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INTRODUCTION

Fish is a widely consumed food worldwide because it 
is an important source of proteins, and vitamins, tasty and 
healthy for human consumption [1]. Brazil has a relevant 
fish processing industry distributed in all its geographic 
regions, with great economic and social repercussions. In 
2022, Brazil produced about 860,355 tons of fish, 63.93% 
corresponding to Nile tilapia (Oreochromis niloticus) [2]. 
However, the filleting process of Nile tilapia generates large 
amounts of waste, including solid waste called the carcass 
(the skeleton with remnants of attached meat). Henceforth, 
such solid waste will be called tilapia carcass waste. A matter 
of great importance is its disposal without any treatment, 
which causes serious environmental and public health 
problems [3, 4]. In this context, it has become mandatory 
for the Brazilian fish processing industry to carry out eco-
friendly management for the disposal of tilapia carcass 
waste generated on a large scale every year.

Calcium phosphates (CP) are widely used as ceramic 
biomaterials with great repercussions in medical applications, 
mainly in the field of bone regeneration [5-7]. Such calcium 
phosphate bioceramics can be essentially classified in terms 
of calcium (Ca) and phosphorus (P) at different molar ratios 
(Ca/P) ranging from 0.5 to 2.0. For example, this class of 
bioceramics includes calcium pyrophosphate (CPP, Ca/P=1.0), 
α-tricalcium phosphate (α-TCP, Ca/P=1.5), β-tricalcium 
phosphate (β-TCP, Ca/P=1.5), and hydroxyapatite (HAp, 
Ca/P=1.67) [7, 8]. It is noteworthy that, among all calcium 

phosphate bioceramics, hydroxyapatite is the one that has 
been most studied considering its practical application in the 
biomedical area. Despite its importance, hydroxyapatite also 
has limitations when used in biomedical applications [9]. Due to 
this situation, in recent years, the development of other types of 
calcium phosphate bioceramics with significant advantages over 
pure hydroxyapatite (HAp), such as biphasic calcium phosphate 
(BCP) and multiphase calcium phosphate (MCP), has been 
increasingly encouraged. In this scenario, the BCP compositions 
that have received the most attention so far are HAp+β-TCP, 
HAp+α-TCP, and α-TCP+β-TCP [10-13]. 

It is well known that the use of polluting solid wastes as 
sources of alternative raw materials in the development of 
calcium phosphate bioceramics has increasingly attracted 
the interest of researchers worldwide [14]. This is a relevant 
approach with beneficial repercussions in terms of the 
circular economy and environmental sustainability, but 
it is also a great opportunity to add value to solid waste. 
From this perspective, works reported in the literature [15-
20] have already demonstrated the valorization potential of 
fish carcass wastes in the production of calcium phosphate 
bioceramics. It is noteworthy that the conversion of fish 
carcass waste into biphasic calcium phosphate (HAP/β-TCP) 
has also been tested with promising results [21, 22]. However, 
tilapia carcass waste has seldom been applied to obtain BCP 
bioceramics. Recently, we suggested the use of tilapia carcass 
waste generated by the Brazilian fish processing industry 
to produce a BCP bioceramic [23]. In the present work, we 
continue to explore the use of tilapia carcass waste with the 
aim of increasing knowledge about its friendly recycling as 
a renewable calcium precursor to produce biphasic calcium 
phosphate (BCP=β-CPP/β-TCP mixtures) in different HNO3 
concentrations. 
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EXPERIMENTAL

Tilapia carcass waste from Southeast Brazil (Muriaé-
MG) was used as a sustainable and low-cost calcium 
precursor to obtain biphasic calcium phosphate bioceramic. 
The process for obtaining tilapia carcass waste powder is 
shown in Fig. 1. Firstly, the tilapia carcasses (Fig. 1a) were 
cleaned in running water at 70 ºC to remove the meat stuck to 
the bone and other organic impurities. Fully cleaned tilapia 
carcasses are shown in Fig. 1b. Then, the tilapia carcasses 
were disassembled (Fig. 1c) and dried in an oven at 100 ºC for 
24 h (Fig. 1d). Finally, they were dry ground in a laboratory 
ball mill (Fig. 1e) to obtain tilapia carcass waste powder 
(Fig. 1f) and sieved through a 140-mesh sieve (106 μm). 
The tilapia carcass waste powder is essentially composed 
of hydrated hydroxyapatite, as shown in Fig. 2. 

