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Abstract: The expansion of fisheries and aquaculture in recent decades has led to a substan-
tial increase in fish by-products. This study investigates the extraction and characterization
of calcium phosphates from the by-products of representative species in these industries,
aiming to identify potential sources for biotechnological and pharmaceutical applications.
Clean bones obtained by enzyme hydrolysis from the heads, central skeletons, and/or tails
of Atlantic horse mackerel, blue whiting, hake, mackerel, and farmed turbot were subjected
to calcination to obtain calcium phosphates. The clean bone content in terms of nitrogen,
lipids, organic matter, total protein, and amino acids was evaluated together with the chem-
ical bonds, structures, and elemental composition of calcium phosphates. Results indicated
a significantly higher yield of wet bone recovery (23%, p < 0.05) for the central skeleton of
Atlantic horse mackerel and the highest mineral fraction for the heads of Atlantic horse
mackerel (73.2%), followed by that of blue whiting (72.6%). Hake and turbot presented
the lowest mineral fractions and, therefore, the highest protein content (27-31%, p < 0.05),
with significant levels of collagen-related amino acids (p < 0.05). X-ray diffraction (XRD)
and Fourier-transform Raman spectroscopy (FT-Raman) confirmed the biphasic calcium
phosphate composition for most samples based on hydroxyapatite with contributions of
whitlockite / 3-tricalcium phosphate. The highest contribution to the non-apatite phase was
made by the central skeletons of both mackerel and Atlantic horse mackerel.

Keywords: fish discards; fish by-products; fish hydrolysate; calcium phosphates

1. Introduction

Based on the data from the Food and Agricultural Organization [1], total fisheries
and aquaculture production have undergone a significant increase in recent decades. This
growth has been driven by advances in fishing technologies and rapid developments in
aquaculture, culminating in a global fish production of 178 million tonnes in the year
2020. Consequently, the amount of fish waste has also experienced a dramatic increase
across the world, with large amounts of landed fish lost or their by-products discarded
between landing and human food processing and consumption (heads, viscera, fins, bones,
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and scales), resulting in economic and environmental concerns [1,2]. In this aspect, the
European Commission of Common Fisheries Policy (CFP) emphasizes the need to reduce
or prohibit discards to comply with the landing obligation, intensifying the urgency to
address fish waste management [2].

Traditionally, fish waste was often used for fishmeal and oil production with low prof-
itability, or it is simply discarded [2]. Exploring new avenues from these waste products
presents a potential opportunity to not only enhance their value but also reduce economic
losses and minimize environmental impact [1]. In this context, research efforts have been
intensified to build a circular bioeconomy that promotes sustainable practices in marine re-
source consumption and production through the reuse and recycling of this waste [2]. Fish
by-products and discards are increasingly receiving attention in the fields of biotechnologi-
cal and pharmaceutical applications as they provide a considerable and sustainable source
of high-value biocompounds, such as collagen, gelatin, glycosaminoglycans, hyaluronic
acids, calcium phosphates, etc., with significant potential in different fields [1,2].

The use of synthetic calcium phosphates mainly hydroxyapatite (HA) and/or
B-tricalcium phosphate (3-TCP) in biomedical applications is well known and widely
proven for bone regeneration purposes, providing biocompatible and osteoconductive
properties [3]. Additionally, calcium phosphates of biological origin have garnered signifi-
cant interest as bone substitutes, being the most used bovine sources due to their enhanced
composition with relevant elements for bone metabolism, providing an increased biological
activity, compared to synthetic alternatives [4]. Fish-derived calcium phosphates, such as
those from the discarded teeth of commercial shark species, have been already successfully
tested in vitro and in vivo for these purposes [5]. Moreover, the previous characterization
of calcium phosphates obtained from tuna spine [4] and from the mixture of the different
discarded parts of red scorpionfish, mackerel, and farmed salmon [6] indicated the biomed-
ical potential of these fish-derived sources. These promising findings highlight the need for
the in-depth evaluation of these fish-derived calcium phosphates from most commercial
fish species, the ones which generate higher volumes of by-products and discards, differ-
entiating the corresponding type and recovery yield of calcium phosphates for each body
part of these discarded fish.

Other biotechnological applications of calcium phosphates are related to the removal
of inorganic pollutants from aqueous solutions, such as heavy metal ions in wastew-
ater treatments. Within the calcium phosphate mineral family, hydroxyapatite (HA,
Cay9(PO4)s(OH);) has been extensively proven to present a high removal capacity for
divalent heavy metals from aqueous solutions, based on different immobilization processes
such as ion exchange or dissolution—precipitation. Hydroxyapatite, obtained from fish
scales and combined with polylactic acid to form 3D-printed filters, was proven to remove
cadmium and lead from an aqueous medium [7]. With the same purpose, Liu and collabo-
rators fabricated scaffolds from fish scales using a freeze-casting technique [8]. Moreover,
the efficient fluoride removal from geothermal waste through shell-derived HA was also
recently studied [9]. Calcium phosphates in the form of amorphous calcium phosphate
(ACP, Cag(POy)g) or apatitictricalcium phosphate (Cag(PO4)s(HPO4)OH), presenting a
higher water solubility and a lower stability in a wide pH range, have also been proven to
capture nickel, copper, and cobalt ions in solutions, with the concentrations of these metals
being significantly reduced [10]. In this aspect, the high availability and low cost of fish-
derived calcium phosphates are of exploratory interest for this application. Other potential
industrial applications are related to the calcium phosphates’ capability to withstand high
temperatures. In this regard, Ozyhar et al. [11] investigated the application of HA as a
fire-retardant additive in wood-based materials. Following a similar approach, Sane and
coauthors (2023) [12] proposed the use of HA for thermal energy storage purposes such
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as in concentrated solar power (CSP) plants or in units of heat recovery from industrial
waste heat sources. All these applications require some thermal treatment to remove all the
organic matter.

