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Abstract: The utilization of waste as raw materials in the production of functional materials is a
growing area of interest to promote global sustainable growth. This work studied the microstructure,
chemical properties, and phosphorus (P) dissolution efficiency of carbon/hydroxyapatite (HAP)
nanocomposites derived from fish scale wastes, namely FSBCs. Tilapia scales were pyrolyzed at
different temperatures (450–600 ◦C) and the dissolution performance of the biochars in acidic media
was evaluated. The pyrolysis of fish scales yielded biochars which are carbon/HAP nanocomposites
of which the characteristics, including the specific surface area, carbon content, degree of crystallinity
of HAP, and the degree of CO3

2− substitution in HAP crystals, were dependent on the pyrolysis
temperature and had an influence on the dissolution efficiency. P dissolution experiments suggested
that the specific surface area and the presence of carbon in the composite played an important role
during the dissolution process. The presence of the organic residues on the carbon could potentially
block the calcium sites on HAP from citric acid and lower the dissolution efficiency. The ratio of
CO3

2−/PO4
3− substitution in HAP also affected the dissolubility of FSBCs. The manipulation of their

surface area and the CO3
2−/PO4

3− ratio of these materials would allow us to increase its solubility,
which could benefit a prospective application such as P fertilizer production.

Keywords: fish scale waste; carbon/hydroxyapatite nanocomposite; biochar; phosphorus dissolution

1. Introduction

One of the world’s biggest challenges today is the accumulation of wastes, especially
wastes from food ingredients. To deal with waste problems, research on the utilization of
wastes as raw materials is becoming of increasing interest. Based on the State of World Fish-
eries and Aquaculture (SOFIA) report, the total fish production will increase to 204 million
tons in 2030, while aquaculture is also expected to surpass its current level of 82 million
tons [1]. As a consequence, the amount of fish waste is projected to dramatically increase
across the world. Fish scales are one of the fish processing by-products and, together
with other fish wastes, are usually discarded by landfill disposal, causing environmental
pollution problems. Nonetheless, fish scales are mainly composed of collagen fibers doped
with hydroxyapatite crystals [2,3]. They could potentially serve as renewable sources for
the production of phosphorus fertilizer, which, in turn, could push a global step towards
environmental protection and sustainability. Natural hydroxyapatite (HAP), as in bone,
teeth, and fish scales, is the major source of inorganic phosphorus in nature [4]. Several
studies have used these natural sources in the production of hydroxyapatite through a
variety of methods to synthesize pure and highly crystalline HAP [4–6]. The problem is,
compared to conventional water-soluble P fertilizers, crystalline HAP has much lower
solubility and its solubility greatly depends on a degree of crystallinity—an increase in
crystallinity generally worsens its solubility [7]. To overcome this, nanoparticles of HAP
have been proposed and studied as an alternative to conventional P fertilizer, especially for
acidic soils [8].
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Many researchers have reported the synthesis of (nano) hydroxyapatite from fish bone
and scales [9–12] and some have reported the preparations of fish scale-derived biochar
for adsorptive [13–17] and catalytic [18] purposes. However, the phosphorus dissolution
from fish-scale char has not been published despite the literature on the application of
bone char as an alternative P fertilizer are readily available [19–21]. Thus, this work aims
to investigate the dissolution performance of fish-scale derived biochars in weak acidic
media to resemble the conditions of an acidic soil. For this, tilapia scales were pyrolyzed at
different temperatures and the chemical and physical properties of the resultant products
were examined. The factors that related to the dissolution efficiency of FSBC samples
were addressed and the phosphorus release contents of the biochars were determined by
carrying out the dissolution studies in citric acid.