The biphasic calcium phosphates derived from tilapia 
carcass waste were synthesized by the wet precipitation method 

[23, 24]. The commercial chemical reagents used were HNO3 
(Vetec, 65%) and Na2HPO4 (Sigma-Aldrich, 98%). Briefly, 
the synthesis of the biphasic calcium phosphates with a Ca/P 
ratio of 1.5:1 is described as follows. First, the powder from 
the clean tilapia carcass waste was totally dissolved in three 
different HNO3 solutions (1.0, 1.5, and 2.0 M) with constant 
stirring for 2 h, such that Ca(NO3)2 solutions were obtained. 
Each sample was labeled as follows: BTC1 sample (HNO3 
1.0 M); BTC2 sample (HNO3 1.5 M); and BTC3 sample 
(HNO3 2.0 M). Subsequently, Na2HPO4 was dropped slowly 
into each Ca(NO3)2 solution, and the solution mixtures were 
vigorously stirred for 2 h at 50 ºC. After that, the formation 
of a precipitate was observed. Later, the obtained precipitates 
were filtered under a weak vacuum, washed with distilled 
water, and dried at 100 ºC for 24 h. Finally, the obtained 
products were submitted to thermal treatment in an electrical 
kiln at 900 ºC for 2 h and a heating rate of 10 ºC/min, in order 
to obtain biphasic calcium phosphate powders. 

The structural analysis of the as-synthesized 
powders was performed by X-ray diffraction (XRD) in 
a conventional diffractometer (Ultima IV, Rigaku) using 
CuKα radiation over the 2q=20-40º, step size of 0.02º, 
and acquisition time of 5 s. The quantitative analysis of 
the crystalline phases identified in the XRD patterns was 
performed by refinement by the Rietveld method [25, 26]. 
The average crystallite sizes of the calcium phosphate 
bioceramics were determined based on XRD data and the 
Scherrer equation [27]. The morphological analysis of 
the synthesized powder particles was done by scanning 
electron microscopy (SEM, SSX-550, Shimadzu) coupled 
with an energy dispersive X-ray spectrometer (EDS). 
Thermogravimety/derivative thermogravimety (TG/
DTG) analysis was performed using a thermal analyzer 
(SDT-2960, TA Instr.) in an air atmosphere at a heating 
rate of 10 ºC/min. The Fourie transform infrared (FTIR) 
transmittance spectra to identify the functional groups 
were obtained with an FTIR spectrophotometer (Spectrum 
400, Perkin-Elmer) in the range from 400 to 4000 cm-1.

RESULTS AND DISCUSSION

Fig. 3 shows the XRD patterns of the calcium phosphates 
derived from tilapia carcass waste obtained at different HNO3 
concentrations. All synthesized powders were found to provide 
a biphasic calcium phosphate (BCP) composed  of: tetragonal 
structured β-calcium pyrophosphate [β-CPP, β-Ca2P2O7; unit 
cell parameters a=b=0.66840 nm, c=0.24144 nm, P41(76) 
space group; PDF file 01-071-2123], and rhombohedral 
structured b-tricalcium phosphate [β-TCP, β-Ca3(PO4)2; unit 
cell parameters a=b=0.104352 nm and c=0.374029 nm, and 
R3c space group; PDF 01-072-7587]. XRD patterns also 
indicated the presence of a majority phase corresponding to 
b-CPP. In addition, for all HNO3 concentrations, free Ca ions 
(PDF 01-077-7215) were also identified. This finding may be 
related to the increase in the pH of the calcium nitrate solution 
formed from the tilapia carcass waste, which releases Ca ions. 

