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Abstract: The recovery and recycling of wasted resources are at the forefront of contemporary
global issues. Methods of addressing several different issues may go hand-in-hand with each other,
such as linking food waste recycling into bio-based adsorbent materials and wastewater treatment.
Crustacean exoskeletons are promising candidates for bio-friendly adsorbents; however, maximizing
their efficiency requires the optimization of processing technology. Crustacean meat offers an (often
luxury) culinary delicacy, while their waste exoskeletons offer opportunities for smart recycling of the
magnesian calcite nanoporous biocomposite. Here, we conduct a structural characterization of the
exoskeletons of three crustacean species to assess how the extraction of valuable carotenoids affects
prospects for the further valorization of their porous powder. The exoskeleton powder’s composition
and morphology were investigated by SEM, Raman spectroscopy, FTIR and XRD. The biomineral
component magnesian calcite was recorded both in native and in post-extraction exoskeleton powder.
Acetone extraction, however, partially removed organic matter from the exoskeletons, resulting in the
porosity of the respective powder increasing significantly from below 10 m? g~ in the native powder
to over 32 m? g~! in post-extraction samples of blue crab and spider crab exoskeletons—while
the spiny lobster exoskeleton exhibited low porosity, as measured by the BET method. This new
insight could improve exoskeleton processing in the sustainable circular economy and applied blue
bioeconomy—most notably for adsorbent materials for pollutants dissolved in water or as ordered,
nature-derived nanostructured templates.

Keywords: waste exoskeletons; blue bioeconomy; structural characterization; carotenoids; porosity

1. Introduction

Crustacean exoskeleton powder is a likely candidate for multiple valorization path-
ways through the blue bioeconomy and the circular economy as a secondary raw material.
Numerous studies have focused on the extraction of chitin as a valuable biomolecule with
biomedical applications [1-3]. However, a new view of crustacean exoskeleton waste
through the lenses of the blue bioeconomy, spearheaded by the BlueBioSustain project [4],
aims to specifically exploit the value of their natural nanoscale porosity (which is difficult
to create artificially beyond the laboratory scale). This biomimetic approach is in stark
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contrast to the extraction of exoskeleton constituents—such as chitin for example, where
biotechnological production [1] and modification [5] methods exist.

The natural porosity of mineralized structures is a widely exhibited property in
biota, from planktonic organisms [6,7], echinoids [8] and avian eggs [9], to crustacean
species weighing up to several kilograms [10]. In many diatoms, the organization of the
pores—called alveolae, arranged in rows called striae—are one of the key features for
species identification [6]. In crabs, the pores of live organisms are believed to house cellular
processes that facilitate exoskeleton formation, but the ordered arrangement of surface
pores may also act as a natural photonic crystal, adding a structural component to the
overall shell-color aspect [10]. The porous calcified “shell” is not merely a mineral plate, but
is rather created by a process called biomineralization, where calcium carbonate is deposited
on an organic scaffold consisting of a wide variety of fibrous and specialized proteins to
form an immensely complex multi-layered biocomposite. Exoskeletons often have stunning
mechanical properties and an array of biological functions optimized through millennia of
evolution [9,11].

The porous structure of crab exoskeleton parts has recently been investigated in numer-
ous studies [10,12-16], presenting potential for innovative applications. For instance, using
Raman spectroscopy techniques, Lazar et al. [13] have shown the possibility of loading
nanoporous exoskeleton-derived powder with the anti-cancer drug 5-fluorouracil, and
its subsequent release in aqueous solution. Another direct application of the nanoporous
structure is loading with seaweed extracts [16], with subsequent usage as a biostimulant
for vegetables [4].

Biogenic nanoporous materials have also attracted increasing interest in recent years
in the field of adsorption science for their natural porosity and wide availability. Thus,
among others, crab, shrimp, and oyster shells have also been considered [17-21]. A recent
review specifically focused on the recycling of crab exoskeletons for heavy metal adsorption
revealed that acid or alkaline washes are the most common processing steps for adsorbent
production—sometimes also coupled with thermal treatment [22].