2. Results and Discussion
2.1. Elemental and Phase Composition of the Fish Scale Biochars

Fish scales are considered a biocomposite consisting mainly of calcium-deficient hy-
droxyapatite (HAP) and collagen fibrils type I [3]. The SEM micrographs of the raw
tilapia scales in Figure 1 show that a fish scale is composed of two distinctive regions:
(1) the mineralized region, which is the external layer of the scales that is in contact with
the environment, and (2) the organic-rich region, which is the internal layer of colla-
gen fibers [2]. The pyrolysis of the fish scales at 450–600 ◦C resulted in the formation
of carbon/HAP composite FSBCs, in which three most abundant elements are calcium
(Ca, ~55–57%), phosphorus (P, ~18%), and carbon (C, ~23–26%), which account for 98%
in FSBC samples as shown in Table 1. In addition to the three main elements, magnesium
(Mg), strontium (Sr), and silicon (Si), make up around 1% of the elemental composition of
the FSBCs. An increase of the pyrolysis temperature resulted in the decrease of C content
in the FSBCs as determined by a CHNS elemental analyzer. This is because at higher
temperatures, the devolatilization and degradation of the collagen can occur to a greater
extent, consequently leading to lower C and also H and N contents. The TGA curve of the
raw fish scales (Figure 1b) revealed that the pyrolytic decomposition of amino acids started
to occur at 250 ◦C. The weight loss during 250–450 ◦C was associated with a decomposition
of amino acids, yielding low molecular weight heterocycles and gaseous products through
dehydration, deamination, and decarboxylation [22]. The weight loss in the range of
450–600 ◦C can be attributed to the successive pyrolysis of the small heterocyclic residues
into larger heterocyclic and polycyclic aromatic hydrocarbons having 5- to 7-membered
ring structures with polar side functional groups [23].

The HAP quantity was examined using the EDXRF technique and evaluated based
on the Ca content. At higher pyrolysis temperatures, the Ca content slightly increased,
indicating higher HAP quantity in the FSBC samples, which is in accordance with the
reduction of organic components at higher temperatures.

Figure 2 illustrates the XRD patterns of the FSBC products that were derived from
different pyrolysis temperatures. Each sample exhibited the diffraction peaks at 2theta
of 25.98◦, 31.82◦, 39.84◦, 46.80◦, and 49.6◦, which correspond to the diffraction planes of
(002), (211), (130), (222), and (213), respectively, of hydroxyapatite with hexagonal space
group (ICDD PDF: 01-075-9526). The intensities of the peaks are fairly low, indicating the
low crystallinity degree of hydroxyapatite (HAP). No peaks due to calcium phosphate
(Ca3(PO4)2) (ICDD PDF: 00-009-0348) were found in the diffraction patterns, denoting no
HAP transformation to Ca3(PO4)2 during the pyrolysis. It has been shown that crystallinity,
which relates to the crystallite size and the degree of order within the crystals, has an
influence on dissolubility of HAP particles—the decrease in HAP crystallinity increases its
solubility [7]. Therefore, the crystallite size and crystallinity index of FSBC products were
calculated. Typically, the crystallinity of HAPs can be studied by analyzing (002) reflection
and the reflections in the range of 30 to 35◦ of 2θ angle [24,25]. Since the resolution of the
peaks between 30 and 35◦ in this work is very poor and could hardly be distinguished,
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the crystallite size and degree of crystallinity were calculated from the FWHM of the (002)
reflection peak and are given in Table 2.
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Figure 1. (a) A cross sectional-view SEM image of a raw fish scale, (b) TGA curve of raw fish scales,
(c) a top-view SEM image of a mineralized surface, and (d) a top-view SEM image of an organic
surface of the raw fish scale.

Table 1. Composition of the fish scale biochar products analyzed by EA and EDXRF.

Elemental Composition (Weight %)

Element FSBC-450 FSBC-500 FSBC-550 FSBC-600

Composition analyzed
by EA

C 25.6 23.47 23.38 22.56
H 2.77 2.16 1.88 1.67
N 5.95 4.52 4.31 4.21

Others 65.68 69.85 70.42 71.55

Composition analyzed
by EDXRF

Ca 54.90 56.97 56.78 57.40
P 17.49 17.62 17.90 18.11

C * 25.60 * 23.47 * 23.38 * 22.56 *
Mg 0.54 0.52 0.55 0.53
Sr 0.34 0.38 0.38 0.38
Si 0.37 0.34 0.34 0.34
Cl 0.32 0.31 0.31 0.30
K 0.20 0.14 0.14 0.14

Mn 0.11 0.13 0.12 0.12
S 0.05 0.04 0.03 0.03

Fe 0.04 0.04 0.04 0.03
Zn 0.03 0.03 0.03 0.03

* Carbon (C) contents appearing in EDXRF data were obtained from EA and were input as a fixed value for the
calculation of other element contents.
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Figure 2. XRD patterns of the FSBC products that were derived from different pyrolysis temperatures.