The Rietveld method was applied to refine the XRD 

Figure 1: Images showing the production steps of the tilapia carcass 
waste powder: a) fresh tilapia carcass waste; b) tilapia carcass 
waste after cleaning; c) dismembered tilapia carcass waste; d) 
vertebrae from tilapia carcass waste after drying; e) grinding of the 
dry carcass waste in a ball mill; and f) tilapia carcass waste powder.
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Figure 2: XRD pattern of the tilapia carcass waste powder.
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data for quantitative phase determination in the synthesized 
calcium phosphate powders derived from tilapia carcass 
waste. Fig. 4 illustrates the refined XRD pattern for the BTC1 
sample (HNO3 1.0 M) and the weight fractions determined 
after Rietveld refinement of the phase composition of all 
samples are provided in Table I. It appears that the obtained 
values for the refinement parameters (χ2=1.31-1.98 and 
Rwp=10.31-15.98) presented a good fit of the theoretical 
model to the experimental data. The BCP powders were found 
to have different amounts of β-CPP and β-TCP, depending 
on the HNO3 concentration. More specifically, the effect of 
increasing the concentration of HNO3 was to increase the 
amount of the β-CPP phase with concomitant decreases in the 
amount of the β-TCP phase. In addition, the amount of free 
Ca ions significantly decreased. These results suggested that a 
higher molar concentration of HNO3 (1.5 and 2.0 M) plays a 
decisive role in inhibiting the formation of the β-TCP phase. 
This finding is probably related to the higher acidity of the 
HNO3 solutions. This is in line with the results reported in 
the literature [24]. It is relevant to point out that the results 
also indicated the possibility of obtaining BCP powders with 
defined amounts of β-CPP and β-TCP, being adjusted simply 
by changing the molar concentration in the HNO3 solution. 
This is of the highest interest, as it makes possible the use of 
BCP powders for the most diverse medical applications. 

Table II provides the average crystallite size of the 
new BCP powders derived from tilapia carcass waste, 
determined using the Scherrer equation. It can be seen that 
the increase in HNO3 concentration had little influence 
on the average crystallite size. In addition, the average 
crystallite size values between 57.7 and 59.4 nm indicated 
the nanostructured nature of the synthesized BCP powders. 
This result is of great importance, as nanostructured calcium 
phosphate-based bioceramics tend to favor better resorption, 
bioactivity, and physicochemical characteristics [28].

Fig. 5 displays SEM images of the synthesized BCP 
powders. It can be seen that the synthesized BCP powders 
had a smooth plate morphology. In these images, however, 
the formation of particle clusters with non-uniform sizes 
can also be observed. Such particle clusters with a smooth 

surface displayed by the BCP powders derived from tilapia 
carcass waste are attributed to the synthesis process used, 
more specifically due to the calcination step at 900 ºC. The 
Ca/P ratio values of the BCP powders were determined 
from the EDS analyses and are summarized in Table III. 
The effect of the HNO3 concentration on the Ca/P ratio 
was evident. The BTC1 sample had a Ca/P value of 1.56, 
while the BTC2 and BTC3 samples had values of 1.28 and 
1.29, respectively. Such results reflect the increase in HNO3 
concentration, resulting in an increase in the amount of the 
β-CPP phase in the synthesized BCP, as observed in Table I.

