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1 |  INTRODUCTION

Fish processing industry (FPI) produces large amounts of 
by-products every year, which can account for up to 75 wt% 
of the catch depending on postharvest or industrial prepara-
tion processes.1 The conversion of fish by-products such as 

heads, bones, skins, and viscera, into economically attractive 
products could contribute to a more sustainable FPI.1-4

In this domain, some of the most abundant by-prod-
ucts such as fish scales and bones, have an high content 
of mineral phase, mainly in the form of hydroxyapatite 
[Ca10(PO4)6(OH)2 – HAp].5 Due to its excellent biocom-
patibility with human tissue, HAp can be used to prepare 
calcium phosphate-based bioceramics which have been 
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Abstract
The conversion of food industry by-products to compounds with high added value 
is nowadays a significant topic, for social, environmental, and economic reasons. In 
this paper, calcium phosphate-based materials were obtained from black scabbard-
fish (Aphanopus carbo) bones and grey triggerfish (Balistes capriscus) skin, which 
are two of the most abundant fish by-products of Madeira Island. Different calci-
nation temperatures between 400 and 1000°C were employed. Materials obtained 
from calcination of bones of black scabbard fish were composed by homogeneous 
mixtures of hydroxyapatite (Ca10(PO4)6(OH)2, HAp) and β-tricalcium phosphate 
(β-Ca3(PO4)2, β-TCP). Because of the high biocompatibility of HAp and the good 
resorbability of β-TCP, these natural biphasic materials could be very relevant in 
the field of biomaterials, as bone grafts. The ratio between HAp and β-TCP in the 
biphasic compound was dependent on the calcination temperature. Differently, the 
material obtained from skin of grey triggerfish contained HAp 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 substitutes. In both 
cases, the increase of calcination temperature led to an increase in the particles size 
with a consequent decrease in their specific surface area. These results demonstrate 
that from the fish by-products of the most consumed fishes in Madeira Island it is 
possible to obtain bioceramic materials with tunable composition and particle mor-
phology, which could be promising materials for the biomedical field.
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extensively used in the biomedical field in the last 20 years 
as coating of metallic prostheses, as cement for bone and 
dental implant, and as massive three-dimensional bone 
substitutes.6-10 Biphasic mixtures of HAp and other cal-
cium phosphate crystal phases, such as tricalcium phos-
phate [Ca3(PO4)2 – TCP], have been widely used as bone 
grafts in virtue of their superior behavior in comparison 
to HAp alone in terms of tunable resorption, bioactivity, 
and intrinsic osteoinduction.6,11-13 Several methodologies 
for the preparation of synthetic HAp and TCP as well as 
their mixtures are reported in the literature.14-16 Most of the 
procedures to obtain HAp/TCP biphasic mixtures are based 
on the chemical reaction between calcium and phosphorous 
sources, followed by a thermal treatment of the synthesis 
product.6

The extraction of HAp/TCP biphasic mixtures from 
by-products of fishery industry (ie, fish bone) has been 
also recently investigated as a safer, cheaper, and simpler 
procedure. It was demonstrated that calcium phosphates 
obtained from natural sources, having a nonstoichiomet-
ric composition and a disordered nanostructure17 are more 
biocompatible2 and display a better metabolic activity with 
respect to stoichiometric ones.18,19 Furthermore, another 
advantage of biogenic calcium phosphates is that they may 
contain microelements such as magnesium or strontium, 
that were proved to have a stimulatory effect on bone for-
mation both in vitro and in vivo.20,21 The most common 
method for extracting calcium phosphate-based materials 
from fish by-products is the thermal calcination,6,12,22-25 
even if other methods such as alkaline22,26 and enzymatic 
hydrolysis27 can be used as well.