Finally, there are applications where the organic matter is not needed to be entirely
removed, as in the utilization of calcium phosphate-based materials as fertilizers and
biostimulants for plant growth. In this case, Carella et al. [13] proposed the partial and total
calcinations of fish bones from fishery by-products where the partial calcined samples were
composed of an organic part with bone collagen and fatty acids and an inorganic part of
very poorly crystalline hydroxyapatite; the total calcined samples had a negligible content
of organic matter and consisted of hydroxyapatite and -TCP. All of the samples, partial
and total, showed promising results in terms of seed germination, plant fertilization, and
corn coleoptile biostimulation. Other studies [14,15] have also confirmed the benefits of
enhancing soil nutrient content, controlling plant disease, eliminating unwanted plants,
and inhibiting parasite growth.

Therefore, the aim of this study was to extend the range of fish-derived calcium
phosphates available for these high-value applications. Five representative species from
the fishing and aquaculture industries, which are highly commercialized and consumed
and therefore are responsible for generating the highest volumes of by-products and waste,
were selected, i.e., the main discard-producing species from the fishery industry, including
(1) Atlantic horse mackerel (Scomber scombrus), (2) mackerel (Trachurus trachurus), and
(3) blue whiting (Micromesistius poutassou), as well as the by-products from the industrial
processing of (4) wild hake (Merluccius capensis/paradoxus) and (5) aquaculture turbot
(Scophthalmus maximus). The amounts of organic matter, nitrogen, total proteins, lipids, and
amino acids in clean bones are provided, along with the main chemical bonds (FT-Raman),
structures (X-ray diffraction), and elemental composition (X-ray fluorescence) of calcium
phosphates. The recovery yield of clean bones was calculated for each fish body part
(heads, central skeletons, and tails) together with the relative quantification of the types of
calcium phosphate.

2. Materials and Methods
2.1. Preparation of Raw Materials

The evaluated mineral fraction was obtained from the heads (He) and central skeletons
(cS) of Atlantic horse mackerel (AHM, Scomber scombrus), blue whiting (BW, Micromesistius
poutassou), hake (Ha, Merluccius capensis/paradoxus), and mackerel (Ma, Trachurus trachurus)
and the heads, central skeletons, and tails (Ta) of farmed turbot (Tu, Scophthalmus max-
imus). AHM, BW, and Ma by-products, from individuals discarded by Galician fishing
fleets (specimens with weights ranging from 100 to 300 g captured in the North Atlantic
Ocean) were supplied by Opromar (Marin, Spain). Ha wastes were obtained from the
on-board industrial filleting of hake by Nueva Pescanova S.L. (Vigo, Spain). The industrial
by-products of Tu generated from filleting activities were provided by Stolt Sea Farm
(Carnota, Spain). The fractions were separately obtained from the enzyme hydrolysis of
the corresponding by-products (heads, central skeletons including the skin, and tails) of
the mentioned species in a sustainable process aimed at the joint production of fish protein
hydrolysates (FPHs), oils, and minerals under the biorefinery concept [16]. Briefly, each fish
sample was homogenized by crushing and hydrolyzed by Novozym 37071 (Novozymes,
Nordisk, Bagsvaerd, Denmark) under the following conditions: 0.1% (v/w) of enzyme
concentration, 60 °C, pH 8.2, agitation of 250 rpm, solid/liquid ratio of (1:1), and 3 h of
hydrolysis. After proteolysis, the bones without muscle remains were separated from
the protein hydrolysates using filtration (250 um). These solids were dried in an oven
(80 °C/24 h), ground, and analyzed. Subsequently, they were calcined at 950 °C in a Car-



Clean Technol. 2025, 7, 32

40f 15

bolite CWF laboratory furnace (Carbolite Gero, Hope, Derbyshire, UK) at a heating rate
of 5 °C/min. Once the calcination temperature was reached, calcium phosphates were
isothermally kept inside the furnace for a period of 16 h, and then, they were cooled at
a rate of 5 °C/min before being removed from the furnace. The calcination conditions
used were optimized in previous studies [6,13] ensuring the removal of organic matter to
obtain the purest mineral fraction as calcium phosphates from other bio-derived sources.
The same calcination process was applied for all the discards and by-products in order to
facilitate the scaling-up of this calcium phosphate production. In Figure 1 and Table 1, the
examples of the material after the hydrolysis and calcination processes are shown, along
with the particle sizes obtained from the different mineral fractions after sieving. On the
other hand, the liquid hydrolysates together with their oils were subsequently processed
(using the centrifugation, decantation, and thermal inactivation stages) for the separate
production of oils and FPH. In this study, we mainly focus on the mineral fraction (bones).

He-Ma He-AHM He-Ha

Figure 1. Mineral fraction obtained after hydrolysis and calcination of heads (He) and central
skeletons (cS) of mackerel (Ma), Atlantic horse mackerel (AHM), and Hake (Ha).

