 65+ 2 10£2 25+2 04+0.1 143+£0.6/15+1
scallop
hell 6 38+2 16+2 46+2 0.5+0.1 89+0.3/122+0.8
she
24 27 +2 68 +2 52 0.6+0.1 29+3/40+3
| 1 11+2 68 +2 212  0.7+0.1 11.5+0.7/18.6+0.3
clam
hell 6 29+2 31+£2 39+£2 0.8+0.1 6.7+0.1/12.0+0.3
she
24 72+£2 23+2 4+2 0.7+0.1 24+1/52+22

$ Percentage of crystalline phases. * Percentage of ACC in the powder material determined by analysing
the X-ray diffraction profile. O.M. indicates intraskeletal organic matter and water. °The crystallite size

was calculated along the (104) and the (111) zone axis for calcite and aragonite, respectively.
121



The higher content of Mg ions in scallops can justify this observation since Mg ions kinetically
favour the formation of aragonite [1], but since the solvent used is almost water free this
classical explanation supported by the strong hydration sphere of Mg ion cannot be applied. On
the contrary clam powder converted to calcite upon longer time of ball milling. The conversion
of aragonite to calcite has been reported as a solid phase transition [51], but this mechanism
could not occur during the milling process in cyclohexane in the presence of Na,COs. The
diffraction peaks broadening process should be due to a reduction of the crystalline domain
sizes with the ball milling time, which may proceed with the generation of defects in the
crystalline domain during the plastic deformation [52]. Accordingly, the bCC powders show
shorter crystalline domain sizes after 6 hours of grinding (Table 3).

The experimental data indicated that in the absence of Na>COs, the formation of the ACC does
not occur and only a reduction of the crystalline domain size is observed. The role of the
NazCO; in stabilizing ACC was demonstrated by Leukel et al. (2018) [43] where they suggested
that Na ions stabilize ACC. The proposed mechanism reports that the formation of ACC from
calcite occurs due to the high energy released during the ball milling process. It can be
controversial to demonstrate the reason for which the stable phase of calcite transforms to the
unstable solid phase ACC. We may suppose that the transformation of a crystalline CaCOs3 to
ACC may take place via a surface liquid state, which may form when Na;COs, or similar
substances, generates relatively low eutectic temperature composites [53, 54], when in contact
with solid CaCOs at elevated temperatures due to the friction in grinding [55]. This potential
melted doped CaCO3 may rapidly be cooled and may transform to ACC or other phases.

The morphology of the powders obtained after 6 hours of ball milling, the condition that
produced the higher content of ACC from bCC, was investigated by SEM (Fig. 8). The samples,
when observed at low magnifications appeared as aggregates having wide distribution in sizes
and assuming diverse shapes. The high magnification images showed that the aggregates were
formed of nano-particles having a size below 500 nm. Interestingly the gCC nanoparticles were
more compact than the bCC ones. This differentiation could be associated with a higher surface
stabilization of the bCC nanoparticles from the various components, molecules, and ions, of the
pristine shells. The geogenic ones have a high surface energy missing the biological
stabilization and strongly aggregate in compact big particles. This consideration is supported
by the estimation of the content of the intra-crystalline organic matrix, a unique signature of the

bCC, that remains almost constant during the grinding processes, as reported in Table 3.
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Figure 8. SEM images of (A) gCC, (B) oyster shell, (C) scallop shell, and (D) clam shell powders wet

milled for 6 hours. The inset shows a higher-magnification view.

The mechanochemical-treated CaCO3 materials were also investigated by transmission electron
microscopy (TEM) and selected area electron diffraction (SAED). The low magnification TEM
images (Fig. 9) showed that the general morphology of all samples was represented by
aggregates formed by the aggregation of smaller structures with different dimensions and in
some regions quite regular shapes. This suggested the co-presence of domains with a certain
degree of crystallinity and amorphous domains, which were randomly superimposed on each

other.

Figure 9. TEM images at low magnification of (A) gCC, (B) oyster shell, (C) scallop, and (D) clam

powders wet ball milled for 6 hours.
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Additional information on the structure of the mechanochemical-treated material was obtained
from the high-resolution TEM (HRTEM) images and the SAED patterns reported in Figure 10.
The geogenic calcite sample (Fig. 10A) produced HRTEM images in which the interplanar
distances of calcite, and in a few cases of aragonite, were detected. They were easily observable
through the Fourier transform in the inset (Fig. 10A). The SAED patterns collected by centering
the aperture on two different aggregates, to ensure a better representation of the sample,
confirmed the main presence of calcite. The patterns were typical for a polycrystalline structure,
due to the aggregation of crystallites of different dimensions and orientations. The evaluated
typical d-spacings of calcite were reported in Table 4. In Figure 10C the presence of ACC was
not directly observed as single particles from the HRTEM images, suggesting that this phase
was embedded in the aggregate particles. Thus, the observation of ACC domains was hindered
by the co-existence with crystalline domains.

A quite similar scenario was observed when the mechanochemical-treated bCC samples were
analysed (Fig. 10D-L). The HRTEM images from the oyster and scallop powders show a
qualitative presence of more intense diffraction peaks for calcite, while in the clam shells, the
HRTEM images show the typical and more intense spot of aragonite observable, as illustrated
in the Fourier transform insets. These results perfectly match with SAED patterns that display
a diffraction spot structure typical of a polycrystalline structure, due to the aggregation of many
crystallites of different dimensions and orientations. As discussed for the geogenic calcite the
presence of ACC is not very evident.

We suggest that also for the bCC the ACC co-exists with the crystalline phases, and the
amorphization process occurs by a possible solid-state transformation involving the progressive
reduction of the dimension of the crystalline domains, as also suggested by the analysis of the
powder XRD data. Such a phenomenon has been reported for geogenic calcite [52], the
researchers showed that mechanical milling was effective in reducing the domain size to the
nanoscale and introducing large microstrains. They suggested that the milling process mostly
involves impulsive forces between vial, grinding bodies, and powder. Even if the average
temperature can be kept constant, the energy released locally during the fast impacts is
considerably high. Under these conditions it could be put forward that dislocations glide should

be favoured with respect to twinning as the active plasticity mechanism [52].
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Figure 10. High-Resolution TEM and Selected Area Electron Diffraction micrographs of (A-C) gCC,
(D-E) oyster shell, (G-I) scallop, and (K-L) clam powders wet milled for 6 hours. The inset reports the
Fourier transform of a crystalline region indicated by the yellow square. The yellow circle shows an
amorphous region. The selected area election diffraction micrographs were collected in different regions

of the specimen and the two most representative ones are reported.
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Table 4. SAED patterns analysis of the sample mechanochemical treated by ball milling for 6 hours.
The measured d-spacings are reported for the bCC powders and the geogenic one. The d-spacing of

aragonite and calcite are reported for comparison.