Table 2. Crystallite size, crystallinity index, BET specific surface area, and the area ratio of carbonate
and phosphate bands from FTIR spectra of FSBC products.

Sample ID Crystal
Size (nm)

Crystallinity
Index

Specific Surface
Area (m2 g−1) rC/P

FSBC-450 16.88 0.12660 73.61 0.25
FSBC-500 16.91 0.12749 95.54 0.22
FSBC-550 17.82 0.14902 100.27 0.17
FSBC-600 13.21 0.060730 111.16 0.077

The crystallite size of HAP within the FSBCs varies slightly with the pyrolysis tem-
perature. The crystallite size of FSBC-450, FSBC-500, and FSBC-550 are similar, while that
of FSBC-600 is the smallest. Even though the effect of the pyrolysis temperature on the
HAP crystallite size is not clearly observed, it should be highlighted that an increase in the
pyrolysis temperature does not introduce the growth to the HAP crystallites. This seem to
be contradictory to the effect of heat treatment temperature that is commonly observed for
the synthetic HAPs, where the increase in the temperature tends to induce the agglomer-
ation of HAP crystals in order to reduce the total energy of the system, causing a larger
HAP crystallite size and higher crystallinity [19]. The explanation that is proposed for this
difference was associated with the presence of carbon together with HAP in the form of a
composite. HAP and collagen in raw tilapia scales are expected to bind through C=O amide
of Type I collagen and calcium ions [26]. During the course of pyrolysis, carbon with some
organic residues which are linked to HAP crystals could block HAP nucleation sites, and
thus prevent the growth and aggregation of HAP crystals even at elevated temperatures
such as 600 ◦C.
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The correlation between crystallite size and crystallinity index of HAP is consistent
with the general observation, in which the reduction of HAP crystal size causes lower
crystallinity index (CI). As a result, FSBC-600 shows the lowest CI.

In order to confirm the composite formation between carbon and HAP and visualize
the microstructure of the composites, FSBC products were studied by SEM and TEM. SEM
micrographs of FSBC-450 and FSBC-600 (Figure 3) showed that FSBC particles have two
distinctive sides: the HAP-rich side and the carbon-rich side, which correspond to the
mineralized external layer and the internal collagen layer of a raw fish scale in Figure 1a,
respectively. The particle size of FSBC-450 and FSBC-600 are similar, suggesting that there
are no significant changes in the particle size with increasing pyrolysis temperature.
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Figure 3. SEM images of FSBC-450 and FSBC-600 and their corresponding carbon, calcium, and
phosphorus maps.

On the HAP-rich surface of FSBCs, shown with 2000× magnification in Figure 3,
the carbon signals are uniformly distributed among HAP, represented by Ca and P maps
in the EDS-SEM elemental mapping images of FSBC-450 and FSBC-600. This confirms
the formation of the carbon/HAP composite. However, when the carbon-rich side faces
towards the detector, the low intensity of the Ca and P elements was observed, for example
the particles marked by the red arrows.

Since the combination of carbon and HAP in the composite at a nanoscale cannot be
visualized by SEM, the investigation by TEM was performed to provide further insight into
carbon/HAP composite nanostructure. The TEM images of FSBC-450 particles revealed
that the feature of collagen fibrils remained after pyrolysis, seen as the rods in Figure 4a,
but the fibril diameter was reduced to 3–5 nm due to the decomposition of organic species
such as amino acids of the collagen. Similar results were found in the case of FSBC-600
particles (Figure 4b); however, the length of the fibrils became shorter compared to that
of FSBC-450. The shortening of the rods that was observed in our results at 600 ◦C, with
respect to that of 450 ◦C, could be attributed to the successive decomposition of amino
acids at higher temperatures.
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Figure 4. TEM images of (a) FSBC-450 and (b) FSBC-600 and HR-TEM images of (c) FSBC-450 and
(d) FSBC-600.