Table 1. Particle size range (in percentage, %) obtained from the mineral fraction after hydrolysis
calcination and sieving.

Substrate >0.5 mm 0.5-0.25 mm 0.25-0.1 mm <0.1 mm
He-Ma 16.5 45.5 31.5 6.5
He-AHM 12.5 30.5 45.5 11.5
He-Ha 37 27.5 30 15
cS-Ma 12.8 36.2 40.4 10.6
cS-AHM 30.5 39 23.5 7
c¢S-Ha 26.3 30 33.1 10.6

2.2. Chemical Analysis

The proximal composition of the different dry skeletons was determined as fol-
lows: (1) the water (method 950.46), ash, and organic matter (method 900.2A) content
using gravimetry [17]; (2) the total nitrogen concentration using spectrophotometric mea-
surement, after Kjeldhal digestion and the subsequent ammonium reaction in an alkaline
medium [18]; (3) the total protein content was calculated as total nitrogen x 6.25 and
transformed to percentage versus dry weight; (4) the total lipid content utilizing Soxhlet
extraction with diethyl ether and gravimetric quantification [19]; and (5) the amino acid
profiles using the ninhydrin reaction, with an amino acid analyzer (Biochrom 30 series,
Biochrom Ltd., Cambridge, UK), following the method of [20].
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2.3. Structural and Physicochemical Characterization

The crystalline structure of the resulting calcium phosphates was analyzed by X-ray
diffraction (XRD) using a X'Pert Pro Panalytical diffractometer (Malvern Panalytical,
Malvern, UK). Monochromatic Cu-K« radiation (A = 1.5406 A) was employed and covered
a 20 range of 4-100° (CACTI, UVigo, Vigo, Spain). Furthermore, to identify the main molec-
ular vibrations and the relevant functional groups, Fourier-transform Raman spectroscopy
(FT-Raman) was conducted using a B&W Tek i-Raman-785S device (Metrohm, Herisau,
Switzerland), fitted with a maximum incident laser radiation of 340 mW and a BAC 100
Probe (785 nm). The measurements were carried out across the Raman shift range of
200-3200 cm ™1, achieving an overall resolution of 4 cm~ 1. The Raman spectra obtained
were corrected with a deconvoluted in the band area of 930-1000 cm~! and a parabolic base-
line using the MagicPlot Pro software. Finally, the elemental analysis of calcium phosphates
was performed using X-ray fluorescence (XRF, Siemens SRS3000, CACTI, UVigo) with a
certified reference material SARM 32- phosphate rock (Phalaborwa) prepared by MINTEK,
Republic of South Africa, with certified values for the following constituents: P,Os (39.96%),
CaO (54.44%), F (2.49%), CO; (1.61%), MgO (0.50%), SrO (0.52%), and Fe,O3 (0.14%).

2.4. Statistical Analyses

The one-way ANOVA test followed by means of Tukey test was applied to know the
existence of significant differences between samples using Statistica 8.0 (StatSoft, Tulsa, OK,
USA). Statistical significance was stablished at p < 0.05.

3. Results and Discussion
3.1. Production Yields and Proximal Composition of Skeleton Material

The yields of clean skeletons retrieved after the enzyme hydrolysis of fish substrates
are summarized in Table 2, expressed as the percentage of wet skeletons (Ys, % w/w) and
the percentage of dry skeletons processed at 80 °C/24 h (Y45, % w/w). Based on these
values, a higher amount of wet skeleton (Ys) was determined for the central skeleton
(including the skin) of Atlantic horse mackerel, c5-AHM, with a mean value of 23% w/w,
and being statistically significant (p < 0.05), followed by the blue whiting samples, cS-BW
and He-BW, with values of around 19% w/w. The lowest percentages in wet skeleton
corresponded to the head and central skeleton of hake (He-Ha, cS-Ha) and the tails of
turbot (Ta-Tu), with mean percentages around 13-15% w/w. Using a procedure similar to
that reported in a previous study, but by employing Alcalase as the commercial protease,
the mean percentage of wet skeletons from seabream and seabass was around 19-20%
w/w and 11-14% w/w, respectively [21]. However, the mean percentage of wet skeletons
from hydrolyzed salmonid heads and frames was between 9 and 12%, with lower values
than those of our study [22]. Such low values can only be due to the lower presence of
non-digested substrates (the bone fraction) in the wastes, since the degree of hydrolysis and
protein concentration of the hydrolysates obtained from all fish species were comparable.
When the yield of recovery of these materials after drying was determined (Table 1 as
Ygs, % w/w), the obtained data revealed similar values as the wet case (Yg): ¢S-AHM as
the highest and He-Ma and He-Ha as the lowest sources of dry bones. The greater loss
of mass in the mackerel, blue whiting, and hake samples is notable in comparison, for
example, with turbot, indicating the lower amount of wet organic matter present in the
waste collected after filtering the hydrolysates of this species. In general, a higher amount
of dry material was obtained from the central skeletons in compared to the heads (and
tails, Ta-Tu), although these differences were not statistically significant (p > 0.05). This
preponderance of the central skeletons over the heads, in terms of mass, seems to be innate
to the anatomical structure of fish since it has also been observed for species such as salmon,
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seabream, and seabass [21,22]. Unfortunately, a greater comparison cannot be made using
results from other authors because this type of information (on the mass balances of bones)
is unexplored in the literature.