Geo-CaCOs3 Oyster Scallop Clam Aragonite Calcite
(A) (A) (A) (A) (A) (A)
3.84 3.80 3.82 3.37 3.39 3.86
3.00 3.01 3.36 2.70 2.70 3.03
2.47 2.75 2.99 2.37 2.37 2.49
2.32 2.40 2.46 1.97 1.98 2.28

Time stability of ACC according to source and aging environment

To study the effects of aging time on the re-crystallization process of ACC and the increase in
the size of the crystalline domains, the powders wet milled for 6 hours were stored in different
environments: i) in a nitrogen atmosphere for 10, 20, and 30 days; ii) in ethanol under bar-
stirring for 15 min, 30 min, and 120 min; iii) in H>O under bar-stirring for 5 min, 30 min, and
120 min. The results are illustrated in Figures 11 and 12 and reported in Table 5.

In all the investigated environments the gCC converted ACC into calcite. This process was very
slow in a nitrogen atmosphere, even after one month, the transition from ACC to calcite was
not complete (Table 5; Fig. 11). On the contrary in ethanol and water, the conversion was
complete and occurred in two hours and five minutes, respectively (Table 5; Fig. 11). The aging
was also associated with an increase of the crystalline size, which was of similar extent in
nitrogen or ethanol environment after the longest time of aging, but higher in water (Table 5;
Fig. 12). This suggests that in water the recrystallization process is more efficient, as expected
considering the higher solubility of CaCOs in this solvent with respect to ethanol. Thus, it is
supposed that a dissolution reprecipitation process occurs in the transformation of ACC in
crystalline phase, as supposed above considering the ACC in different water containing
solvents. This mechanism of transformation of ACC in aqueous systems has already been
reported [50, 56].

The aging of bCC particles gave different results with respect to gCC. The powder from oyster

shells, when located in nitrogen or ethanol environment, over time increased the relative content
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of calcite while the content of aragonite was almost constant, while it decreased in water (Table
5; Fig. 11). This last effect can be also associated with the highest solubility of CaCOs3 in water
with respect to ethanol [57]. In all the aging experiments the size of the crystalline domains of
calcite increased, having the most marked increase in water (Table 5; Fig. 12). A similar trend
was observed for the size of the crystalline domains of aragonite (Table 5; Fig. 12).

When the powder from scallops was aged a behaviour different from that of oysters was
observed. In this case, with the aging both the relative amount of calcite and aragonite increased,
while the relative content of ACC was progressively decreasing (Table 5; Fig. 11).

The powder from the clam aged in nitrogen and ethanol environments results in a relevant
increase of the relative content of aragonite and calcite, while in water over time the relative
content of aragonite decreased, suggesting a transition from aragonite to calcite (Table 5; Fig.
11). The size of the crystalline domains increased with the time, for both calcite and aragonite,

irrespective of the environment in where the powders were located (Table 5; Fig. 11).

Table 5. Percentage of CaCO; polymorphs, grain size and crystallite size of geogenic calcium carbonate,
oyster shell, scallop shell and clam shell powder after different aging times in diverse solvents. The

instrumental error is reported.

Environment Aging Calcite  Aragonite ACC daosy/dan
time (Wt%) (Wt%)® (Wt%)* (nm)
geo CaCOs
N2 10 days 74 +£2 / 26+2 12.18 £0.86
20 days 84+2 / 162 13.61 £0.56
30 days 85+2 / 15+£2 15.44 +£0.43
EtOH 15 min 90 +2 / 10£2 12.14 +£0.38
30 min 90+2 / 10£2 12.56 £ 0.49
120 min 97 +2 / 3£2 16.00 £ 3.10
H>O 5 min 100 £2 / 0+2 21.60 £0.42
30 min 100 £2 / 0+2 23.43 £0.65
120 min 100 £2 / 0£2 2538 £0.74
Oyster shell
N2 10 days 43 +£2 18+£2 39+£2  8.41+0.49/14.20+1.20
20 days 53+2 27+2 202  13.59+0.46/20.17 £ 0.91
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30 days 68 £2 27+2 52  17.55+0.46/19.82 £0.87
EtOH 15 min 512 2242 272 7.99+0.17/14.00 £ 1.20
30 min 47 +2 26+2 272  9.69+0.18/15.43 £0.93
120 min 51+2 26+2 23+2  12.87+£0.21/18.56 £ 0.84
H>O 5 min 74 +2 23+£2 4+£2 29.38=+0.73/19.02 + 0.60
30 min 84+2 13+£2 3+£2  30.05+0.39/19.80 £ 1.20
120 min 89 +2 11+£2 0+2 38.24+0.91/23.70 £ 1.40
Scallop shell
N2 10 days 48+ 2 8+2 44+2  7.79+0.17/14.80 £ 1.70
20 days 46 +2 19+2 35£2  8.89+0.19/13.40 £ 1.10
30 days 49+ 2 23+£2 2842  12.36 £0.46/20.20 £ 1.00
EtOH 15 min 42 +2 14+2 44+2  8.68 £0.69/13.10 £ 1.50
30 min 48+ 2 19+2 33£2  10.17£0.51/17.30 £ 1.30
120 min 57+£2 23+2 202  13.58+0.41/18.80 = 1.00
H>O 5 min 82+2 14+2 3+2  27.83+£0.61/17.84 +0.88
30 min 89 +2 9+2 2+£2  37.30£1.00/18.70 + 1.50
120 min 91+£2 8+2 1+2  35.05+0.84/21.30 £ 1.60
Clam shell
N2 10 days 36 +2 26+2 382  6.73+£0.38/12.08 = 0.59
20 days 38+2 42 +2 202 12.39+£0.81/16.53 £ 0.55
30 days 43+2 46 +£2 11+£2 16.06+0.64/16.76 £0.42
EtOH 15 min 35+£2 29+2 362  6.65+0.18/11.33+£0.54
30 min 35+2 36 £2 20+2  8.81+£0.44/14.31+0.54
120 min 47+2 50+£2 3+£2 14.93+£0.72/16.08 £ 0.47
H>O 5 min 55+£2 43+2 2+£2  25.56 +£0.75/25.90+ 1.70
30 min 65+2 33+2 2+2  32.85+1.00/26.90 £ 1.80
120 min 66 +£2 33+£2 1+2  32.08+0.87/27.40 £1.70