We were unable to determine the particle size of carbon and HAP from TEM since
the HAP crystals were very small and both compositions shared the similar brightness.
Meanwhile, the severe aggregation of the carbon and HAP made it even harder to dis-
tinguish between carbon and HAP particles. However, the high resolution (HR) TEM
images, Figure 4b for FSBC-450 and Figure 4d for FSBC-600, clearly indicated lattice fringes
with an interplanar spacing of 0.29 nm and 0.34 nm, which correspond to (211) [27] and
(002) diffraction planes of HAP. The lattice fringes also indicate that some of the HAP
nanoparticles are single crystals and some are HAP agglomerates. The HAP single crystals
can be formed on the carbon-rich side of the FSBCs, since the organic side of the raw fish
scale is composed mainly of collagen doped with HAP crystals. On the other hand, the
HAP agglomerates can be found on the HAP-rich side of the FSBCs, where the higher
content of HAP was observed.

The pyrolysis temperature clearly influenced the BET specific surface area (SSA) of the
FSBCs. According to the data in Table 2, the SSA of FSBC-450, FSBC-500, FSBC-550, and
FSBC-600 increases from 73.6, 95.5, 100.2, to 111.2 m2 g−1, respectively. The enhancement of
SSA when the heating temperature increases is likely related to their crystallite size since the
smaller crystal size usually provides greater surface area. However, for FSBC composites,
not only HAP but also amorphous carbon is involved in improving or decreasing the SSA.
In the case of FSBC-450, even though its crystallite size is comparable to that of FSBC-500
and FSBC-550, more organic residues that are present in FSBC-450 could obstruct the
adsorption sites on the surface of FSBC from being reached. Accordingly, the lower specific
surface area is observed.
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2.2. Dissolution of FSBC Materials in Citric Acid

To investigate the dissolution performance of the carbon/HAP composites, 1.0 g of
the FSBC sample was dissolved in 10 cm3 of 0.010 mol·dm−3 citric acid and the amount of
phosphate that was released to the solution was analyzed when the samples were dissolved
for 1 and 5 days. The FSBC dissolution performance was evaluated based on the amount
of released phosphate, which was then converted to P content. The initial P contents
and the P that was released into the solution are shown in Table 3. It was found that on
Day 1, no significant difference in the dissolution efficiency among all the samples were
observed, as they released approximately 0.2% of P to the solution. However, on Day 5,
the dissolution efficiency of FSBC-450 was about 2.3 times smaller than that of the other
samples, whereas the efficiencies of FSBC-500, FSBC-550, and FSBC-600 were comparable
with one another since we found that about 0.6% P was released from FSBC-450 while
1.3% was released from FSBC-500, FSBC-550, and FSBC-600. To date, the literature on
the application of char derived from natural source as an alternative P fertilizer is still
limited [19–21]. The most recent work by Schütza et al. (2015) studying the P release from
bone char of a similar particle size reported the percentage of P release as 2.3% compared
to P release from vivianite and hydroxyapatite, which was 6.5% and 11.1%, respectively, in
0.01 mol·dm−3 citric acid [20]. Comparing the percentage of P release from the bone char
(2.3%) to that from our fish-scale-derived biochars, the dissolubility of FSBC was slightly
lower. This could be due to the differences in a specific surface area, degree of crystallinity,
ratio of carbon and HAP content, the presence of some impurities such as CO3

2−, Mg2+,
and Sr2+ in HAP crystals, etc., that two sources of the feedstocks could bring.

Table 3. Initial P contents of FSBC composites and P release from FSBC composites.

Sample ID Initial P Content
(mg g−1 FSBC) *

P Release (mg g−1) **

1 Day 5 Days

FSBC-450 175 0.311 ± 0.12 1.01 ± 0.07
FSBC-500 176 0.314 ± 0.17 2.39 ± 0.08
FSBC-550 179 0.371 ± 0.08 2.30 ± 0.21
FSBC-600 180 0.332 ± 0.10 2.36 ± 0.12

* The initial P content were obtained from XRF. ** Mean ± standard deviation (n = 3).

Since FSBCs are carbon/HAP composites and the phosphorus atoms in the samples
are principally in the form of phosphate in HAP crystals, the dissolution efficiency of FSBCs
in citric acid is essentially based on how well HAP can be dissolved. To investigate the
mechanism of the dissolution of carbon/HAP biochar nanocomposites, FSBC-450 and
FSBC-600 were dissolved in 0.0001 mol·dm−3 (pH 5.02), 0.001 mol·dm−3 (pH 4.18), and
0.01 mol·dm−3 (pH 3.20) citric acid solutions and the suspension pH was monitored for 3 h
(Figure 5a). From Figure 5a, it was observed that the pH of the solution increased rapidly
at the early stage of the experiment, followed by the much slower increase in pH towards
the end of the experiment. The gradual increase of the pH at the later stage resulted from
the fact that citric acids buffered the solution pH as the dissociated protons are consumed
during dissolution. The increase in pH at the initial stage was more pronounced at the
lower initial concentration (higher pH), indicating that citric acid or citrate ion species,
rather than protons, were involved in the dissolution of the FSBC.