Table 2. Yields of skeleton material.

Substrate Ys (%) Ygqs (%)
He-AHM 17.3 + 1.8 a1 73+092a1
S-AHM 23.0 + 3.1 b2 9.7 + 1.0 <2
He-BW 19.0 + 3.1 b1 87 +1.42acl
cS-BW 19.1 + 4.6 b1 71+1.021
He-Ma 152 + 1.324d1 4.4+ 0.6 b1
cS-Ma 16.2 + 1.9l 54 + 0.6 241
He-Tu 16.3 + 0.7 a1 84 +1.02¢c!
cS-Tu 16.1 + 3.3 21 9.5+ 1.4 ¢l
Ta-Tu 12.9 + 2.9 241 6.6 +0.924d2
He-Ha 13.0 £ 12491 4.6 4+ 0.2 b1
¢S-Ha 14.8 + 1.3 241 48 +0.6°1

Y;: percentage of wet skeletons. Y4s: percentage of dry skeleton subjected to 80 °C for 24 h. The data are presented
as % (w/w) or g/100 g of waste substrate. Errors represent the confidence intervals for # = 3 (three independent
batches), with « = 0.05. Different superscript letters in each row indicate statistically significant differences
between all samples (p < 0.05). Different superscript numbers in each row denote significant differences between
samples from different species (p < 0.05).

In Table 3, the proximal composition of the multiple bones is compiled. Moisture,
although with slight and significant differences in some samples, was always lower than
5%. The ash content was higher than 62% for all samples, with the heads of Atlantic
horse mackerel and blue whiting (He-AHM, He-BW) contributing the most to the mineral
fraction. The organic matter in fish skeletons was around 29-34%, except in BW (24-26%)
and He-AHM (24%). The presence of fat covering the skeletons was close to 10%, with
the low levels of unhydrolyzed organic material making a significant contribution, in dry
fish skeletons separated from AHM and Ma protein hydrolysates. The lipid content in
Ha, BW, and Ta-Tu fractions was low and lesser than 4.3%. The protein concentration
(27-31% w/w) was the highest (p < 0.05) in hake and turbot skeletons. In general, the
protein levels found in our study were lower than those reported for deep-sea redfish
and sardine bones [23]. Nevertheless, all samples evaluated in this study could have
an interesting chemical composition for their potential use as fertilizers. In a previous
study [13], the bones of sardine, presenting similar OM content when processed in the
range of 300-900 °C, demonstrated an improved capacity for plant biostimulation.

The presence of collagen in dry skeletons was assessed based on the content of the most
relevant amino acids (glycine, proline, and hydroxyproline) that make up such a protein
(Table 4). The highest percentage of these amino acids was observed in the tails of turbot
(38.1% of Gly+Pro+OHPro) and the central skeletons of hake (36.5%). This value was
significantly lower (p < 0.05) than 31%, which is the value of the bones of AHM. The
percentages of essential amino acids were very close for most samples (around 32-33%),
except in samples with a higher content of collagen-related amino acids (Ta-Tu and c¢S-Ha),
in which the ratio was lower than 30.5%. Different skeleton-autoclaving procedures were
performed to extract collagen from bones [24], but the yields of collagen/gelatin recovery
were lower than 0.1% w of collagen/w of dry bone. These outputs restrict the potential use
of bones for this bioproduction in a sustainable and profitable way.
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Table 3. Proximal composition of various skeletons, determined on a dry weight basis.

Skeletons Mo (%) Ash (%) OM (%) Lip (%) Pr-tN (%)
He-AHM 2.6+021 73.2 4+ 0.9 21 242 40821 9.3 4 (0.4 241 14.9 + 0.9 21
cS-AHM 43+02b1 65.2 + 0.6 b2 30.5 + 0.8 b2 8.8+ 073! 21.7 £ 1.2bcl
He-BW 33+0.7¢1 72.6 + 0.5 21 24.1+0.821 4340401 19.8 +1.0b1
cS-BW 3.7 + 0.6 bel 702 4+ 0.7 <2 26.1 + 0.4 <2 2.6 +0.62 23.5+ 0.8 <2
He-Ma 334071 63.2 +1.24d1 33.5 + 0.7 del 104 + 0.6 91 23.1+09¢1
cS-Ma 4.8 4+ 0.9bc2 62.4 + 0.7 91 32.8 + 0.4 91 9.5+ 0.5 241 233+ 0.7 ¢
He-Tu 2340521 64.5 + 0.6 bd1 33.2 + 0.8 del 6.1 +0.4¢! 271+ 1291
cS-Tu 3440392 62.2 +0.792 34.4 +0.5¢1 7.5+ 0.6 2 26.9 + 0.9 91
Ta-Tu 3.0+ 0.22b2 65.2 +£0.9b1 31.8 + 0.7 bd2 1.2 +0.383 30.6 + 1.3 ¢2
He-Ha 2.9+ (0.2ab1 67.3 + 0.2 &1 29.8 +0.3b1 1.6+ 0281 28.0 + 0.6 91
cS-Ha 3.7 £05be2 67.0 + 0.2 &1 29.3 4 (.7 b1 1.6 +0.181 27.5 + 0.4 91

Mo: moisture. Ash: ash. OM: organic matter. Lip: total lipids. Pr-tN: total protein. All values are expressed as %
(w/w) or g/100 g of skeleton. The errors represent the confidence intervals for n = 3 (three independent batches
analyzed in triplicate) with « = 0.05. Distinct superscript letters in each row indicate statistically significant
differences across all samples (p < 0.05). Different superscript numbers in each row mean significant differences

between samples from different species (p < 0.05).