$ Percentage of crystalline phases. * Percentage of ACC in the particles.
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Figure 11. Percentage of CaCOs polymorphs (Grey: calcite; Green: aragonite; White: ACC) of gCC,
oyster shell, scallop shell and clam shell powder after different aging times in diverse environments: (A)

Nitrogen, (B) Ethanol, (C) Water.
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Figure 12. Histograms of calcite and aragonite crystallite size of gCC (white), oyster shell (blue), scallop
shell (red), and clam shell (green) powder after different aging times in diverse environments: (A)

Nitrogen, (B) Ethanol, (C) Water. The error bars indicate the standard deviation.

The above data indicated, as expected, that the major stability of the ACC occurred in a nitrogen
environment. Indeed, the particles in this gas remain quite stable, and only solid-state transition
can occur, diversely from the ethanol or water environments where CaCOj3 dissolution and
reprecipitation processes can take place.

The samples aged for one month in a nitrogen environment were investigated by SEM to detect
if some solid-state morphological reorganization occurred. The images reported in Figure 13
indicated that the grains aggregated in bigger particles have different textures, with the most

crystalline one observed for the clam powder.

e

Figure 13. SEM images of the (A) gCC, (B) oyster shell, (C) scallop shell, and (D) clam shell powders
wet milled for 6 h and re-crystallized after 3 months in N, environment. The inset shows a higher-

magnification view.
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Conclusions

Ball milling mechanochemistry treatments on bCC and gCC have shown that the amorphization
process occurred via a progressive reduction of the sizes of the crystalline domains and may
suggest a mechanism which involves the formation of a low temperature eutectic liquid phase
in the presence of Na,COs. For all the samples, although to a diverse extent, ACC co-existed
with crystalline domains. For the bCC the conversion of the crystalline phase in ACC occurred
with the concomitant transition of calcite to aragonite and vice-versa.

On the contrary, gCC converted only into ACC. In addition to this, increasing the ball milling
time the ACC from bCC converted into crystalline phases, while gCC increased the content of
ACC and decreased the size of the crystalline domains. This diverse behavior could be
attributed to the unique presence in the bCC of the intraskeletal organic matrix and of
biologically relevant trace elements. The phase transformation of CaCO3 to ACC may occur via
a surface eutectic liquid state, which may occur in the presence of Na>xCOs, that then may
transform to ACC or crystalline phases.

The aging in different environments - nitrogen, ethanol, or water - of mechanochemically
treated bCC and gCC produced different results, the former being converted into aragonite and
calcite and the latter only into calcite.

In view of the potential application of ACC, this research showed that the use of bCC offers a
wider scenario of structural features and stabilities with respect to the gCC. This is particularly

relevant when different materials are required for diverse applications.
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Abstract

Crab and shrimp shells are by-product materials from shellfish farming and processing. In this
study, we showed that it is possible to obtain individual shell components either individually or
in combinations. These diverse materials were composed of calcium carbonate and organic
molecules inter- and intra-mineral; of calcium carbonate and organic molecules intra-mineral;
of organic molecules, such as chitin and proteins; of only calcium carbonate; and only chitin.
These substrates were tested for the adsorption of Methylene Blue and Eosin dyes. The best
adsorption for the positively charged Methylene Blue was achieved on the chitin-calcium
carbonate substrates, while the negatively charged Eosin adsorbed best on the chitin substrate.
In conclusion, this research demonstrates that different materials can be obtained by de-
structuring the shells from crabs and shrimps at different levels and that these materials have
properties related to the unique properties of the original material, but also lead to new

properties.

Keywords: Waste shells; crab; shrimp; chitin; protein; calcium carbonate; adsorption; dyes.
139



Introduction

Shellfish cultivation is an expanding economic activity worldwide. In recent years, people's
awareness of marine resources has improved. Shells are often considered as waste, despite their
potential valorization as a residual side-stream, and therefore waste shells have aroused great
concern. Every year, close to 8 million tons of waste crab, shrimp, and lobster shells are
produced globally [1]. Since only about 40 wt% of the total weight of these crustaceans is
edible, the crustacean farming and processing industry will produce a large number of waste
shells [2]. However, due to the constraints associated to an integrated utilization technology and
to unregulate disposal procedures, a large number of shells are directly discarded or deposited
as waste with a wide and complex distribution [3]. Shell piles and burials are common near
beaches and seafood processing plants. Thereafter, they modify soils, waters, and marine
ecosystems, particularly if their disposal is uncontrolled [4, 5]. Moreover, they cause
environmental damage by decomposition, emanating foul odours, as well as adding to visual
pollution [6].

From the perspective of resource utilization, crustacean shells, such as those from crabs and
shrimps, are rich in a-chitin, protein and calcium carbonate (CaCQO3) [7]. It is well known that
chitin and its derivatives are widely used in the pharmaceutical [8], cosmetic [9], environment
and energy industry [10]. CaCOs is extensively used in the pharmaceutical, agricultural,
construction, chemical, and polymer industry [11].

Current processes for crab and shrimp waste shells utilization focus on the extraction of chitin,
chitosan [12] or bioactive compounds [13, 3, 5] often via sustainable and environmentally
friendly synthetic extraction approaches. Moreover, mostly discard the other residual shell
materials, even if they possess potential value [14].

A processing strategy in which all the components of the waste shell are recovered is desirable.
A top-down approach has been used to produce calcium carbonate-enriched chitosan from
shrimp shell wastes to valorize CaCOs3 [15]. Recycling shell waste could potentially eliminate
the disposal problem and could also turn an otherwise useless waste into high value—added
products. A cascading approach in which compounds of highest value are initially extracted,
after which the residual biomass can be used for low end application, can even lead to zero-
waste.