Citric acid or citrate ion species are able to form complexes with calcium ions on the
surface, Ref. [28] leading to the dissolution of the FSBC samples. From the pH distribu-
tion diagram for citric acid (Figure 5a), as the pH gets higher, citric acid becomes more
dissociated. As a result, citrate ions with higher negative charge are present at a higher
pH. At pH 3.2, CitH2− and CitH3 dominate, whereas CitH2− and CitH2− predominate
at pH 4.2. When the pH is elevated to 5.0, CitH2− and Cit3− prevail. For 0.0001 M citric
solution (pH 5.02), the higher negatively charged species such as CitH2− and Cit3− in
the solution can act as bi- or tri-dentate ligands when coordinated with Ca2+ ions. Con-
sequently, the reaction between HAP on the surface and citrate ions occurred faster and
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resulted in a greater pH change at the initial state, compared to the reaction in 0.01 and
0.001 M citric solution.
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As the dissolution of FSBC composites occurs at the HAP surface, the factors such as
the specific surface area, particle size, and structural defects could affect FSBC solubility.
Considering the specific surface area (SSA), an increase in the specific surface area of a
material normally increases its solubility, since a higher specific area allows more solid
particles to be in contact with molecules in the solution. However, our results showed that
while FSBC-450 has the lowest dissolution efficiency, which is consistent with the normal
observation, the dissolubility of FSBC-500, FSBC-550, and FSBC-600 are similar despite the
difference in their SSAs. This indicates that other factors are also involved in the dissolution
process of FSBCs. Crystallite size and degrees of crystallinity were pointed out as important
factors governing the dissolution of HAP [20]. Zwetsloot et al. (2015) demonstrated that the
higher HAP crystallinity in the bone char caused the water-P solubility to be decreased [19].
Herein, the HAP crystallinity that was obtained from XRD data (Table 2.) followed the
order: FSBC-600 (with CI of 0.6) < FSBC-450 ~ FSBC-500 (CI of 0.12) < FSBC-550 (CI of
0.15), implying that by considering this effect alone, the dissolution efficiency should have
been the worst for FSBC-550 and the best for FSBC-600. However, the strong and dense
collectives of HAP crystallites and carbon within FSBC particles restricted HAP sites to
be exposed to citric acid molecules. As a result, the effects of HAP crystallite size and the
degrees of crystallinity were not predominant in the dissolution of FSBCs.

The next factor which could possibly play a role in the FSCB dissolution was the
presence of carbonate (CO3

2−) ions in the HAP crystals. As reported for biological HAP,
the substitution of CO3

2− ions either at hydroxide (OH−) sites or phosphate (PO4
3−) sites

in HAP structure tends to increase its solubility in comparison with pure HAP [29–32]. The
carbonate groups substituted in HAP can be characterized by observing the ν3 stretching
vibration of CO3

2− group in FTIR spectra. The band position of ν3 stretching vibration
depends on whether the carbonate ion is substituted for the hydroxide or the phosphate
ions in the HAP lattice. If the CO3

2− substitutes the OH− in the HAP lattice, the apatite is
“A-Type” and the position of the ν3 stretching band is located at ~1548 cm−1. On the other
hand, if the CO3

2− substitutes the PO4
3− in the HAP lattice, the apatite is “B-Type” and

the position of ν3 stretching bands are located at 1410 and 1450 cm−1 [32].
Figure 6 illustrates the FTIR spectra of FSBC samples compared to the raw tilapia

fish scales. The bands due to the vibration of C–O and P–O corresponding to carbonate
and phosphate species in these data were not well defined, i.e., both of the peaks of
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v3 CO3
2− vibration were poorly resolved while the bands v1 and v3 P–O stretching in

PO4
3– were overlapped. The reasonable way to quantitatively estimate the presence of

CO3
2− in the HAP structures is to use their peak areas instead of peak intensities. We

adopted the method that was suggested by Grunenwald et al. (2014) in which the area
ratio (rC/P) between v3 (CO3