Table 4. Amino acids composition for each dry fish skeletons.

Skeletons TEAA/TAA (%)  Gly (%) Pro (%) OHPro (%)
He-AHM 32.7 4+ (.7 ab1 155+ 0.7ab1 87+ 0421 6.3 + 0.4 b1
c¢S-AHM 329+ 1.12ab1 159 + 1.2abcl 79 +(3b2 6.0+ 0.121
He-BW 32.6+0.121 15.0 £ 0.3 a1 8.4 + 0.9 b1 6.0+ 0.121
cS-BW 32.0+ 1.1ab1 16.5 + 0.4 b2 8.5+ 0.02! 6.4 +0.22b2
He-Ma 327+ 0421 16.0 +1.13P1 79+ 52b1 6.7 + 0.3 01
cS-Ma 31.8 + 0.9 b1 184+ 1441 83+0.121 6.8 + 0.2 01
He-Tu 31.3+0.7b1 18.6 £ 0.6 <1 8.8+ 0421 7.0 + 0.3 bd1
cS-Tu 32.4 + 0.6 2b1 17.7 + 0541 96+ 0242 7.0 £+ 0.2 bd1
Ta-Tu 28.5+ 0.1 2 20.6 + 0.7 2 95+0.2¢2 8.0 +0.12
He-Ha 31.4 +0.301 17.6 + 0.1 41 9.1+ 0.32c! 7.4 +0.291
cS-Ha 30.4 £+ 0.292 19.0 + 0.3 <2 10.0 £ 0.292 7.5+ 0291

The ratio of total essential amino acids (TEAA) to total amino acids (TAA), as well the percentage of glycine (Gly),
proline (Pro) and hydroxyproline (OHPro) relative to the total amino acids in each dry fish skeleton, are presented.
Distinct superscript letters in each row indicate statistically significant differences across all samples (p < 0.05).
Different superscript numbers in each row represent significant differences between samples from each species
(p <0.05).

3.2. Structural and Physicochemical Characterization of Purified Calcium Phosphates

The crystalline structure and main functional groups of the corresponding calcium
phosphates obtained after the controlled calcination of the different skeletons were eval-
uated using XRD. Figure 2a shows the diffraction patterns obtained for all the calcium
phosphates in the general range. First, the presence of intense and sharp peaks attributed
to the calcium phosphate structure can be observed with the more intense peaks obtained
for the expected positions in the range of 30-35°, amplified for representative samples
in Figure 2b, where calcium phosphates diffract more intensely. Moreover, differences
are clearly observed when the patterns obtained for samples are compared, i.e., He-Tu
and ¢S-BW showed low intense and wide bands in the area of interest that correspond
to amorphous calcium phosphates, while the remaining samples showed intense sharp
bands that correspond to crystalline calcium phosphates. Based on the attributions, the
typical reflections located at 25.86, 31.76, 32.18, 32.91, 34.05, 39.80, 46.69, 49.47, and 52.07°
correspond to the crystal planes (0,0,2), (1,2,1), (1,1,2), (3,0,0), (2,0,2) (3,1,0), (2,2,2), (1,2,3),
and (4,0,2) of the apatite phase, i.e., hydroxyapatite (HA), Cas(PO4)3(OH) [25]. Moreover,
most of the diffraction patterns revealed other peaks at positions 27.94, 31.22, and 34.54°
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that can be attributed to the crystal planes (2,1,4), (0,2,10), and (2,2,0) of the non-apatite
phase, i.e., whitlockite/ 3-tricalcium phosphate (TCP), Ca3(POy4); [26,27]. Finally, additional
highly intense diffraction peaks at positions 37.30 and 53.79°, attributed to CaO crystals,
can be observed in some samples.

(a) apatitic: HA  non-apatitic: whitlockite/oTCP  CaO

L 4 37.30

' h ’ < 53.79

I He-Ma
I S, _uJ' WM e AnAran N {He-BW

ww cS-Ha

M._AJLW_MQAWWMWMM_, cS-AHM

~4~—~——A—~JUL»‘J: LJUL*JWL—MMMMMMMN He-Ha
; He-AHM

27.94\31 -22:5‘ ” :’34.54
L . Ta-Tu

Intensity (arbitr. units)

25.86 ? 39.80 46.69 49.47 5207
; | 52
I cS-Tu

[ - cS-BW
: Iﬁ{:“_?::l ; : . : He-Tu

20 25 30 35 40 45 50 55 60
Position (2 Theta)

(b) apatitic: HA  non-apatitic: whitlockite/bTCP

31.16 32.59 34.49
A

Intensity (arbitr. units)

30 31 32 33 34 35
Position (2 Theta)
Figure 2. X-ray diffraction patterns obtained for all the calcium phosphates in the general range (a)

and in detail in the region where the most relevant peaks diffract (30-35°) for several representative
samples (b).