A facilitating aspect of such biogenic nanostructured materials is their wide availability.
Various forms of waste shells can be found as refuse from seafood markets, the processing
industry, and also restaurant waste. According to the worldwide datasets made available
by the UN Food and Agriculture Organization [23], crustacean captures are exhibiting
an increasing trend—amounting to a total of over 5.6 million tons fresh weight in 2020.
Taking into account that about 52% of fresh crab mass is raw input feed for biogenic
powder production [24], and supposing well-developed collection logistics, it follows that
a potential 2.9 million tons of exoskeletons may be available for recycling into secondary
biogenic resources. This waste would otherwise be destined for landfilling as common
garbage, but its upcycling is not only attractive as an environmental protection issue, but
is also aligned with major contemporary international strategies calling for research into
opportunities for aquatic resources—bringing further funding sources for research and the
private sector [25-27]. The foundation for biogenic waste management was laid more than a
decade ago [28], and it is still being revised according to the newest technological solutions.

Reports on the surface area of native exoskeletons of common crab species are scant.
Lazar et al. [13] recently reported the pore surface area of the Atlantic blue crab (Callinectes
sapidus) as below 10 m? g~ after milling of the native carapace. Methods for the removal
of the organic fraction of the exoskeleton composite may potentially increase the porosity
of the resulting powder. For instance, Ogresta et al. [29] have shown that certain chemical
treatments such as moderate heating in the presence of NaOH result in a decrease of the
total content of organic matter in wasted exoskeletons. Enzymatic treatments of exoskeleton
powder using proteolytic enzymes have also been explored for the removal of organic
matter [30]. Although these methods are efficient in protein removal, porosity was not
subsequently measured.

Crustacean exoskeletons also contain valuable carotenoids [30-34]. Naturally, carotenoids
and carotenoproteins give specific colors to the exoskeletons, or even serve as photorecep-



Water 2023, 15, 2591

30f13

tors [35]. In the current context, however, carotenoids are strong commercial antioxidants,
and pairing of carotenoid extraction with adsorbent production as a subsequent step en-
ables the maximization of exoskeleton valorization opportunities. This would result in an
upcycling chain with more links, starting from the same waste exoskeleton stock—rather
than processing more stocks through shorter upcycling chains. This approach is also
advantageous from the logistics point of view.

The novelty of this study consists of a new approach to improve the efficiency of
waste crustacean exoskeleton recycling prospects, including concomitant carotenoid ex-
traction and the increasing of exoskeleton powder porosity. This approach holds advan-
tages for blue biotechnology and biomimetics applications—most notably as an adsorbent
material—thereby increasing the options for exoskeleton recycling.

We validated our approach by comparative structural characterization of the exoskele-
tons, aiming to determine how their structural properties—i.e., their morphology, chemical
composition and porosity—are affected by treatment with an organic solvent, which is a
step usually employed for carotenoid extraction. Three species were used to account for cer-
tain biological variations in the exoskeleton structure: the carotenoid-rich, stiff exoskeleton
of the Atlantic blue crab (C. sapidus, the blue crab); the carotenoid-poor exoskeleton of the
European spider crab (Maja squinado, the spider crab); and the thin, lightweight exoskeleton
of the European spiny lobster (Palinurus elephas, the spiny lobster). We also compared the
content of the extracts to find out more about the effect of contact with the solvent.

2. Materials and Methods
2.1. Materials Sourcing and Preparation

Crustacean specimens of the blue crab and spider crab were sourced in the north-
eastern Adriatic Sea and were obtained from sample sets within benthic biota monitoring
activities conducted periodically by Croatia state authorities for research purposes. Spiny
lobster exoskeletons were obtained as seafood restaurant waste in the Dubrovnik area.
All exoskeleton parts were immediately pre-processed to preserve the material during
short-term storage—including short-term thermal treatment (10 min in boiling in water)
to allow for the easier cleaning of soft tissue—and subsequently dried in air at 50 °C. All
parts of the exoskeleton of the considered species were ground together to millimetric
fragments using an electric chopper (Gorenje 450 W)—hence, the obtained results refer
to the median properties of each species. Exoskeleton fragments of each species were
subsequently milled to powder in an RS 200 vibratory disc mill (Retsch, Haan, Germany)
with a tungsten chamber for further comparative analysis.

A subset of the ground exoskeleton fragments from each species was subjected to
carotenoid extraction before milling into powder. Extraction from the fragments was
carried out in acetone, in a static system, where batches of 100 g of unselected fragments
of each studied species were covered with 450 mL of solvent. After 24 h of extraction, the
liquid carotenoid-rich phase was decanted. The resulting carotenoid-depleted exoskeleton
fragments are termed the “post-extraction” samples throughout the remainder of this
paper, and they are comparatively analyzed in the powder state along with their untreated,
“native” counterparts from the same species.