Here, we applied chemical and thermal processes that allowed to extract singularly or combined

the main different components of crustacean waste shells. We characterize them for their
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chemical and physical features and as proof of concept for their valorisation/utilisation we used
them as adsorbent of dyes from model polluted waters.

Materials derived from crustacean waste shells have already largely been used for the removal
of contaminants from industrial effluents such as heavy metals [16-18], anionic pollutants [19,
20], nitrogen [21] and dyes [22] but in our study, we are able to design new structures composed
from shell material but with different properties.

Crab shell and chitosan powder were used to trap water-soluble dyes present in textile dyeing
wastewater [23] . Low molecular weight (20 kDa) crab shell chitosan can also significantly
reduce chemical oxygen demand, total suspended solids, total dissolved solids, and turbidity in
textile mill wastewater [24]. Dai et al. used calcium-rich biochar obtained from crab shell to
adsorb the cationic malachite green (12.5 mg g'') and the anionic Congo red (20.3 mg g'!) dye
but in this case a pyrolysis process was necessary to obtain the adsorbent [25]. Chitosan derived
from shrimp shells (or peels) was applied as potential bio-adsorbent for Methyl Orange (MO)
dye removal from waste water with the maximum adsorption capability of 0.1297 mg g! [26].
For CaCOs3, what is -next to chitin- the other main fraction of the residual shell, single crystals
of calcite and aragonite were used to adsorb organic dyes. It was shown that aragonite and
calcite have selective adsorption capability [27].

Since each singular component of crustacean shells has a specific adsorption capability, in this
research we explore the hypothesis that newly developed material, consisting of multi-
component extract can have an adsorption capability that is increased by the synergic action of
the single components. To prove this hypothesis the waste shells from the market relevant
species Brown shrimp (BS) Crangon crangon and the invasive Chinese mitten crab (CMC)
Eriocheir sinensis were used. They were differently chemically thermally treated and the
obtained materials were tested for the adsorption of acidic and basic dyes relevant in the fabric

industries.

Materials and methods

Reagents and solvents were purchased from Merck. For each experiment, daily fresh solutions
were prepared. The waste shells from Brown shrimp (Crangon crangon) and Chinese Mitten

Crab (Eriocheir sinensis) were obtained from Nieuwpoort and Grobbendonk (Belgium),
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respectively. The shells fragments were washed with tap water and dried in an oven overnight

at 50 °C.

Deproteinization reaction. A typical reflux setup was used for the deproteinization reaction
where 1 g of each sample was put in a round bottom flask together with 40 ml ofa 1 M NaOH
solution. The NaOH solution was changed every hour and the total reaction time was of 4 hours
for the shrimp and 5 hours for the crab shells. The resultant suspensions were filtered under
vacuum and the fragments were washed with water until the pH was neutral, then the samples

were dried in an oven overnight at 60 °C.

Bleaching reaction. 1 g of each sample was put in a beaker together with 50 ml of a 5 % v/v
NaClO solution and stirred on a rocking table for 8 days. The resultant suspensions were filtered
under vacuum and the fragments were first washed with water and then dried under vacuum in

a desiccator overnight.

Thermal treatment. A certain amount of the bleached material from each species was thermally

treated in an oven at 220 °C for 48 hours.

Chitin extraction. In order to extract chitin from the starting material of each species, two steps
were needed i. e. a demineralization and a deproteinization process. The first one was performed
suspending the waste shells (1 g) in a 1.5 M HCI solution (10 ml) for the shrimp and 2 M (25
ml) for the crab under magnetic stirring at 500 rpm. The reaction time was 2.5 h for the shrimp
and 3 h for the crab. The resultant suspensions were filtered under vacuum and the fragments
were washed with deionized water until the pH was neutral, and dried in an oven overnight at
65 °C. The obtained fragments were, then, subjected to a deproteinization reaction. 1 g of
fragments was suspended in a 1 M NaOH solution (10 ml for the shrimp and 25 ml for the crab)
under magnetic stirring at 500 rpm. The reaction time and the experimental temperature were 2
h and 80 °C for the shrimp and 3 h and 90 °C for the crab, respectively. The resultant
suspensions were filtered under vacuum and the fragments were washed with deionized water

until the pH was neutral, then the samples were dried in an oven overnight at 60 °C.

X-ray powder diffraction analysis. X-ray diffraction patterns were collected using a
PanAnalytical X Pert Pro diffractometer equipped with a multi-array X’Celerator detector
using Cu Ko radiation generated at 40 kV and 40 mA (A = 1.54056 A). The diffraction patterns
were collected in the 20 range between 5 © and 60 ° with a step size (A20) of 0.05 ° and a

counting time of 60 s. Each sample was ground with mortar and pestle before the measurement.
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Fourier Transform Spectroscopic analysis. A Thermo Scientific™ Nicolet™ 1S™10 FTIR
Spectrometer was used to collect the FTIR spectra. Disk sample for FTIR analysis was obtained
by mixing a small amount (2 mg) of product with 98 mg of KBr and applying a pressure of 45
tsi (620.5 MPa) to the mixture using a press. The spectra were obtained with 4 cm™! resolution

and 64 scans.

Thermogravimetrical analysis. Thermogravimetrical analysis (TGA) were performed using a
SDT Q600 V 8.0 instrument (TA Instruments). The system was pre-equilibrated at 30 °C, then
a ramp from 30 to 900 °C with a 10 °C min™! heating rate was performed under nitrogen flow.
The materials were ground with mortar and pestle and the measurement was performed on 20
mg of each sample. The temperature range considered to estimate the organic material content

was between 150 °C and 500 °C.

Scanning electron microscopy observation. All SEM images were acquired using a ZEISS Leo
1530 Gemini field emission scanning electron microscope (SEM) operating at 5 kV. All samples

were dried under vacuum in a desiccator and gold-coated before their observation.

BET. The specific surface area of the samples was measured by the multiple BET method using
a Gemini VII 2390 Series Surface Area Analyzer (Micromeritics Instrument Corporation) with

anitrogen flow. Each sample was dispersed in isopropanol in order to perform the measurement.