The diffraction patterns in the region 30-35°, presented in Figure 2b, for c5-Ma, He-
AHM, Ta-Tu, and ¢S-Tu, confirmed the major composition of HA crystals for the central
skeleton of turbot, cS-Tu, and the additional contribution of the non-apatite crystal planes
for ¢S-Ma, He-AHM, and Ta-Tu. According to the literature [26,27], the crystalline struc-
ture for a pure (100%) non-apatite phase such as 3-TCP Caz(POy); or whitlockite CagMg
(PO3OH)(POy) presents typical reflections located at 31.0°, 32.4°, and 34.4°, corresponding
to the (0,2,10), (1,2,8), and (2,2,0) diffraction planes. The presence of both apatite and
non-apatite contributions for the diffraction patterns of He-Ma, cS-Ma, He-BW, He-Ha,
cS-Ha, ¢S-AHM, He-AHM, and Ta-Tu confirmed their biphasic composition. These results
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comply with those of previous studies [28], where the biphasic calcium phosphate particles
with 41% wt. HA and 59% wt. of 3-TCP, calcined in the same temperature range, presented
diffraction peaks at 25.86° and 31.82° attributed to the crystal planes (0,0,2) and (1,2,1) of
HA and at 27.78° and 34.45° attributed to the crystal planes (2,1,4) and (2,2,0) of 3-TCP.
Finally, the calcium phosphates obtained from He-Ma and He-BW presented additional
high-intensity diffraction peaks at positions 37.30 and 53.79° attributed to CaO crystals.
The diffraction peak at 53.79° was also slightly detected for other samples such as c¢S-Ha
and He-Ha.

To complement these results, the main functional groups of these purified calcium
phosphates were evaluated using FT-Raman to obtain the fingerprint region (300-1100 cm 1),
where significant inorganic molecular vibrations are observed (Figure 3a). Thus, the Raman
spectra exhibit the main vibration modes associated with PO43~ groups, with the bands in
the range of 400-485 cm ! and 570-620 cm ™! attributed to the symmetric bending (v;) and
asymmetric bending (v4) of PO43~ group, respectively, the intense band at 930-990 cm !
attributed to the symmetric stretching (v1) of PO4>~ group, and the less intense peaks
centered at 1029, 1047, and 1077 cm ™! attributed to the asymmetric stretching (v3) of PO43~
group [27,29-33]. However, differences were detected between the obtained Raman spectra
when they were assessed in detail, in accordance with the XRD results; for instance, in the
900-1000 cm ™! region associated with the main vibrations of PO43~ groups, i.e., symmetric
stretching (v1), the spectra of ¢S-Ma, cS-AHM, He-AHM, and ¢S-Ha clearly present a double
band with peaks at 958-962 cm~! and 975 cm~!, while the spectra of He-Tu and cS-BW
show a single wide band at around 960 cm~!. Therefore, the fact that all the Raman spectra
show the main vibration mode related with the symmetric stretching (v1) of PO4>~ groups
of calcium phosphates with an intense band in the range 930-990 cm !, together with
the presence of most bands of symmetric bending (v;), asymmetric bending (v4), and
asymmetric stretching (v3), confirms the calcium phosphate composition of all samples;
however, the mentioned differences found pertaining to the double or single band in the
characteristic region of 900-1000 cm ! support the XRD results, indicating the presence of
different phases of calcium phosphates.

The Raman spectra in the region of 920-1020 cm ! is presented in detail in Figure 3b
for several representative samples, such as ¢S-Ma, ¢S-AHM, He-AHM, c5-Ha, He-Ma, and
He-Ha, indicating a double band at 958 cm~ 1 and 973-975 cm™! for ¢S-Ma and ¢S-AHM, at
960-962 cm ™! and 973-975 cm ™! for He-AHM and cS-Ha, and at 962 cm ™! with a weak
band or shoulder at 975 cm~! for He-Ma and He-Ha. It is proven in the literature that
one vibrational band located at 962 cm ! is attributed to the symmetric stretching (v1) of
PO,3~ groups of HA crystals [27,31,32]. It is also demonstrated that a wide band compose
of two independent vibrations situated at 948 cm~! and 970 cm ™! are both assigned to
the symmetric stretching (v1) of PO43~ groups of pure non-apatite whitlockite/3-TCP
structures [27,32-34]. Moreover, bands situated at 956 cm ™! and in the range 958-968
are attributed to HA and whitlockite/3-TCP structures, respectively [27]. The presence
(Figure 3b) of a band at 973-975 cm~! confirmed the presence of whitlockite/B-TCP
structures and a band at 958-962 cm~! confirmed the presence of HA structures in the
samples evaluated in this study. Moreover, the fact that the peak at 962 cm~! in He-Ha and
He-Ma shifts gradually to lower numbers, up to 958 cm~! in ¢S-Ma and cS-AHM, with
an increase, at the same time, in the relative Raman intensity of the band 973-975 cm~!

for the latter, would indicate a gradual increase in the non-apatite contribution of ¢cS-Ma
and cS-AHM.
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Figure 3. FT-Raman spectra obtained for all the calcium phosphates in the fingerprint region
(300-1100 cm™1) (a) in detail in the region 920-1020 cem ! for several representative samples (b)
and deconvolution of the FT-Raman double band with peaks at 958 and 973 cm~! obtained for the
central skeleton of mackerel, cS-Ma (c).