2.2. Analysis of the Extract

Fourier-Transform infrared absorption (FTIR) and Raman spectroscopy were used for
the chemical characterization of the extracts. Samples for the Raman analysis were prepared
by a drop-coating method on a standard glass microscope slide. Spectra were acquired
after solvent evaporation using an iRaman Plus (B&W Tek, Plainsboro Township, NJ, USA)
portable spectrometer coupled to a digital microscope via an optic fiber. The 532 nm laser
wavelength was employed to pre-resonantly enhance the carotenoid signal. A 50x objective
was used. Spectra were recorded in the 0-4000 cm~! range (4 cm™~! resolution), with
10 average 10 s integration time scans, under either 6 or 30 mW laser power, depending on
the intrinsic fluorescence level of the samples.
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Fourier-transform infrared (FTIR) spectra were recorded using a Spectrum BX II
(Perkin-Elmer, Waltham, MA, USA) with an ATR accessory kit. The precipitate was ana-
lyzed after solvent evaporation on the sampling window in the 600-4000 cm ! range, with
32 scans.

2.3. Analysis of Native and Post-Extraction Exoskeleton Powders

The nanomorphology of the bulk fragments was imaged by a Hitachi SU8320 cold
field emission scanning electron microscope (Hitachi, Tokyo, Japan) to provide an overview
of the studied materials. Samples were placed on a stub holder and sputter-covered with a
10 nm-thick layer of gold to prevent samples melting under the electron beam. Samples
were imaged under a 30 kV acceleration current.

The specific surface area, pore volume, and pore size distribution of the crustacean
samples were estimated by N, sorption analysis performed at 77 K (Sorptomatic 1990,
Thermo Electron, Waltham, MA, USA). Pretreatment of the samples consisted in degassing
at 150 °C under vacuum for 4 h (2 °C/min). The specific surface area was estimated
according to the standard BET procedure (0.01-0.2 p/p0), while the total pore volume was
estimated using the Dollimore-Heal method for the desorption branch.

Raman spectra from the powder were recorded using a Prominence handheld spec-
trometer (Rigaku, Tokyo, Japan) with an integrated 1064 nm excitation, recording in the
200-2000 cm ! range with a size-adjustable sample vial holder.

FTIR was conducted on the Perkin—Elmer spectrometer mentioned above; however,
the exoskeleton powder was embedded in KBr pellets (1% by mass). Measurements were
performed in the 4004000 cm ™! range with 4 scans under a 1 cm ™! resolution.

X-ray powder diffraction: Exoskeleton fragments were finely ground with an agate
mortar and their mineral composition was verified by X-ray powder diffraction (XRPD)
using a Bruker D8 Advance diffractometer in Bragg—Brentano geometry, with a Cu tube
with Ax = 0.15418 nm, a Ni filter and a LynxEye detector. Corundum (NIST SRM1976a) was
used as the internal standard. The data were collected on a 10-70° 20 interval at a 0.02° 26
step, measuring each step for 0.5 s. Identification of mineral phases was performed using
Difrac.Eva 2.1

3. Results
3.1. Characterization of the Extracts

The Raman and FTIR spectra recorded from the exoskeleton extract of the three con-
sidered species are shown in Figure 1. Resonance Raman spectra under 532 nm excitation
showed strong resonance signals for the carotenoids, with the main bands at 955 cm ™!
termed v4, 1000 cm ! termed v3, 1152 cm ™! termed v, and 1515 cm ™! termed v, (Figure 1a).
These bands correspond to atomic vibrations (C-C) stretching, overlapping with CH,
and CHj rocking, C—-CHj rocking, C-C single bond stretching and C=C double bond
stretching modes. Astaxanthin is an orange-to-red carotenoid that has been detected previ-
ously in blue crab and spiny lobster exoskeletons—more specifically in exocuticles up to a
20-100 um depth [10,35]. Our recorded bands corresponded well to the solid state astax-
anthin prepared in a similar manner (drop-coating from acetone solution). However, the
small variation of the C=C band shape, which is very sensitive to carotenoids’ conjugated
polyene chain configuration, indicated the presence of other carotenoids in our extracts as
well. Carotenoid overtones were also observed in the 2000-3100 cm ! range—namely at
2155 cm ™}, corresponding to the vy + v3 overtone; at 2304 cm L, corresponding to 2v,; at
2661 cm ™! from vy + vy; and at 3022 cm ! from 2v;. Detailed assignments of all Raman-
active bands of carotenoids highlighting the C=C band shifting in correlation with the
carotenoid configuration can be found in our previous works focusing on 3-carotene [36],
astaxanthin [10] and fucoxanthin [37].
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Figure 1. (a) Raman spectra recorded from acetone extracts of blue crab (Callinectes sapidus), spider
crab (Maja squinado) and spiny lobster (Palinurus elephas) unselected exoskeleton fragments. Spectra
are normalized to the v; (C=C) band at 1515 cm !, excitation = 532 nm; (b) shows the FTIR spectra
of the precipitated extracts after solvent evaporation. Respective spectrum of all-trans astaxanthin
(CAS 472-41-7) is given as reference in (a,b). All spectra are background-subtracted and y-offset was
applied to both (a,b) for clarity.