Dye adsorption kinetics experiments. Adsorption kinetics experiments were carried out
suspending 25 mg of each material in 5 mL of dye in a 50 mM pH 7.2 bis-tris buffer solution.
The suspensions were kept in a 15 mL polypropylene conical centrifuge tubes at room
temperature under mechanical stirring. Two dyes were tested that are Blue Methylene and Eosin
Y both having an absorption maximum in the visible region (668 nm and 517 nm, respectively).
The dye concentration in solution was measured by a UV-Vis spectrophotometer (Cary 300 Bio,
Agilent Technologies) and the amount of dye adsorbed g, (mg g™') at the time t (min) was
calculated using the following the Equation (1):

— (Co=Cp)V

qt m

(1
where C, (mg L) is the initial dye concentration, C, (mg L!) is the dye concentration at time
t, V (L) is the volume of the dye solution and m (g) is the mass of the substrate.

For each measurement, the dye solution was centrifuged at 10000 rpm for 90 s and the

143



supernatant transferred into a plastic cuvette with 1 cm optical path. The spectra were recorded

after 30 minutes, 1 h, 2 h, 4 h and 24 h using a spectral range of 450-800 nm.

Dye adsorption isotherm experiments. Adsorption isotherm experiments were carried out using
the same procedure of the adsorption kinetics experiments. Different dye concentrations were
tested that are 0.005, 0.0075, 0.01, 0.025 and 0.05 mM. Three isotherm models were tested i. €.
the Langmuir isotherm (Eq. (2)), the Freundlich isotherm (Eq. (3)) and the Dubinin-
Radushkevich isotherm (Eq. (4)):

1 B 1 N 1
de QmaxK.Ce  Qmax
(2
1
logq, = logKr + ;logCe
3)
Ing. = InQuyax — KDEZ
4)

Where g, (mg g™!) is the amount of dye adsorbed at equilibrium, Qy4x (mg g™!) is the maximum
adsorption capacity from the adsorption models, C, (mg L) is the concentration of the
adsorbate at equilibrium, K; (mg') is the Langmuir constant, n is a constant representing the
favorable degree of adsorption, Kz (mg g!) is the Freundlich constant, K, (mol? kJ?) is the

Dubinin-Radushkevich constant and & (J mol™) is the Polanyi potential calculated as follow:

1
e=RTIn(1+—)
Ce

)

Where R (J mol! K!) is the gas constant and T (K) is the experimental temperature.
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Results and discussion

Material’s properties
An initial characterization of shell fragments from the two species, BS and CMC, was
performed after washing with deionized water and drying in an oven overnight at 50 °C (Fig.

1A and B).

Figure 1. Camera images of CMC and BS raw material (A, B) and deproteinized (C, D), bleached (E,
F), bleached/heated (G, H) ones, and chitin (I, L).

The analyses of the X-ray diffraction patterns and the FTIR spectra (Fig. 2) revealed the
presence of proteins and crystalline material made of a-chitin and calcite in the carapaces of
both species. This was indicated by the occurrence of the characteristic diffraction peaks (020)
and (110) of a-chitin at 2theta angles of 9 and 19 °, respectively, while calcite appeared from
the diffraction peaks (012), (104), and (013) at 23, 29, and 39 ° respectively. The vibrational
adsorption bands due to chitin and proteins at 3400 cm™, 3100 cm' and 1700 cm
corresponding to the O-H stretching, aliphatic compound and the CH3 stretching, and amide I
stretching of C=0 group, respectively, and to calcite at 1800 cm™, 1410 cm™, 875 cm™ and 712
cm!, were detected. In addition to these signals, in BS shells but not in CMC shells, the
diffraction pattern showed diffraction peaks at 2theta value of 27, 33 and 44 ° and the FTIR
spectrum adsorption band at 744 cm’!, both of which indicating the presence of vaterite. This
phase represented the 45 wt% of crystalline minerals in BS shells.

Vaterite has been found to form in shrimp shells during frozen storage, specifically in the pink
shrimp, Pandalus borealis. The white spots, made of calcite and vaterite, increase in size and
eventually cover the entire shell, which was originally transparent. It has been suggested that

a~chitin is crucial in the crystallization process of these white spots, as it is a key component of
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their composition [28]. Vaterite has been reported to form at relatively low temperatures in wet
conditions from amorphous calcium carbonate (ACC) [29] , suggesting that vaterite formed

from ACC in BS.

No vaterite formation was found in CMC shells, indicating that there may not be significant

amounts of ACC present in the original material.
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Figure 2. X-ray powder diffraction patterns (A) and FTIR spectra (B) of CMC (blue) and BS (red) waste
shells. The diffraction patterns were indexed accordingly to the PDF 00-005-0586 for calcite, PDF 00-
024-0030 for vaterite and PDF 00-035-1974 for a-chitin.

The shells’ organic material content was evaluated using thermo-gravimetrical analysis (TGA).
The analyses of the thermal profiles (Fig. 3) revealed that BS shells have a higher content of
water and organic material (61.46 wt%) than the CMC ones (47.50 wt%). The relative content

of protein and chitin was not estimated at this stage.
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Figure 3. Thermogravimetrical analysis (TGA) profiles of CMC (blue) and BS (red) raw material. The

temperature range considered to estimate the organic material content was between 150 °C and 550 °C.

After characterizing the raw material, different chemical treatments were performed: (i)
deproteinization using a reflux reaction with 1 M sodium hydroxide solution at 100 °C; (i)
bleaching using a 5 % v/v sodium hypochlorite solution for 8 days to remove organic material,
such as proteins, chitin and lipids; (iii) bleaching followed by thermal treatment in the oven at
220 °C for 48 hours to also remove intra-crystalline organic material; (iv) demineralization
using hydrochloric acid to dissolve CaCOs3, followed by deproteinization to extract chitin from
the shells [30].