To confirm the presence of the peak at a position around 948 cm~! is due to the
non-apatite phase, the deconvolution of the double FT-Raman band is presented for the
cS-Ma in Figure 3c. Accordingly, four bands situated around 951, 958, 964, and 973 cm ™!
contribute to these double bands, where the bands situated at 951 and 973 cm ™! correspond
to the non-apatite BTCP contribution. The presence of the band at 951 explains the shift in
the main peak from higher to lower positions, from 962 to 958 cm~!, in the samples with
the highest contribution.

Finally, a quantitative analysis using FT-Raman was carried out to confirm the ten-
dency observed in the spectra for the higher and lower contributions of the non-apatite
BTCP/whitlockite phase for the different calcium phosphates that were evaluated. The
relative ratios established with the Raman intensities at 962 cm ™! in relation to 975 cm !
and at 975 cm ! in relation to 591 cm ™~ are shown in Table 5 for ¢S-Ma, ¢S-AHM, He-AHM,
cS-Ha, He-Ma, and He-Ha. The obtained ratios would confirm a higher relative contribu-
tion of p-TCP/whitlockite for c5-Ma and ¢S-AHM, a lower contribution for He-Ma and
He-Ha, and an intermediate contribution for He-AHM and c¢S-Ha.

A comparison of the FT-Raman spectra for the calcium phosphates obtained from
the same anatomic region, i.e., the head, for all sources is shown in Figure 4. These
representation helps to infer that the obtained calcium phosphate structure does not depend
on the anatomic region; therefore, a wide range of compositions from HA to increasing
gradual contributions of non-apatite FTCP can be easily obtained from, for instance, the
waste obtained from the heads of commercial fish species.
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Table 5. Raman intensities and corresponding ratios.
Calcium Raman Intensity =~ Raman Intensity Raman Intensity
aa at 591 cm 1 at 962 cm 1 at 975 cm 1 975:591 Ratio  962:975 Ratio
Phosphates
(cps) (cps) (cps)

cS-Ma 7100.98 40,481.22 27,744.58 3.9 1.5
c¢S-AHM 4238.03 18,927 .44 15,811.22 3.7 1.2
He-AHM 10,243.78 62,593.50 22,773.47 22 2.8
cS-Ha 6381.06 36,131.13 12,901.20 2.0 2.8
He-Ma 8849.57 61,284.76 10,128.05 1.1 6.1
He-Ha 8212.10 43,140.67 9362.64 1.1 4.6

Raman intensities and corresponding ratios between the peak characteristic of the presence of non-apatite
structures (975 cm~1) and reference peaks (962 cm~1, and 591 ecm 1) for the calcium phosphates obtained from
cS-Ma, cS-AHM, He-AHM, ¢S-Ha, He-Ma, and He-Ha.
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Figure 4. FI-Raman spectra for the calcium phosphate obtained from the head of all fish sources evaluated.

The elemental composition of calcium phosphates was also evaluated using XRF and
is presented in Table 6 as certified wt.% per element. All samples have Ca and P as major
elements, followed by Mg. The presence of other elements such as Na, K, S, Cl, and Si
was also identified, though in significantly lower amounts and not precisely measured
(uncertified values). The Ca/P ratios ranged from 1.83, for ¢S-Ma, to 3.28 and 3.39, for
He-BW and He-Ma. It is known that, for biphasic CaP or pure hydroxyapatite, the CaP
ratio should be in the range of 1.5-1.67 [35]. The highest values obtained for He-BW and
He-Ma are associated with the additional presence of CaO in the structure, as already
indicated in Figure 1. The remaining samples present Ca/P ratios higher than expected,
and this could be explained by the presence of CaO, although it makes a lower contribution,
as observed for ¢S-Ha, ¢S-AHM, He-Ha, c5-Ma, and He-AHM in Figure 2a. All samples
contain Mg, even the samples without a crystal structure (cS-BW and He-Tu) and the ones
in which pure hydroxyapatite is detected (cS-Tu). This indicates that Mg is present in all
samples; however, it is not always incorporated in their crystal structure as the non-apatite
phase (whitlockite).
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Table 6. Elemental composition of alcium phosphates (wt. %) by X-ray fluorescence.

Calcium Phosphates Ca £ 0.86 (wt.%) P £ 0.15 (wt.%) Mg + 0.03 (wt.%)

¢S-Ma 36.89 20.17 1.05
Ta-Tu 37.86 19.83 1.19
cS-Tu 38.15 19.08 0.80
cS-BW 33.34 16.28 0.86
He-AHM 25.06 12.21 0.27
¢S-AHM 23.75 11.57 0.33
c¢S-Ha 23.87 11.25 0.26
He-Tu 33.07 14.27 0.49
He-Ha 26.08 10.29 0.22
He-BW 44.68 13.63 0.59
He-Ma 44.74 13.21 0.75