In the present study, solid-state mixtures of HAp and other 
calcium phosphate phases (ie, TCP and rhenanite [NaCaPO4 – 
Rhe]) were obtained by thermal calcination of grey triggerfish 
(Balistes Capriscus) skin and black scabbardfish (Aphanopus 
Carbo) bones at various temperatures. Both these species are 
among the most consumed fishes in Madeira Island, where 
the high quantities of their respective by-products have a sig-
nificant impact on the local environment and economy. As an 
example, in January 2017, black scabbardfish constituted the 
85.7% of the total fishing at Madeira Island for an amount of 
245 tons.28 Although grey triggerfish capture is less inten-
sive, it still is relevant in terms of by-products production. 
Morphological parts were selected based on the abundance of 
residues, while scabbardfish is sold as boneless fillets fresh 
or frozen, its thin fatty skin discarded, and grey triggerfish is 
sold whole with its thick harsh skin removed. In this paper, 
calcium phosphate bioceramics obtained from B capriscus 
skin and A carbo bones materials were characterized to eval-
uate the effect of calcination temperature on their chemical 
and crystallographic composition, particle size, and surface 
area. It was revealed that both materials have interesting 
properties for producing bioceramic materials for biomedical 

application due to the presence of osteoinductive components 
such as β-TCP, rhenanite, Mg2+, and Sr2+ ions. Furthermore, 
it was established that calcination temperature allows to con-
trol the properties of these materials. These data are very rel-
evant, since in the future it is intended to use these materials 
as scaffolds for osteogenic differentiation of mesenchymal 
stem cells.

2 |  MATERIALS AND METHODS

2.1 | Biological material

Black scabbardfish (SF) by-products were collected from 
a local market in Funchal (Madeira Island, Portugal). The 
bones were separated and washed under running water and 
manually scraped to remove adhering tissues. After grinding 
in a hand miller, bones were stored at −20°C for further use.

Grey triggerfish (TF) skin samples were obtained from 
specimen captured along the coast of Funchal. Immediately 
after capture, the skin was collected and stored in polyeth-
ylene bags at −20°C. Before being used for experiments, 
skin samples were washed under tap water and cut into small 
pieces. Commercial hydroxyapatite (for analysis, >95% pure, 
CAS Number 1306-06-5, MW 502.31  g  mol−1) was pur-
chased by ACROS Organics (Geel, Belgium).

2.2 | Isolation of HAp by thermal 
calcination

Bones and skin samples were thermally treated at 400, 600, 
800, and 1000°C to evaluate the impact of temperature on the 
extraction yield and on the properties of the obtained materi-
als. Heating was performed in air using a Nabertherm furnace 
(Germany), with a heating ramp of 15°C min−1 and with an 
annealing time of 4 hours. All the thermal treatments were 
performed in duplicates.

2.3 | Characterization of isolated HAp

Crystalline phases of the different samples were identi-
fied and quantified by Powder X-Ray Diffraction (PXRD; 
D8 Advance diffractometer, Bruker, Karlsruhe, Germany) 
equipped with a Lynx-eye position sensitive detector. PXRD 
pattern were recorded using CuKα radiation (λ = 1.54178 Å) 
generated at 40 kV and 40 mA, collecting in the 2θ range 
from 10° to 80° with a step size (2θ) of 0.02 and a counting 
time of 1 second. Quantitative evaluation of phase compo-
sitions was performed by full-profile Rietveld analysis of 
the PXRD diffractograms (TOPAS v. 5.0, Bruker AXS, 
Karlsruhe, Germany).29 Each crystalline phase composition 
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was refined using tabulated atomic coordinates,30-33 and 
symmetrized spherical harmonics were used to cope, phe-
nomenologically, with HAp anisotropic peak broadening 
effects due to the anisotropic crystal shape. The PXRD pat-
terns background were calculated as 11th order Chebychev 
function.

Fourier transform infrared spectra of the powders were 
collected in attenuated total reflectance mode (Perkin Elmer 
Spectrum Two FT-IR spectrometer coupled with a Zn/Se 
UATR accessory; PerkinElmer; Massachusetts, USA), over 
the range 400-4000 cm−1 with a resolution of 4 cm−1 by ac-
cumulation of 16 scans.