2−) and v1 v3 (PO4
3−) was employed to evaluate the degree

of carbonation in HAP [32]. The rC/P ratio is defined as the quotient between the full area
of the v3 (CO3

2−) band (typically in the range 1570–1330 cm−1) and the area of the v1 v3
(PO4

3−) band (typically in the range of 900–1230 cm−1). The calculations (Figure 7) show
that the rC/P ratio tends to decrease with increasing pyrolysis temperature—the rC/P ratios
for FSBC-450, FSBC-500, FSBC-550, and FSBC-600 were derived as 0.25, 0.22, 0.17, and
0.077, respectively (Table 2). Since FSBC-600 exhibits the lowest degree of carbonation, it
is possible that HAP crystals in this sample had the lowest solubility. Therefore, P release
of FSBC-600 was lower than expected and was similar to that of FSBC-500 and FSBC-550
despite its highest specific surface area. For the FSBC-450, even though the largest ratio
of CO3

2−/PO4
3− was obtained, its lowest SSA as well as the presence of organic residues

on the carbon, which decreased the accessible HAP sites that were reached by citric acid
molecules, resulted in the lowest P release after 5 days.
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Based on the experimental results and discussion, the dissolution process of FSBC
carbon/HAP nanocomposites required the interaction between HAP on the solid particles
and citrate species in the solution. Therefore, the dissolution performance of these materials
depends on their specific surface area and the presence of carbon component. However,
the degree of carbonation and crystallinity is also involved in controlling their solubility.
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3. Materials and Methods
3.1. Materials

Raw tilapia (Oreochromis niloticus) scales were obtained from a local market (Petchburi,
Thailand). Citric acid (C6H8O7·H2O, KemAus, 99.5%) was used for the dissolution study.
Ammonium molybdate ((NH4)6Mo7O24·4H2O, KemAus, 81.0–83.0%) sulfuric acid (H2SO4,
Merck, 98.0%), potassium dihydrogen phosphate (KH2PO4, Carloeba reagents, 99.5%), and
sodium sulfide (Na2S·9H2O, Sigma-Aldrich, St. Louis, MO, USA, 99.99%) were employed
in spectroscopic analysis of phosphate species in the solutions.

3.2. Preparation of the Fish Scale Biochar (FSBC)

Raw tilapia scales were washed several times and dried at room temperature. The
dried raw scales were placed in an alumina boat and then pylorized at different tempera-
tures (450, 500, 550, and 600 ◦C) under an N2 atmosphere for 5 h using a quartz tube furnace
with a heating and a cooling rate of 5 ◦C min−1 and an N2 flow rate of 50 cm3 min−1. The
obtained products were labeled as FSBC-450, FSBC-500, FSBC-550, and FSBC-600, respec-
tively. Finally, the as-prepared FSBC was passed through 5-mm and then 0.5-mm sieves
and the particles were collected on a 0.5-mm sieve.

3.3. Characterization of the Fish Scale Biochar

The FSBC composition was analyzed by determining C, N, and H using the VTF-900
LECO CHNS-932 analyzer (Japan), where the samples were heated in the oxygen flow in a
muffle furnace at 950 ◦C. Other elements, such as Ca, P, Mg, Sr, etc., were measured using
an energy-dispersive X-ray fluorescence spectrometer (EDXRF, Bruker S2 Puma, Germany).
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An X-ray tube with an Ag anode and Be window with a maximum power of 50 W was
used to generate the radiation. The samples were analyzed in supplied sample cups that
were sealed on one end with 4 µm polypropylene under an He atmosphere. The elemental
composition was measured by SMART-QUANT FP, the standardless solution for elemental
analysis of unknown samples and samples without available calibration standards. Phases
in the samples were identified by a powder X-ray diffraction (XRD) using BRUKER D8
Advance diffractometer (Germany), operated at 40 mA and 40 kV under Cu Kα radiation.
A range of scattering angles (2θ) from 5◦ to 80◦ and a step size of 0.02◦ were used.