FTIR showed, however, prominent signals for lipids in all extracts (Figure 1b). The
characteristic absorption features of lipid are a band pair corresponding to the carboxylate
group in the 1710-1740 cm ! range and sharp C-H stretching modes in the 2800-3100 cm ~*
range [38]. Lipid bands were not recorded in exoskeleton powder by FTIR or Raman
spectroscopy (discussed below); however, it is possible that they were embedded within
the organic matrix in smaller quantities and subsequently extracted by acetone. Although
the scope here is not to precisely determine the fatty acid profiles, we did observe that
the exoskeletons of different crustacean species contained slightly different fatty acid
compositions. This is clearly visible by the variation of the 1710 to 1740 cm~! bands ratio,
meaning that the spiny lobster exoskeleton contained the highest proportion of free fatty
acids relative to esters. The bands in the 1300-1490 cm~! range are broadly assigned to
C-H bending modes, those in 1000-1300 cm ™! to -C-O stretching modes, while those at
lower wavenumbers are assigned to skeletal modes involving -HC=CH- moieties [38]. A
detailed discussion on the FTIR features of lipids is presented in a paper by Guillén and
Cabo [38].

3.2. Exoskeleton Ultrastructure

The nanoporous structure of the native and post-extraction bulk blue crab exoskeletons
is shown in Figure 2a,b, along with their visual aspects in Figure 2c,d. The well-described
pores and channels were also observed here, with pore diameters of around 50 to 70 nm—as
previously reported for blue crabs sampled in another region, the southern Adriatic Sea [10]
and exoskeletons of some other crab species [15,35]. According to the data published on
similar materials, mechanical milling of the exoskeleton fragments resulted in powder with
a wide particle size distribution spanning from <1 to >250 um, but with the majority of
particles within the 1 to 50 um class [12,29].

3.3. Exoskeleton Powder Porosity

BET measurements evidence the mesoporous structure of the native and especially
the post-extraction exoskeleton powder. All samples showed type IV isotherms according
to the IUPAC classification [39] (isotherms shown in Supplementary Materials Figure S1).
Additionally, an increase in both surface area and pore volume as a consequence of the
carotenoid extraction procedure for all the investigated powder samples can be noticed
(Table 1). The surface area increased four times in the case of the blue crab exoskeleton
powder, and ten times for the spider crab powder, reaching values around 32 m? g~!. The
post-extraction spiny lobster exoskeleton powder showed a much lower surface area—that
is, 1.4 m? g~1; however, this is notable as compared to the native sample, which showed
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no measurable surface area. Moreover, the extraction procedure allowed the exposure of
pores in the mesoporous domain (2-50 nm) in the case of all samples, which led to an
enhancement of total pore volume of at least 2.5 times (Table 1). In respect to the pore
size distribution—for the same crustacean species—both the native and the post-extraction
powders showed a wide and similar distribution, with pore dimensions ranging from 5 to
50 nm.

Figure 2. SEM images of the blue crab (Callinectes sapidus) exoskeleton fragments in their native state
(a) and after carotenoid extraction (b), and the respective photographs of native and post-extraction
exoskeleton waste in (c,d), respectively.

Table 1. Textural properties of native and post-extraction exoskeleton powder of the blue crab, the
spider crab and the spiny lobster, according to the BET method.