An interesting finding from the analysis of the materials extracted from the BS shells was the
detection of vaterite following the deproteinization process and the application of heat. This
was evidenced by the appearance of distinct peaks in the X-ray diffraction patterns (Fig. 4C),
which supports our earlier observation from the FTIR analysis of the unprocessed material. This

supports the previous finding that vaterite is stabilized by a-chitin [28, 31].
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Figure 4. X-ray powder diffraction patterns and FTIR spectra of CMC (A, B) and BS (C, D),
respectively, raw material (red), deproteinized (blue), bleached (orange) and bleached/heated (green)
one, and chitin (yellow). The diffraction patterns were indexed accordingly to the PDF 00-005-0586 for
calcite, PDF 00-024-0030 for vaterite, PDF 00-035-1974 for a-chitin and PDF 01-087-0655 for calcium

oxalate.

The FTIR spectra analysis revealed a decrease in protein content in both shell types following
alkaline and bleaching treatments, as evidenced by the disappearance of the band at

approximately 1600 cm'!

corresponding to the N-H bending of the peptide group and an
increase in the relative intensities of the vibrational bands associated with CaCOs3 (Fig. 4B and
4D). Additionally, thermogravimetrical analysis indicated a decrease in the weight loss

associated with the pyrolysis of the organic material after these treatments (Fig. 5 and 6).
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Figure 5. Thermogravimetrical analysis (TGA) profiles of CMC raw material (blue) and deproteinized
(pink), bleached (red), bleached/heated (black) ones, and chitin (green). The temperature range

considered to estimate the organic material content was between 150 °C and 550 °C.
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Figure 6. Thermogravimetrical analysis (TGA) profiles of BS raw material (blue) and deproteinized
(pink), bleached (red), bleached/heated (black) ones, and chitin (green). The temperature range

considered to estimate the organic material content was between 150 °C and 550 °C.

After alkaline treatment the remaining material was 32.76 wt% for shrimp and 21.09 wt% for
crab (Table 1), indicating that in the BS shells there is about 29 wt% of proteic material, while
in the CMC ones it is about 26 wt%. After the bleaching treatment, the weight loss was 9.56

wt% for the shrimp and 9.32 wt% for the crab. After the bleaching and thermal processes, the
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organic material content was lower than in the only bleached sample and it was 4.73 wt% for
the shrimp and 3.49 wt% for the crab. These results indicated that chitin was not totally removed
in the bleached and the bleached/heated materials, as was also indicated by the vibrational bands
from chitin observed in the FTIR spectra (Fig. 4B and 4D). The X-ray diffraction pattern data,
however, did not reveal any peak linked to a-chitin, indicating that it may be present in the
sample in a quantity too low to be detected by X-ray diffraction or in an amorphous state.
Additionally, in the bleached crab diffraction pattern (Fig. 4A), additional diffraction peaks at
approximately 14 and 32 °, which are linked to calcium oxalate, were observed. This is a by-

product resulting from the chitin oxidation reaction [32].

Table 1. Main shellfish components (prot. = proteins; chit. = chitin; CaCO; = calcium carbonate),
mineral phase and specific surface area (SSA) of CMC and BS raw material (A) and deproteinized (B),
bleached (C), bleached/heated (D) ones, and chitin (E).

Crab Shrimp

Sample Main components| Mass Mineral Phase* SSA | Mass Mineral Phase SSA
(Wt%) (Wt%) (m* g!)| (Wt%) (wt%)  (m’g™)

prot. 26.41 28.70
cal. (55.60)
A chit. 21.09 cal.} ND*  32.76 ND*
vat.® (44.40)
CaCOs 52.50 38.54
chit. 21.09 32.76  cal. (65.70)
B cal. 27.64 11.24
CaCOs3 78.91 67.24  vat. (34.30)
chit. 9.32 cal. (97.61) 9.56  cal. (55.91)
C 12.71 20.22
CaCO;s 90.68 CaOx. (2.39)% 90.44  vat. (44.09)
chit. 3.49 4.73  cal. (56.32)
D cal. 27.93 48.97
CaCOs3 96.51 95.27  wvat. (43.68)
E chit. 100.00 - ND* 100.00 - ND*

# an accurate determination of the specific surface area was not possible. “ When not indicated the wt%
only one mineral phase is present. ¥ cal. indicates calcite. “CaOx indicates calcium oxalate. * vat.

indicates vaterite.

In the last step, after the demineralization and deproteinization processes, only the peaks
relatives to a-chitin were present in the diffraction patterns, confirming that CaCO3 had been

completely removed (Fig. 4A e 4C). The weight loss associated to the organic material in both
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species increased and it was 79.98 wt% for shrimp and 73.91 wt% for crab, in agreement with
the removal of CaCOs3 (Table 1).

The BET technique was used to investigate the specific surface area of the material. This
method involves creating a N> monolayer on the surface of the sample being studied. This can
be challenging to accomplish when the material has a complex morphology and mixed surface
chemistry due to its inorganic/organic hybrid composition and high chitin content [33]. For
these reasons, it is challenging to explain the specific surface area obtained from the BET
measurements (Table 1). Nevertheless, they can be valuable for comparing samples that
underwent the same treatment. The samples after bleaching and after bleaching/heating
processes have a similar amount of organic material, with the remaining being calcium
carbonate. In this instance, the surface area of the shrimp sample is greater than that of the crab.
This difference may be linked to the presence of vaterite in the shrimp-derived material, which
has a higher surface area than calcite for particles having similar size [34].

The surface area of the chitin material extracted from shrimps and crabs has been reported to
be about 3 and 3.6 m? g, respectively [35]. However, these substrates showed much higher
surface area than the ones here presented, when this was calculated considering the capability
to absorb dyes [33, 36].

The surface morphology of CMC and BM shells pristine and derived materials was investigated
by SEM (Fig. 7 and 8). In a general overview, all the samples were heterogenous and with very
complex morphology. The two species show a different texture and organization of the shell
fibers and grains, which change after the different chemical-thermal processes. Prior each
treatment, the shrimp shell surface (Fig. 8A) shows an ordered fibrous microstructure with
chitin fibre embedded in a framework of organic material forming a compact matrix, which is
the scaffold where calcium carbonate is located. This structural organization is also observed
in the crab pristine cuticle but in this case the organization of chitin fibers result in a porous
texture (Fig. 7A). After the deproteinization reaction, the shell structure becomes more
disordered and less compact in both species, probably due to the removal of proteins which
may act as a fixative for chitin fibers and CaCOs particles (Fig. 7B and 8B). For the same
reason, chitin extracted from both species looks rough and highly exfoliated (Fig. 7E and 8E).
After the bleaching processes, the main observable component of the matrix shell is the mineral
phase, confirming the reduction of chitin content upon treatments. This is very evident in the

crab shell bleached/heated materials where calcite crystals can be observed (Fig. 7D).
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Figure 7. SEM images of CMC raw material (A) and deproteinized (B), bleached (C), bleached/heated
(D)ones, and chitin (E).
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Figure 8. SEM images of BS raw material (A) and deproteinized (B), bleached (C), bleached/heated
(D) ones, and chitin (E).