The amount of organic matter in the samples was deter-
mined as difference between the weight of the treated mate-
rials and the weight of the samples after thermal treatment at 
1100°C for 2 hours.

Quantification of Ca, P, Mg, Sr, and Na was carried out 
by inductively coupled plasma optical emission spectrome-
try (ICP-OES) (Agilent Technologies 5100 ICP-OES, Santa 
Clara, CA, USA). Samples were prepared by dissolving 
an aliquot of powder in a 1  wt% HNO3 solution. Atomic 
emission was measured at the following wavelengths: Ca 
422.673 nm, P 213.618 nm, Mg 279.553 nm, Sr 407.771 nm, 
Na 588.995 nm.

The three-dimensional topography analysis of the materi-
als obtained after calcination of TF skin at 800°C was evalu-
ated by scanning electron microscopy (SEM) (Phenom ProX 
Desktop SEM, Thermo Fisher Scientific, Waltham, MA, 
USA). The samples were deposited on copper tape, mounted 
on an aluminum SEM stub. Accelerating voltages between 
5 and 15 kV was used to observe the samples in secondary 
electron imaging mode. Randomly selected regions were re-
corded for each sample.

The morphology of the nano- and microcrystals deriving 
from the thermal treatment of bones and skin was evaluated 
by scanning electron microscopy with a field-emission mi-
croscope (FEG-SEM, mod. ΣIGMA, ZEISS NTS Gmbh, 
Oberkochen, Germany). The powdered samples were depos-
ited on a carbon tape mounted on an aluminum SEM stub and 
sputter-coated (Polaron E5100, Polaron Equipment, Watford, 
Hertfordshire, UK) with 10  nm of gold in order to provide 
electrical conductance. Accelerating voltages of 3  kV was 
used to observe the samples in secondary electron imaging 
mode. Randomly selected regions (minimum four) at magnifi-
cations of 10 000×, 25 000×, and 50 000× were recorded for 
each sample.

Specific surface area (SSA) of the powdered samples 
was measured through N2 gas adsorption modeled by the 
Brunauer–Emmett-Teller (BET) method.34 BET N2 gas ad-
sorption method was employed using a Surfer instrument 
(Thermo Fisher Scientific Inc, Waltham, MA, USA). Before 
measurement, samples were degassed at 100°C for 3 hours 
under vacuum.

3 |  RESULTS AND DISCUSSION

3.1 | Characterization of isolated HAp

HAp-based materials were obtained by thermal calcination, 
heating the fish by-products for 4 hours at four different tem-
peratures, namely 400, 600, 800 and 1000°C, with a heating 
slope of 15°C/min.

PXRD pattern of the samples isolated from TF skin at 
different temperatures are shown in Figure 1A. The pattern 
of the material obtained at 400°C is characterized by very 
broad and poorly defined diffraction peaks, that were in-
dexed as diffraction peaks of HAp (PDF card file 00-009-
0432), together with low-intensity peaks of halite (Hal, 
NaCl, PDF card file 00-005-0628). Multiphase Rietveld 
refinement revealed that the sample of TF skin treated at 
400°C was composed by ca. 95  wt% of poorly crystalline 
HAp and ca. 5 wt% of Hal. Also the samples obtained at 600 
and 800°C are characterized by HAp as the main crystalline 
phase and Hal as the secondary phase, together with traces 
of rhenanite (Rhe, NaCaPO4, PDF card file 00-029-1193) 
and β-TCP (PDF card file 00-009-0169), where the latter 
is present only in the sample treated at 600°C. The sam-
ple calcined at 1000°C consisted almost entirely of HAp, 
with small amounts of magnesium oxide (MgO) and cubic 
trisodium phosphate (γ-Na3PO4) (accounting together for 
less than 5 wt%). In a previous work, Piccirillo et al also 
studied the calcination of fish scales of sardine (Sardina 
pilchardus), reporting the presence of halite, whose amount 
decreased with the increase of calcination temperature.24 
A similar trend was reported for materials isolated from 
codfish (Gadus morhua) bones35 and, more recently, from 
hairtail (Trichiurus lepturus) bones.36 With the increase of 
calcination temperature, the HAp contained in the samples 
derived from TF skin displays more intense and sharper 
peaks. This reveals an increase of structural order and crystal 
growth upon increase of calcination temperature. In terms of 
crystallinity, TF skin samples treated at 600°C, 800°C and 
1000°C are very similar to a commercial hydroxyapatite ma-
terial, presenting narrow and well-defined peaks.