Fig. 6 depicts the FTIR spectra of the synthesized BCP 
powders. Only small differences were found between the 
FTIR spectra. This was related to the different amounts 
of the β-CPP and β-TCP phases, as shown in Table I. The 
frequency bands identified in the BCP powders are described 
as follows [23, 24, 29]. Small vibrational bands are perceived 
around 3420 and 1646 cm-1, indicating the binding mode of 
the adsorbed water. The small vibrational band observed 
around 2365 cm-1 is characteristic of the presence of free 
CO2. Vibrational bands related to the PO4

3- asymmetric 
stretching mode are observed around 960, 1019, 1056, 1107, 
and 1210 cm-1. The vibrational bands around 720 and 890 
cm-1 indicated the asymmetric stretching and corresponding 
broadening of the C-O bond of the CO3

2- groups existing in 
the phosphate crystallographic lattice. The vibrational bands 

Figure 3: XRD patterns of the as-synthesized calcium phosphate 
powders.

Table I - Rietveld refinement data for the synthesized 
calcium phosphate powders.

Sample β-CPP β-TCP Ca Rwp χ2

BTC1 54.6 44.1 1.2 12.61 1.57
BTC2 94.1 5.3 0.6 10.31 1.31
BTC3 97.2 2.6 0.2 15.98 1.98
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Figure 4: Rietveld refinement analysis for the XRD pattern of the 
BTC1 sample.
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Table II - Averange crystallite size (nm) of the synthesized 
BPC powders.
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found around 450, 490, 563, and 620 cm-1 can be attributed to 
asymmetric stretching and/or deformation of O-P-O in PO4

3-. 
However, the vibrational bands found around 720 cm-1 and in 
the range of 500-580 cm-1 range could also be related to Ca 
ions. Indeed, the synthesized BCP powders contained a small 
amount of residual Ca ions, as shown in Fig. 3 and Table I.

Thermogravimetric analysis (TG/DTG) was used to 
determine the thermal stability of the new BCP powders 
during heating. An example of TG/DTG curves for the BTC1 
sample is shown in Fig. 7. The total mass losses between 25 
e 900 ºC for the synthesized BCP powders are summarized 
in Table IV. Low mass loss values between 0.29% and 0.40% 
were found, which can be attributed to the elimination of 
physically adsorbed water. Thus, the BCP powders derived 
from tilapia carcass waste obtained in this work were highly 
stable when exposed to relatively high temperatures of up 
to 900 ºC. This result could be highly relevant in terms of 
potential practical application in the medical field.

CONCLUSIONS

Nanostructured biphasic calcium phosphate, BCP 
[β-calcium pyrophosphate (β-CPP)/β-tricalcium phosphate 
(β-TCP)], powders were successfully synthesized by the 
simple wet precipitation method using tilapia carcass waste 
as a sustainable calcium precursor. It was found by XRD 

Table III - Ca and P contents and Ca/P ratio values of the 
synthesized BCP powders.

Sample Ca (at%) P (at%) Ca/P
BTC1 20.80 13.29 1.56
BTC2 30.80 24.02 1.28
BTC3 31.10 24.02 1.29

Table IV - Mass loss (wt%) of the BCP powders during 
heating up to 900 ºC.

BTC1 BTC2 BTC3
0.29 0.40 0.38

Figure 5: SEM micrographs showing the morphology of the as-
synthesized BCP powders: a) BTC1; b) BTC2; and c) BTC3.

Figure 6: FTIR spectra of the synthesized BCP powders:  H2O;    
 CO2;  PO4

3-;  CO3
2-; and  PO4

3-.
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Figure 7: TG/DTG curves of the BTC1 sample.
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analysis and Rietveld refinement that the BCP powders 
were a β-CPP/β-TCP mixture with a higher amount of 
β-CPP, depending on the HNO3 concentration. The effect of 
the HNO3 concentration was to increase the amount of the 
β-CPP phase. The BCP powders had an average crystallite 
size in the range of 57.7-59.4 nm, smooth plate morphology, 
and were highly agglomerated. FTIR analysis confirmed the 
typical vibrational bands of calcium phosphate materials. The 
TG/DTG analyses suggested the high thermal stability of the 
synthesized BCP powders. Thus, the development of new 
nanostructured BCP powders derived from tilapia carcass 
waste can be of high interest for biomedical applications, but 
at the same time, it also helps to preserve the environment 
in a friendly way.
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