The potential use of all the materials obtained from CMC and BS waste shells was tested in
water remediation, in accordance with literature and showing that these low-cost adsorbents
have a high capacity for removing specific dyes [37, 38].

Dye adsorption properties

All substrates derived from CMC and BS were examined for their ability to adsorb two common
model dyes used in the textile industry: Eosin Y (EY), an anionic dye, and Blue Methylene
(BM), a cationic dye. The tests were conducted in a 50 mM pH 7.2 bis-tris buffer solution at a
concentration of 0.01 mM, which is both environmentally and industrially significant. The

adsorption of both dyes on all the substrates reached equilibrium within 24 h (Fig. 9). Table 2
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summarizes the maximum adsorption capacity of the different materials of both dyes, after

adsorption kinetics experiments.
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Figure 9. Adsorption kinetics and camera images of BM (blue dots) and EY (red dots) solutions at pH
7.2 on CMC and BS deproteinized (A, B), bleached (C, D), bleached/heated (E, F) shells, and chitin (G,
H). The dye adsorbed is reported as the mass of dye (mg), normalized over the mass of substrate (g).
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Table 2. Maximum adsorption capacity (qmax) from the adsorption kinetics experiments of CMC and
BS deproteinized (A), bleached (B), bleached/heated (C) shells, and chitin (D) in Blue Methylene (BM)
and Eosin Y (EY) 0.01 mM solutions at pH 7.2. The dye adsorbed is reported as the mass of dye (mg)

over the mass of substrate (g).

Crab Shrimp
Sample qumax BM qmax EY qmax BM gmax EY
(mgg) (mg g™ (mgg) (mg g™
A 0.12+0.01 0.19+0.02 0.203 +£0.003 0.29 +0.02
B 0.372 £ 0.001 0.09 +£0.01 0.454 £ 0.009 0.25+0.03
C 0.0985+0.0007  0.0557+£0.0003  0.0809 +0.0002 0.0821 + 0.0006
D 0.26 +£0.02 0.641 £ 0.005 0.310 £ 0.005 0.99 +0.07

Overall, materials obtained from shrimp generally exhibited a greater ability to adsorb both
dyes compared to those from CMC. The only exception was the bleached/heated material,
which had a higher adsorption capacity for BM on CMC, although the amount absorbed was
low and near the limit of detection. Notably, all substrates showed a higher adsorption capacity
for EY, except for the bleached ones. These findings indicate that the bleached materials
undergo a change in surface chemistry after thermal treatment, leading to the replacement of
some carbonate groups with hydroxyl groups in the coordination of calcium ions [39]. When
adsorbing BM and EY, the maximum adsorption capacity was exhibited by the shrimp bleached
material (0.45 mg g!) and chitin (0.99 mg g!), respectively, while the minimum one by the
shrimp bleached/heated material (0.081 mg g™') and the crab bleached/heated ones (0.056 mg
g, respectively. These results align with the aforementioned considerations on the specific
surface of chitin materials and the data reported in Table 1.

To assess the adsorption kinetics mechanism, an analysis of isotherm models was conducted.
The experimental data were fitted with: (i) the Langmuir isotherm, which assumes a uniform
surface of the substrate and an adsorption mechanism controlled by chemical processes leading
to monolayer formation; (ii) the Freundlich isotherm, which assumes a non-uniform surface of
the substrates, an adsorption mechanism controlled by physical processes, and the formation of
multiple layers; (ii1) the Dubinin-Radushkevich isotherm, which is similar to the Freundlich
model but takes into account microporous surfaces [40]. In Tables 3 and 4 the calculated
parameters from the best fitting of the adsorption isotherms for the substrates in BM and EY,

respectively, are reported.
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Table 3. Calculated parameters from the best fitting of the adsorption isotherms with different models
of CMC and BS deproteinized (A, B), bleached (C, D), bleached/heated (E, F) shells, and chitin (G, H)

in Blue Methylene.
Sample Model R? n K* Qmax

(mg g™

A Freundlich 0.9934 1.0305 0.0545 /

B Freundlich 0.9729 1.1050 0.0770 /

C Dub. - Radush.  0.9193 / 1.4329 0.5430

D Freundlich 0.9799 1.2054 0.1337 /

E Freundlich 0.863 3.1387 0.04151 /

F Freundlich 0.9318 2.6954 0.0458 /

G Freundlich 0.9484 1.0113 0.0494 /

H Freundlich 0.9988 0.9505 0.0851 /

*The unit of measure for the parameter K is mg™! for the Langmuir model, mg g! for the Freundlich and

mol? kJ? for the Dubinin-Radushkevich one.

The adsorption data best fit with a Freundlich isotherm, indicating no site-specific interaction
and the formation of multilayers. This result is consistent with the complex morphology of the

substrates, which have a heterogeneous surface, as shown by SEM observations. (Fig. 7 and 8).