With the exception of the sample obtained at 400°C, 
the PXRD patterns of the samples derived from SF bones 
(Figure 1B) featured the presence of only HAp and β-TCP 
peaks. The β-TCP content increases with the increase of cal-
cination temperature, ranging from 17.5 wt% at 600°C to 
29.7 wt% at 800°C, and to 40.1 wt% at 1000°C. Also in this 
case, the samples of SF bones treated at 600°C, 800°C, and 
1000°C contained HAp with narrow and well-defined peaks, 
very similar to the commercial hydroxyapatite.

Piccirillo et al24 observed a similar trend with calci-
nation temperature on sardine bones by-products. The 
formation of biphasic materials of HAp/β-TCP through cal-
cination and sintering of fish bones by-products is widely 
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reported in the literature.6,12,35 This is due to the nonstoi-
chiometric nature of biogenic HAp, where the calcium de-
ficiency induces the formation of β-TCP phase that has a 
lower Ca/P ratio. Also Rhe can be formed by recrystalli-
zation of HAp grains (Ca-deficient, Na-riched).37 Rhe has 
been suggested to be a better osteogenesis enhancer than 
β-TCP.38 In fact, because of their high biocompatibily and 
bioactivity, Rhe formulations have already been commer-
cialized for orthopedic surgery proposes.39 In this respect, 
the presence of β-TCP and Rhe in these samples due to 
the nonstoichiometric composition of the starting material 
might be an advantage, since both secondary phases could 
enhance the biological response of the bioceramic product 
in comparison to a pure HAp product.

FT-IR spectra of commercial HAp and the samples ob-
tained by calcination of TF skin and SF bones are reported 
in Figure 2.

Bands at 471 cm−1, 562 cm−1, and 600 cm−1 were associ-
ated to double and triple degenerated bending modes of the 
O-P-O bonds of the phosphate group. The peak at around 

626 cm−1 was due to vibrational mode of hydroxyl groups 
of Hap.40 The weak band around 961  cm−1 was related to 
non-degenerated symmetric stretching mode of the P-O bond 
of the phosphate groups. The broad band in region 1025-
1032 cm−1 was associated to the triply degenerated asymmet-
ric stretching mode of the P-O bond of PO4 groups. The peaks 
in the region 1093-1047 cm−1 were due to PO4

3− stretching 
mode.12,26,27,40.Bending and stretching mode of carbonate 
ions were witnessed by the presence of small peaks at 870-
880 cm−1 and 1400-1500 cm−1,40 typical of biogenic HAp, 
that is naturally enriched with carbonate ions.12

Peaks at 947, 978 and 1119  cm−1 were detected in the 
samples of TF skin treated at 600°C and in those of SF bones 
treated at 600°C, 800°C, and 1000°C. These three peaks, 
marked by black arrows in Figure 2, are not present in com-
mercial HAp spectra and are characteristic of β-TCP40,41 in 
agreement with PXRD results.

After normalization of the spectra of SF derived samples 
on the main phosphate band (~1025 cm−1), it is clear that 
the intensity of peaks at 947, 978, and 1119 cm−1 increased 

F I G U R E  1  PXRD pattern of the 
samples obtained by calcination of (A) TF 
skin and (B) SF bones, together with the 
reference patterns of HAp (00-009-0432), 
β-TCP (00-009-0169), Hal (00-005-0628), 
and Rhe (00-029-1193)
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with the increase of calcination temperature (Figure  S1). 
This trend confirms the increase of β-TCP phase content 
with calcination temperature observed by PXRD (Table 1).