Sample, Treatment Specific Surface Area Pore Volume
4 (mz gfl) (Cms gfl)

Blue crab exoskeleton powder, native 8.2 0.049
Blue crab exoskeleton powder, post-extraction 32.9 0.135
Spider crab exoskeleton powder, native 3.2 0.051
Spider crab exoskeleton powder, post-extraction 32.6 0.138
Spiny lobster exoskeleton powder, native 0 0.012
Spiny lobster exoskeleton powder, post-extraction 14 0.030

3.4. Exoskeleton Powder Chemical Composition

The native crustacean exoskeletons considered here were characterized through Ra-
man spectroscopy (Figure 3), FTIR (Figure 4), and XRD (Figure 5). In Raman spectra, calcite
is represented in all samples by the bands at 280-281, 713 and 1087 cm ! [40], and the
presence of monohydrocalcite in the spiny lobster exoskeleton (Figure 3c) is indicated by
the band at 1067 cm~! Monohydrocalcite is a CaCO3 polymorph not usually reported
in the 33s of living invertebrates; however, this phase has been observed to form in crab
exoskeleton stocks under certain environmental or storage conditions—possibly through
an abiotic process [29]. Another important compound detected in all powder samples was



Water 2023, 15, 2591 70f13

chitin, a natural polymer constituting the organic scaffold of exoskeletons, represented
by numerous wide bands in the 300-600 cm~! range and bands at 895, 953, 1162, 1203,
1264, 1325, 1374, 1451 and 1664 cm~! [41]. The oddly-shaped feature around 891 cm~!
in the spectra of the spiny lobster exoskeleton (Figure 3c) powder was presumably an
instrumental artefact promoted by the extreme fluorescence background signal arising
from the high organic content of the sample. The assignment of Raman bands following
the published literature is given in Table 2 to the greatest confidence level of detail.
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Figure 3. Raman spectra recorded from the (a) blue crab (Callinectes sapidus), (b) spider crab (Maja
squinado) and (c) spiny lobster (Palinurus elephas) exoskeleton powder. Excitation = 1064 nm. Spectra

are baseline-subtracted and normalized to the CO32~ band at 1087 cm L.

Table 2. Assignments for the main Raman bands according to references [40,41] recorded in the
native exoskeleton powder of the blue crab (Callinectes sapidus), the spider crab (Maja squinado) and
the spiny lobster (Palinurus elephas). MHC = monohydrocalcite.

Band Position/cm—1

Blue Crab Spider Crab Spiny Lobster Assignment
280 281 L (libration) CaCQOj3
300-600 300-600 300-600 chitin skeletal chains
713 713 V4(CO3%7) in-plane bending
892 895 897 chitin skeletal chain
951 953 953 Chitin
1003 protein trace
1069 01 symm(CO32~) MHC
1086 1087 1087 21 Symm(CO32*) calcite
1152 1152 1142 chitin
1204 chitin
1264 1261 1265 p(C-H) chitin
1325 1323 1325 0(C-H) chitin
1370 1374 1374 0(C-H) chitin
1455 1451 1451 p(C-H) chitin
1616 Chitin

1664 1659 1664 Amide I of chitin
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Figure 4. FTIR spectra recorded from the (a) blue crab (Callinectes sapidus), (b) spider crab (Maja

squinado) and (c) spiny lobster (Palinurus elephas) exoskeleton powder. Spectra are baseline-subtracted
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represent carbonate vibrational modes, while red-shaded Lorentzian bands represent organic matter

modes. Component (d) shows the relative organic matter content of the powder.
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squinado), and (c) spiny lobster (Palinurus elephas) exoskeleton powder. Spectra are baseline-subtracted.

Component (d) shows a zoom of the 25-33° 20 range from the spiny lobster patterns, where the
strongest reflection peaks for Mg-calcite and monohydrocalcite appear.
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In order to enable quantitative comparison, all spectra were normalized to the carbon-
ate stretching mode v; (CO327) at around 1087 cm~!. Difference curves were obtained by
the subtraction of the Raman spectra acquired from the native powder from those acquired
from the post-extraction powder under 1064 nm excitation. The negative band in the differ-
ence curve at 1071 cm~! indicates that the native blue crab (Figure 3a) stock considered
here may have contained smaller amounts of amorphous CaCO3 and monohydrocalcite
than reported earlier in similar samples [29], which was eliminated in post-extraction
exoskeleton fragments. The spider crab exoskeleton powder showed almost no difference
before and after carotenoid extraction (Figure 3b). In the spiny lobster, however, the abun-
dant monohydrocalcite from the native exoskeleton (v; band at 1069 cm~!) transitioned to
Mg-calcite (v; at 1087 cm 1) after acetone immersion (Figure 3c). According to the current
comparison method, the organic component of the spiny lobster exoskeleton also suffered
modifications, with negative peaks at 897 and 1445 cm ™!, but also positive peaks at 1265,
1326 and 1374 cm ™! indicating the removal of certain moieties in the first case and increases
in the chitin signal in the latter case.