Table 4. Calculated parameters from the best fitting of the adsorption isotherms with different models
of CMC and BS deproteinized (A, B), bleached (C, D), bleached/heated (E, F) shells, and chitin (G, H)

in Eosin Y.
Sample Model R? n K* Qmax (mg g™h)

A Freundlich 0.9631 0.9281 0.0245 /
Freundlich 0.913 1.0825 0.0591 /

C Langmuir 0.9129 / 0.0618 0.2750

D Langmuir 0.6308 / 0.1330 0.2975

E Freundlich 0.9535 0.9265 0.0085 /

F Freundlich 0.9524 0.9366 0.0114 /

G Freundlich 0.9679 0.9800 0.0293 /

H Freundlich 0.9342 1.2992 0.1531 /

*The unit of measure for the parameter K is mg™! for the Langmuir model, mg g™! for the Freundlich and
mol? kJ2 for the Dubinin-Radushkevich one.
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Conclusions

This work has shown that it is possible to obtain multifunctional materials with different
characteristics, such as composition, shape, and morphology, from shrimp and crab shells. Our
approach is innovative because we demonstrate the sequential study of the various processes
that allows for the isolation of the components of the shells, whose characteristics depend on
the species. As a case study, among the many applications of chitin and calcium carbonate, we
decided to evaluate the ability of the different substrates to act as absorbent agents for dyes
from polluted waters, which is relevant in an industrial area. The results show that materials
obtained from shrimp shells have a higher absorbent capacity than those obtained from crab
shells. It is important to highlight that the processes adopted to obtain the various materials can
be scaled on an industrial level, offering a long-term vision for the application of this
experimental strategy for the development of technology for the treatment of these residual

bioresources.
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Chapter 7. General conclusions and future perspectives
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The fishery industry and marine aquaculture produce millions of tonnes of waste by-products
every year. The global fish production in 2023, in fact, reached 186 million tonnes and the 70
wt% of the processed seafood is discharged as wastes. These wastes represent an environmental
and an economical issue since their disposal involves the use of incineration or burial while in
developing countries they are often just dumped in the landfill or the sea causing damages to
the ecosystem and people living in proximity. On the other hand, they also harbour useful
chemicals such as calcium carbonate, proteins and chitin.

In this context, the aim of my thesis was applying the circular economy concepts to marine
organism wastes from different species by recovering and valorising biomaterials, investigating
their physical-chemical characteristics, and testing their potential applications in different
fields.

The first project showed an alternative to many synthetic strategies aiming to control the shape
and morphology of single crystals produced in laboratory replicating the ability of organisms
to act as crystal shapers and morphology modifiers. In this work single crystals of calcite and
aragonite with a biologically controlled shape and morphology were obtained from waste
mussel shells by simple and sustainable chemical and mechanical treatments. The obtained
single crystals showed peculiar properties with respect to the calcium carbonate from quarry or
synthesis and, due to their unique and no lab reproducible aspect ratio, could be used as
substrates for reversible dye removal. Future researches could explore other potential
applications of these crystals as filler to improve mechanical properties of matrices or as part
of optical devices.

The second project demonstrated that biogenic calcium carbonate from oysters, clams and
scallops waste seashells can be successfully coated with an aqueous dispersion of sodium
stearate and that the adsorption process is similar to that already reported for synthetic and
geogenic calcite but it could adsorb a higher amount of stearate compared to them. Due to the
huge amount of waste shells produced worldwide from aquaculture and the consequent massive
source of calcium carbonate derived from them, this work finds potential industrial
applications. So, the coated oyster powder was tested at large scale as filler in an ethylene vinyl
acetate compound used for the preparation of shoe soles and improved the mechanical
properties with respect to a control using commercial stearate coated calcium carbonate.
Consequently, biogenic calcium carbonate can replace ground and precipitated calcium
carbonate, has a higher stearate adsorbing capability, and represents an environmentally

friendly and sustainable source of calcium carbonate. To continue this work, other mollusk
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species could be tested to verify if the stearate adsorption process is species-specific.

The third project investigated the transformation of biogenic calcium carbonate particles
(bCCP) from oyster shell waste into hydroxyapatite (HA) micro/nanoparticles using a one-step
hydrothermal process. The most of the methods reported in the literature so far, are two-step
processes involving the calcination of CaCOs to CaO at high temperatures followed by the
reaction with a phosphate reagent. The new suggested method, instead, involves the full
transformation of bCCP into HA nanoparticles in one step offering, in this way, a more
sustainable approach. Moreover, it is low-cost since it can avoid the use of expensive
hydrothermal autoclaves, additives, and high-purity calcium reagents, and importantly, can be
performed at relatively low hydrothermal temperatures without any pH adjustment. Both the
bCCP and the derived HA particles resulted suitable for biomedical applications, for example
in bone tissue engineering, since they are cytocompatible and showed osteoinductive properties.
Future researches could test this transformation method on other mollusk species, such as clams
that are composed of a different calcium carbonate polymorph, i. e aragonite. Moreover, since
the proposed transformation mechanism is based on a dissolution-reprecipitation process,
smaller particles sizes of the starting bCCP could be tested to verify if the process can be faster
and occur at lower temperatures.

The fourth project compared the capability of different sources of calcium carbonate, one
geogenic from quarries and three biogenic from mollusk shells (in particular oysters, scallops
and clams shells), to be converted, on a potentially industrial scale, into nano-crystalline and
amorphous calcium carbonate using the ball milling technique rather than being synthetically
produced by wet reactions. The results showed that the mechanochemical process produced a
reduction of the crystalline domain sizes and formation of amorphous domains (ACC), which
co-existed in micro-sized aggregates. Interestingly, the biogenic CaCOs3 (bCC) behaved
differently from the geogenic one (gCC). In particular, gCC converted only into ACC while the
conversion of the crystalline phase of bCC in ACC occurred with the concomitant transition of
calcite to aragonite and vice-versa. This diverse behavior could be attributed to the unique
presence in the bCC of the intraskeletal organic matrix. In addition to this, increasing the ball
milling time, the ACC from bCC converted into crystalline phases, while gCC increased the
content of ACC and decreased the size of the crystalline domains. In view of the potential
application of ACC, this research showed that the use of bCC offers a wider scenario of
structural features and stabilities with respect to the gCC.

The last project showed that it is possible to obtain individual shell components either
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individually or in combinations from shrimp and crab waste shells using different chemical and
thermal treatments. These diverse materials were composed of calcium carbonate and organic
molecules inter- and intra-mineral; of calcium carbonate and organic molecules intra-mineral;
of organic molecules, such as chitin and proteins; of only calcium carbonate; and only chitin.
Among the many applications that chitin and calcium carbonate have, it was decided to evaluate
the ability of these different substrates to act as absorbent agents for dyes from polluted waters.
Since each singular component of crustacean shells has a specific adsorption capability, in this
research we demonstrated that newly developed material, consisting of multi-component
extract, can have an adsorption capability that is increased by the synergic action of the single
components. These multifunctional materials, in the future, could also be tested to adsorb heavy

metals from polluted waters in a full wastewater treatment view.
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