Table 2 shows the chemical composition of the calcined 
samples. The extraction yield (% w/w) of the materials ob-
tained from TF skin decreased with the increasing calcina-
tion temperature from 26.3 to 17.6 wt% (dry weight) for 400 
and 1000°C, respectively. The same trend was observed for 
materials obtained from the thermal treatment of SF bones, 
for which the extraction yields were 49.1% for calcination at 
400°C and 34.3% for calcination at 1000°C. The apparent de-
crease of extraction yield is due to the presence of organic 
matter residuals in 400°C samples (ca. 20-40 wt%), that in-
crease the weight of the final product. In all the samples, the 
most abundant elements were Ca and P, with a minor amount 
of Na, and traces of Mg and Sr The relative abundance of 
these elements increases with the increase of calcination tem-
perature proportionally to the decrease of the organic matter.

Samples obtained from the calcination of TF skin have 
a Ca/P molar ratio slightly lower than stoichiometric HAp 
(1.67). Biogenic HAp are commonly Ca -deficient, where 
foreign ions such as Mg2+ and Sr2+ partially replace Ca2+ in 
the HAp structure.42 This also occurs in the case of TF skin 
samples, since the (Ca + Mg + Sr)/P ratio was found to be 
very close to 1.67, indicating that Mg2+ and Sr2+ are present 
in the HAp structure of TF skin.

SF bone-derived samples have a (Ca  +  Mg  +  Sr)/P 
molar ratios significantly lower than 1.67, indicating that 
these materials have a different chemical composition with 
respect to those extracted from TF skin. Furthermore, the 
low (Ca + Mg + Sr)/P molar ratio of SF bones samples is 
in agreement with the formation with calcination of HAp/β-
TCP mixtures as described above.

Figure  3A shows the macroscopic appearance of the 
solids obtained after calcination of TF skin at 800°C. 
Interestingly, even after thermal treatment the sample 

F I G U R E  2  Fourier transform infrared spectra for commercial hydroxyapatite and the samples obtained by calcination of (A) TF skins, and (B) 
SF bones. Black arrows indicate the peaks of β-TCP

Calcination temperature 400°C 600°C 800°C 1000°C

TF skin

Hap 95.5 ± 0.2 86.2 ± 0.4 89.4 ± 0.3 95.8 ± 0.3

Hal 4.5 ± 0.2 4.1 ± 0.1 2.2 ± 0.1 —

β-TCP — 4.6 ± 0.2 — —

Rhe — 5.0 ± 0.3 8.4 ± 0.3 —

Other phases — — — 4.2 ± 0.3

SF bones

Hap 100.0 ± 0.0 82.5 ± 0.3 70.3 ± 0.3 59.9 ± 0.2

β-TCP — 17.5 ± 0.3 29.7 ± 0.3 40.1 ± 0.2

Abbreviations: Hal, halite; Hap, hydroxyapatite; Rhe, rhenaniteβ-TCP, β-tricalcium phosphate.

T A B L E  1  Quantification of crystalline 
phases (reported as wt. %) of samples 
obtained by calcination of TF skin and SF 
bones by multiphase Rietveld refinement
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presented the same structure of the pristine material, and 
was composed of individual scales with ca. 1 cm in length 
and ca. 0.4 cm in width. The inner face of the scales was 
completely smooth while the outer face had a rough re-
gion, with protuberances that give the skin a sandpaper-like 
texture, as observed by SEM microscopy and three-dimen-
sional topography analysis (Figure  3B,C). SEM three-di-
mensional topography analysis of the micrographs revealed 
that the protuberances were 100-360 µm high and were sep-
arated by a microporous structure (around 35 µm in diam-
eter) between them. To the best of our knowledge, it is the 
first time this unique microstructure is observed. Due to the 

thin microstructure of calcined scales, the materials could 
be easily reduced to powders.