The bulk Mg-calcite biomineral phase was revealed in all samples by the FTIR bands
at 686, 865 and 1399-1410 cm~! (Figure 4). The CO3%~ asymmetric stretching mode
was also observed at 1480-1492 cm ™! upon deconvolution of the complex feature in
the 12001800 cm 1 range (R2 > 0.994). The latter band, together with the feature at
567-570 cm ™!, confirmed the presence of monohydrocalcite [29]. Assignments of major
bands are given in Table 3 to the greatest confidence level of detail.

Table 3. Assignments for the main FTIR bands according to references [42—44] recorded in the native
exoskeleton powder of the blue crab (Callinectes sapidus), the spider crab (Maja squinado) and the
spiny lobster (Palinurus elephas). Band positions reported in a previous study from a mixed blue crab
and Mediterranean green crab (Carcinus aestuarii) from the south Adriatic Sea are also given [29].
MHC = monohydrocalcite, ACC = amorphous calcium carbonate.

Band Position/cm 1

Blue Crab Spider Crab Spiny Lobster Ogresta et al. [29] Assignment
582 569 561 576 MHC (lattice water)
707 714 696 700, 714 U4, (CO327) out-of-plane bending
873 873 866 864 vy asymm(COg,zf) calcite + HMC; §(C—H) chitin
1029 1029 1026 1026 C—O asym. stretch in the phase ring
1067 1067 1067 1068 v1(CO527) MHC; CH,CO stretch chitin
1149 1149 1149 1154 asym. bridge oxygen stretching
1405 1402 1399 1414 V3D asym((203,2*) calcite + MHC + ACC
1480 1482 1492 1472 Vasym (CO327) MHC
1670 1682 1682 1662 Amide I of chitin
2884 2881 2884 v(CHy3)
2957 2964 2960 Vsymm(CHp,3)
3096 3096 3096 v(CHy3)
3279 3282 3276 3272 v(NH) chitn v(O-H) MHC (structural water)
3487 3486 3480 3436 v(0O-H) MHC (structural water)

In a previous paper [29], we cross-validated FTIR as a rapid and comprehensive
method for the assessment of both biomineral and organic constituents of crab exoskeleton
powder from harvested exoskeleton waste originating from South Adriatic shore crustacean
capture. The relative fraction of organic matter within the exoskeleton powders was
determined here through the ratio of the v(CHj 3) feature at 2928-2947 cm~ !, representing
the overall organic matter, and the vasym(COg,Z_) at 1399-1410 cm ™1, following the method
from the above cited study—Rorg = IcH2,3/Icos. Hence, the native exoskeleton of the spider
crab contained the lowest fraction of organic matter, while this fraction was the highest in
the spiny lobster, according to the FTIR signal (Figure 4). Acetone immersion resulted in a
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reduction in organic matter fraction in all samples, resulting in a cca. 6.3 to 33% reduction
in Rorg in the post-extraction exoskeleton powders relative to the native ones.

X-ray diffraction also revealed Mg-calcite (reflection peaks at 23.21, 29.57, 36.27, 39.70,
43.57,47.9 and 48.92° 26; PDF 01-086-2335) and «-chitin (19.08-19.24° 26; PDF 00-0351974)
in the blue crab (Figure 5a) and the spider crab (Figure 5b) native and post-extraction
exoskeleton powders. This technique clearly revealed an increase in the characteristic
Mg-calcite reflection peak at 29.52° 20 and the concomitant disappearance of the monohy-
drocalcite peaks at 29.04 and 31.54° 26 (PDF 00-029-0306) in the spiny lobster post-extraction
exoskeleton powder compared to the native one (Figure 5c¢,d). The reflection peak at 25.31°
26 was assigned to aragonite by the PDF (2012) database (PDF 00-003-0405); however, it
is very unlikely that this CaCOj3 polymorph would be found in spiny lobsters in natural
conditions, and hence, we presume with caution that it was either an assignment error or
indeed that the aragonite formed due to specific treatment conditions.