This study evaluates a wide range of fish-derived calcium phosphates obtained from
five representative species of the fishing and aquaculture industries that are highly commer-
cialized and consumed, thus generating high volumes of wastes that ensure the availability
of raw materials. The results indicated that a variety of calcium phosphates can be obtained
even within the same species for different wasted parts (heads, central skeletons, tails),
as can be seen in the summary provided in Table 7. It is observed that, based on the
source of the discard and the species, calcium phosphate is present in different crystalline
structures: monophasic (apatite or non-apatite) structure and biphasic (mixture of both)
or amorphous calcium phosphate, and as in the case of farmed turbot, where biphasic
HA-whitlockite/3-TCP was obtained from the tails, pure hydroxyapatite from the central
skeletons, and amorphous calcium phosphate from the heads. As reported by Duta and
collaborators in their review [36], various biphasic calcium phosphate materials have been
produced from by-products of other fish, such as bones from red scorpionfish (Scorpaena
scrofa) and salmon (Salmo salar) where HA was the predominant component of the resulting
powders, with minor amounts of (3-tricalcium phosphate detected [6]. Similarly, a molar
ratio of 75:25 (HA: 3-TCP) was found in codfish bones [37]. Conversely, calcium phos-
phates obtained from sardine scales exhibited a similar composition but with a higher
-TCP content (54.2% of HA and 45.8% of 3-TCP (wt%)) [38]. Ideia et al. reported similar
results, finding that black scabbard fish bones consisted of homogeneous mixtures of hy-
droxyapatite and 3-tricalcium phosphate (60% of HA and 40.1 of 3-TCP) after calcination
at 1000 °C, whereas the skin from grey triggerfish (Balistes capriscus) contained HA as
the main phase, together with small amounts of other mineral phases, such as halite and
rhenanite, which are known to enhance osteogenesis when used as bone substitute [39].
Other studies have also extracted pure HA from other species and parts, such as tilapia
fish scales or the jaws of Prionace glauca shark for lead ion removal and bone regeneration
purposes [5,8]. Furthermore, the yields of clean bone recovery in this study were also
acquired from each discarded part of the fish body to estimate the potential profitability
of calcium phosphate sources for each of these parts. By considering the percentage of
wet clean bones that were obtained (% (w/w) or g/100 g of waste) using direct extraction
with the hydrolysis and filtration process, this percentage was over 10% for all samples,
with the central skeleton of Atlantic horse mackerel (cS-AHM) being the discard that
provided the highest fraction of clean bones (p < 0.05), around 23 g per each 100 g of
waste substrate (Table 1), followed by the discards from blue whiting (cS-BW, He-BW). The
calcium phosphates obtained from these discards present different compositions, being
biphasic HA-whitlockite/3-TCP for cS-AHM, with a high contribution of the non-apatite
phase (Raman ratios, Table 4), amorphous calcium phosphate for ¢S-BW, and biphasic
composition with the contribution of CaO crystals for He-BW. On the other hand, the
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lowest yield recovery percentages for wet clean bones corresponded to the heads and
central skeletons of hake (He-Ha, cS-Ha) and the tails of turbot (Ta-Tu), with mean yield
recovery percentages of around 13-15% w/w. These species presented the highest protein
content (27-31%, p < 0.05) recovery, with significant levels of collagen-related amino acids
(p < 0.05). The calcium phosphates obtained for three species corresponded to biphasic
HA-whitlockite/3-TCP, with cS-Ha being one of the highest contributors of the non-apatite
phase (Table 5). In general terms, this study demonstrates the feasibility of easily obtaining
a wide range of compositions based on calcium phosphates by harnessing underutilized
resources, to develop interesting solutions for high-value-added applications such as bone
tissue regeneration, by combining the different phases of calcium phosphate to achieve the
optimal balance in stability /resorbability, biotechnological applications (especially for HA
source) in filters, fire-retardant additives, and thermal storage purposes; for all calcium
phosphate phases that can be used as fertilizers and biostimulants, an interesting point is
that these application do not require the total calcination of samples.

Table 7. Type of calcium phosphate presented in the different skeletons.

Calcium Phosphate Structure Skeletons

He-AHM
cS-AHM
cS-Ma
Ta-Tu
He-Ha
cS-Ha

He-BW
He-Ma

cS-BW
He-Tu

Hydroxyapatite and Whitlockite/3-TCP

Hydroxyapatite and Whitlockite/3-TCP + CaO crystals

Amorphous calcium phosphate

Hydroxyapatite cS-Tu

4. Conclusions

The extraction and characterization analyses of the calcium phosphates obtained
from the heads, central skeletons, and tails of Atlantic horse mackerel, mackerel, blue
whiting, wild hake, and aquaculture turbot proved their use as sources of amorphous
calcium phosphate, pure hydroxyapatite, and biphasic hydroxyapatite—-whitlockite/(3-TCP,
contributing differently to the non-apatite phase according to the by-product or discard
used. The evaluation of the production yield of recovery inferred that the central skeleton
of Atlantic horse mackerel (23.0 + 3.1%, with a significantly higher p-value, p < 0.05) and
both the central skeleton and head of blue whiting were the samples with the highest
mineral fraction. These two species provide biphasic HA-whitlockite/3-TCP along with
CaO crystals in some cases and amorphous calcium phosphate. Farmed turbot provides
the widest range of calcium phosphates: hydroxyapatite from the central skeleton, biphasic
HA-whitlockite/3-TCP from the tail, and amorphous calcium phosphate from the head.
According to the proposed Raman ratios, the biphasic calcium phosphates with the highest
non-apatite contributions were obtained from the central skeletons of mackerel and Atlantic
horse mackerel, and those with the lowest (purer hydroxyapatite) non-apatite contributions
were obtained from the heads of mackerel and hake. Ongoing studies are investigating the
valorization of these calcium phosphates to explore their potential applications in various
fields, such as bone tissue regeneration. Thus, technoeconomic and environmental analyses
are needed to evaluate the effectiveness and scalability of large-scale implementation of
these calcium phosphates.
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