Particle morphology of TF skin and SF bone-derived 
samples was analyzed by FEG-SEM microscopy (Figure 4). 
Micrographs were collected only on the powders treated at 
temperature above 600°C, because the samples treated at 
400°C were too rich of organic matter to clearly show the mor-
phology of inorganic particles (see Figure S2). Micrographs 
showed that for both the by-products, the increase of calcina-
tion temperature resulted in an increase of particles size as a 
consequence of growth of grains. In terms of size, the parti-
cles obtained from the calcination of SF bones were always 

T A B L E  2  ICP-OES data, organic matter content and extraction yield for samples obtained by calcination of TF skin and SF bones

Calcination temperature 400°C 600°C 800°C 1000°C

TF skin

Ca wt% 26.20 ± 0.70 37.20 ± 0.05 38.60 ± 0.40 38.70 ± 0.20

P wt% 12.30 ± 0.20 17.80 ± 0.20 18.30 ± 0.20 18.40 ± 0.20

Mg wt% 0.58 ± 0.05 0.73 ± 0.01 0.66 ± 0.01 0.76 ± 0.01

Sr wt% 0.13 ± 0.01 0.17 ± 0.01 0.17 ± 0.01 0.18 ± 0.01

Na wt% 2.19 ± 0.07 2.92 ± 0.06 2.24 ± 0.04 1.17 ± 0.01

Ca/P ratio 1.65 ± 0.03 1.62 ± 0.01 1.63 ± 0.01 1.62 ± 0.01

(Ca + Mg+Sr)/P ratio 1.72 ± 0.04 1.67 ± 0.01 1.68 ± 0.01 1.68 ± 0.01

Organic matter wt% 35.60 ± 0.50 6.66 ± 0.09 3.40 ± 0.05 0.15 ± 0.01

SF bones

Ca wt% 29.00 ± 0.80 37.80 ± 0.40 38.60 ± 0.40 38.70 ± 0.50

P wt% 15.30 ± 0.50 19.00 ± 0.20 19.40 ± 0.30 19.40 ± 0.20

Mg wt% 0.60 ± 0.02 0.76 ± 0.01 0.77 ± 0.01 0.78 ± 0.01

Sr wt% 0.14 ± 0.01 0.18 ± 0.01 0.18 ± 0.01 0.18 ± 0.01

Na wt% 1.14 ± 0.11 0.93 ± 0.01 0.99 ± 0.02 0.95 ± 0.00

Ca/P ratio 1.47 ± 0.01 1.54 ± 0.01 1.54 ± 0.01 1.54 ± 0.01

(Ca + Mg+Sr)/P ratio 1.52 ± 0.01 1.59 ± 0.01 1.59 ± 0.01 1.59 ± 0.01

Organic matter wt% 20.00 ± 0.20 3.86 ± 0.04 1.55 ± 0.02 0.78 ± 0.01

F I G U R E  3  A, Macroscopic appearance of the materials obtained by calcination of triggerfish skin at 800°C. B, SEM micrographs of the 
hydroxyapatite at magnification of 200×. C, 3D topographic analysis of the sample [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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smaller than those obtained from TF skin independently of 
calcination temperature.

The micrograph of the samples of TF skin treated at 600°C 
(Figure 4A and inset) shows that the sample is constituted of 
elongated, rod-like submicrometric HAp crystals, ca. 200-
400 nm in length and ca. 100 nm in width. With the increase 
of calcination temperature, the crystals considerably grow 
while preserving their rod-like morphology (Figure  4B,C). 
In the samples treated at 600 and 800°C it is evident that the 
crystalline rods have a hexagonal prism morphology, in agree-
ment with HAp hexagonal crystal symmetry. Micrograph of 
the samples of TF skin treated at 800°C also shows the pres-
ence of a secondary flower-like morphology (see arrows in 
Figure 4B), that was attributed to Rhe crystals.