The morphology was observed using a scanning electron microscope (SEM, Quanta
450, FEI, Japan) equipped with an energy dispersive spectrometer (EDS) with a tungsten
filament under vacuum, as well as a transmission electron microscope (TEM, JEM 3100F,
JEOL, Japan) operated at 300 kV. Specific surface areas (SSA) were determined with a 3Flex
surface characterization analyzer (Micromeritics, Norcross, GA, USA) using a multi-point
BET-measurement (Brunauer-Emmett-Teller) and N2 as the adsorptive medium. To remove
surface contaminants, the samples were heated to 300 ◦C under a vacuum prior to the
measurements. Surface functional groups were analyzed by Fourier transform infrared
spectroscopy (FTIR, Alpha-E, BRUKER, Germany). Thermal gravimetric analysis (TGA),
which gave the dependence of the weight loss of a sample as a function of temperature
or time, were measured over a temperature range from 25 to 1000 ◦C with a furnace-
heating rate of 10 ◦C/min using a thermogravimetric analyzer (Pyris 1, PerkinElmer,
Waltham, MA, USA).

3.4. Methods to Calculate Crystallinity Index (CI) and Calculate Crystallite Size (L) Using XRD

The XRD spectra of the obtained FSBCs were analyzed by an X-ray diffraction. A
CuKα radiation (wavelength: λ = 0.15418 nm) generator worked at 40 kV and 40 mA, with
a range of scattering angles (2θ) from 5◦ to 80◦ and a step size of 0.02◦. Crystallinity indices
(CI) were calculated according to Equation (1):

CI = (0.24/β002)3 (1)

where β002 represents the full width at half maximum (FWHM) of (002) reflections. [24,25]
The average crystal sizes of the obtained precipitates were calculated using the Scherrer

equation [24,25] in Equation (2):

L = (K × λ)/(β002 × cos θ) (2)

where L is the crystal size, K is the Scherrer constant with a value of 0.89, β002 is the FWHM
of the (002) reflection, and λ is the X-ray wavelength used.

3.5. Dissolution Study

The dissolution performance of the carbon/HAP composites were investigated. A
total of 1.0 g of the FSBC sample was dissolved in 10 cm3 of 0.010 mol·dm−3 citric acid
and the amount of phosphate that was released to the solution was analyzed when the
samples were dissolved for 1 and 5 days. All the experiments were conducted in triplicate
and the flasks were shaken at 150 rpm at 25 ◦C. The FSBC dissolution performance was
evaluated based on the amount of released phosphate, in which the phosphate ion concen-
trations were determined by spectrophotometry the method that was previously reported
by Mahadevaiah et al. (2007) [33]. Briefly, 2 cm3 of the collected solutions were mixed with
the 0.5 cm3 of 5.528 × 10−3 mol·dm−3 (NH4)6Mo7O24·4H2O, 1 cm3 of 0.125 mol·dm−3

H2SO4, 1 cm3 KH2PO4, 1 cm3 of 2.08 × 10−3 mol·dm−3 Na2S, and deionized water to
make 10.0 cm3 of solution. Their absorbance was measured using a UV-Vis spectrometer
(SHIMADZU UV-1800, Shimadzu, Japan) at the wavelength of 830 nm.

The dissolution mechanism was studied by dissolving 1.0 g of FSBC-450 (or FSBC-
600) in 100 cm3 of citric acid solution (0.01, 0.001, and 0.0001 mol·dm−3) under stirring
conditions. The pH of the suspension was monitored as a function of time.
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4. Conclusions

The microstructure, chemical characteristics, and phosphorus dissolution efficiency
of carbon/hydroxyapatite nanocomposites derived from fish scales, namely FSBCs, were
studied. Carbon/hydroxyapatite nanocomposites were prepared from the pyrolysis of
fish scale waste at different temperatures. The results suggested that as the pyrolysis
temperature increased, the carbon composition of the FSBC products decreased. The
presence of carbon among HAP impeded the growth of HAP crystals at higher temperature
and affected the P dissolubility efficiency of FSBCs in citric acid solution. Besides, it was
found that several physical and chemical characteristics of FSBCs, including the specific
surface area, HAP crystallite size and crystallinity, and the degree of carbonation of HAP,
represented by the term of CO3

2−/PO4
3− ratio, contributed to their dissolution process.

The specific surface area seemed to be the most predominant factor controlling the degree of
P release. Even though the P dissolubility efficiency of FSBCs is still low, the improvement
in P dissolution could be achieved if the specific surface area and the degree of carbonation
of HAP are modified.
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