4. Discussion

As shown by the results above, acetone immersion used for carotenoid extraction has
a magnification effect upon the surface area and pore volume in blue crab and the spider
crab exoskeleton powder. The carotenoid extraction step enhanced the overall valorization
potential for the exoskeletons within the blue bioeconomy. However, natural, ordered
exoskeleton porosity on the nanoscale has further implications; most notably, related
properties such as the exoskeleton powder’s adsorption capacity towards pollutants and
other materials and its natural photonic crystal structure.

Dotto et al. [45] have indicated several key features that constitute a great and sustain-
able adsorbent material for water treatments. Our crab exoskeleton waste adsorbent checks
off several of these traits, and hence holds potential for such an application. According to
the authors [31], the cost of adsorbent production accounts for up to 70% of total water
treatment costs. Adsorbent production from wasted exoskeletons could be advantageous
from an economic perspective, given that the nanoporous Mg-calcite biomineral with chitin
fibers is naturally pre-synthesized. The costs in this case refer to the logistics of exoskeleton
collection, washing and milling. Carotenoid extraction, owing to their value, should rather
be counted among the opportunities than among the costs.

Recently, Lazar et al. [13] demonstrated innovative recycling of blue crab exoskeleton
nanoporosity as a novel drug carrier for the anticancer drug 5-fluorouracil. The powder is
loaded with the drug and dried, while the cavities between the rough particles preserve
the 5-fluorouracil during pelleting and storage. A slow-release process is expected upon
dissipation of the pastille in the stomach of patients. In the respective study, native blue
crab exoskeleton powder was used, with a surface area of around 7 m? g~ 1.

The influence of porosity enhancement on the photonic properties of exoskeletons
may also be debated. Nekvapil et al. [10] has evidenced that the pores and canals, which
are ordered—both with respect to their consistent diameter and their spacing—are specific
to, and different among, the blue, red, and white exoskeletons of the blue crab exoskeleton.
An interesting topic for future work could comprise an examination of if the presented
manner of changing the porosity affects the exoskeleton’s photonic properties.

Another interesting approach for exploitation is using the carapace as a template
for nanostructured battery electrodes [46]. In the cited study, researchers coated the
nanoporous array with a thin layer of carbon, loaded the active substances (sulfur and
silicon), and finally dissolved away the CaCOj3; template. The increased inner surface
area of the nanocanals would be advantageous for the deposition of larger amounts of
active material, while the larger inner pore volume would be able to accommodate volume
changes in the active materials during charge and discharge [46].

Waste management and potable water pollution are one of the major current global
problems [22]. In order to divert any kind of waste 66s from landfill destinations, effective
alternative processing and valorization methods must be put in place. Here, we presented
a technological improvement in the quantitative characteristics of exoskeleton powder
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porosity, which may be applied for improved adsorbent production with added benefits
(extra valuable carotenoids [47] can be co-obtained). Further technical improvements in the
absorption capability and testing of biogenic exoskeleton powder in various environments
are underway by our team.

5. Conclusions

This study shows that the porosity of blue crab and spider crab exoskeleton powder
increases several-fold during carotenoid extraction in acetone. Spiny lobster exoskeletons,
however, show the lowest porosity values in the mesopore range, as measured by the BET
method. This enhancement of both surface area and pore volume could be due to the
co-extraction of lipids from the 66, liberating in this way the pores’ interior. Structural
characterization showed the transition of any monohydrocalcite that may have been present
in native exoskeleton to Mg-calcite in all tested crustacean species, while no notable change
in the signal of chitin was observed. The results on porosity may improve prospects for
the biomimetic valorization of waste crustacean exoskeletons as an adsorbent powder
and nature-derived nanotemplate. The recycling of these waste materials for adsorbent
preparation could be successfully employed for blue bioeconomy purposes due to their
unique physical properties and their rapid and low-cost processing.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15142591/s1, Figure S1: N, adsorption-desorption isotherms of
the native and post-extraction blue crab (Callinectes sapidus), spider crab (Maja squinado), and spiny
lobster (Palinurus elephas) exoskeleton powder.
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