Micrograph of the samples of SF bones treated at 600°C 
(Figure 4D and inset), on the other hand, shows that the sample 
is constituted by crystals of less than 100 nm in diameter that are 
smaller and more isotropic than those of TF skin. Also the crystals 
from SF bones grow in size with the increase of calcination tem-
perature, without changing their morphology (Figure 4D,E,F).

The increase of calcination temperature for both SF bones 
and TF skin samples resulted in a decrease of their specific 

surface area (SSA), as reported in Table 3 (nitrogen adsorp-
tion isotherms in Figure  S3). The powder obtained from 
the calcination of TF skin at 400°C presented a SSABET of 
110.42 m2 g-1, which decreased to 13.77, 2.45, and 2.10 m2 g-1 
for powders obtained at 600°C, 800°C, and 1000°C, respec-
tively. The same trend was observed for the samples of SF 
bones, for which the SSABET decreased from 133.47 m2 g-1 
(400°C) to 2.53 m2 g-1 (1000°C). The decrease of the SSABET 
is related to increase in the particle size, as shown by FEG-
SEM (Figure  4). A similar result was obtained by Jalota, 
Bhaduri and Tas 43 after calcination of biphasic materials 

F I G U R E  4   SEM micrographs (25 000× magnification) of powders obtained from TF skin and SF bones by calcination at 600, 800, and 
1000°C. Insets: high magnification (100 000× magnification) of samples calcined at 600°C with evidence for (A) rod-like and (D) isotropic 
morphology. Arrows indicate the flower-like Rhe crystals.

T A B L E  3  Specific surface area (BET method) of samples 
obtained by calcination of TF skin and SF bones

Calcination temperature

Specific surface area (m2 g−1)

TF skin SF bones

400°C 110.4 ± 11.0 133.5 ± 13.0

600°C 13.8 ± 1.4 31.0 ± 3.0

800°C 2.5 ± 0.2 4.8 ± 0.5

1000°C 2.1 ± 0.2 2.5 ± 0.3
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at different temperatures. Bernache-Assolant et al44 also es-
tablished a relation between the calcination temperature and 
the decrease of SSABET. In both studies, authors reported a 
surface area of around 30-35 m2 g−1 for powders calcined at 
600°C. In the case of samples obtained at 400°C, the much 
larger SSABET is ascribable to the HAp nanocrystalline struc-
ture and the formation of a large amount of porous charcoal 
(also referred to as bone char) due to the incomplete combus-
tion of the original organic matter in fish skin and bones.45

4 |  CONCLUSIONS

Calcium phosphate-based materials were successfully ob-
tained for the first time from the thermal treatment of grey 
triggerfish and black scabbardfish by-products. The isolated 
materials were found to possess different particles morpholo-
gies, chemical and crystallographic composition that varied 
with the nature of the by-products and calcination conditions. 
In particular, HAp-based materials were obtained from the 
thermal treatment of TF skin. In addition to HAp, Rhe was 
also detected in samples obtained from the thermal treatment 
of TF skin at 600°C and 800°C. Thermal treatment of SF 
bones, on the other hand, led to the production of biphasic 
(HAp/β-TCP) mixtures, where the temperature of calcination 
was proved to control the composition of the mixtures. The 
increase in calcination temperature led to an increase of parti-
cle size and a decrease in the specific surface area for the sam-
ples from both TF skin and SF bones. The presence of β-TCP 
and Rhe in HAp-based mixtures is particularly interesting for 
applications in the field of regenerative materials, because 
it may enhance osteogenesis process by affecting cell adhe-
sion and proliferation. In this respect, the reported materials 
could find interesting applications for the production of 3D 
biomedical scaffolds and as bone fillers. Furthermore, as the 
reported biomaterials were produced from FPI residues, this 
work constitutes an interesting example of circular economy 
involving the development of high added value compounds 
with financial and environmental advantages for a more sus-
tainable FPI.
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