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The disposal of fish scales as waste presents an environmental challenge and an
untapped opportunity for resource recovery. In this study, hydroxyapatite (HAp) was
extracted from European seabass (Dicentrarchus labrax) scales to explore how air
exposure during calcination affects its optical and surface properties. HAp powders
were prepared under two distinct calcination conditions: fully exposed to air
(producing white powder) and partially shielded from air (resulting in gray powder).
Rietveld refinement of X-ray powder diffraction (XRPD) data confirms that both
powders crystallize in the hexagonal HAp structure, with a minor Mg-whitlockite
impurity. Despite these differences in air exposure, the bulk structure of the HAp
remains unchanged. The color variations are linked to surface oxidation, as
subsurface layers in the partially shielded scales retain a grayish tone while the
exposed surfaces turn completely white. Scanning electron microscopy reveals
subtle differences in particle morphology: the white powder had a smoother surface
compared to the slightly rougher gray powder. Fourier transform infrared spectra
confirm the presence of characteristic phosphate and hydroxyl groups in both
powders, indicating that the core chemical structure of HAp is intact in both cases.
The Ca/P ratios—1.504(7) for the white powder and 1.505(7) for the gray powder
obtained from the Rietveld analysis—further support the stoichiometric integrity of
the material. UV-Vis spectroscopy reveals direct bandgap values of 3.99 eV for the
white powder and 3.87 eV for the gray powder. These bandgap values, which are
lower than those typically reported for defect-free HAp (5-6 eV), suggest that the
optical differences between the powders are driven by surface effects, such as oxygen
vacancies or trace impurities. This study highlights how calcination conditions,
particularly air exposure, influence surface properties and optical behavior, paving
the way for potential applications of fish-scale-derived HAp in electronic and optical
materials.

1. Introduction

Therefore, since the 1980s, HAp has gained
widespread recognition for its exceptional

Hydroxyapatite (HAp) is a calcium phosphate
mineral composed of calcium cations (Ca?"),
orthophosphate (PO+*"), and hydroxide (OH")
ions, with a stoichiometric formula of
Caio(PO4)s(OH)2, resulting in a calcium-to-
phosphorus ratio (Ca/P) of 1.67. HAp is widely
regarded as one of the most valuable bioceramic
materials due to its close structural similarity to
natural bone, where the inorganic component
consists of approximately 60 wt% HAp.

chemical stability and biocompatibility, making
it a prominent material in dental and orthopedic
applications [1-5].

HAp is known to exist in two crystallographic
structures: the hexagonal (space group P63/m) [6]
and monoclinic crystal systems (space
group P21/b) [7], with subtle differences in
atomic arrangement, particularly in the
orientation of the hydroxyl groups, while both
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maintain a Ca/P ratio of 1.67. In the hexagonal
structure, the hydroxyl groups are oppositely
oriented. However, in the monoclinic structure,
the hydroxyl groups are oriented in the same
direction within the same column but are
oppositely oriented between columns [8].
Therefore, accurate structural determination is
crucial for specific applications.

Synthetic methods are commonly employed to
produce HAp [9], as they offer a controlled
process that minimizes the risk of defects,
impurities,  vacancies, and deficiencies.
However, there is growing interest in extracting
HAp from natural sources [10, 11], such as fish
scales, which are a by-product of the seafood
industry. The use of fish scales in the production
of an important bioceramic material like HAp
holds significant value for sustainability.

Additionally, recycling this by-product, which
would otherwise be considered waste, plays a
crucial role in reducing environmental impact.

As a result, there has been growing interest in
optimization of the extraction of HAp from
natural sources to minimize structural anomalies
such as defects, cation or anion deficiencies, or
deviations from stoichiometry. It is well known
that biological apatites often deviate from the
stoichiometric composition of HAp and contain
some amount of ion substitutions, including Na*,
Mg*, K¥, HPO+*, COs*, Cl7, and F~ [12]. It is
therefore crucial to extract HAp free from the
aforementioned structural anomalies, as defects,
vacancies, and deficiencies significantly impact
the electronic and optical properties of HAp. For
instance, recent studies have applied various pre-
treatment methods to examine the morphological
and structural characteristics of HAp derived
from fish scales. One such study found that
boiling the scales prior to calcination
significantly impacted the morphology and
crystallinity of the extracted HAp powder [13].

Fish scales that were boiled before calcination
produced spherical particles at  higher
temperatures, while non-boiled scales led to the
formation of nanorods, underscoring the major
influence of pre-treatment on microstructure and
potential defect formation. Notably, the study
also reported differences in color between the
boiled and non-boiled samples, indicating that

the pre-treatment affected not only the structure
but also the appearance of the HAp powder [13].
This underscores the importance of the extraction
method in determining the structural properties
of HAp, which ultimately has a significant effect
on the electronic properties of material.

A recent study by Okur [14] further contributed
to this field by employing a straightforward yet
effective calcination method to extract HAp from
recycled European seabass scales. In that work,
the scales were calcined at 800 °C, resulting in
the formation of highly crystalline HAp with
minimal secondary phases, as verified by
Rietveld refinement of X-ray powder diffraction
data. Magnesium whitlockite was identified as a
minor impurity, which may be beneficial for
biomedical applications owing to its positive
influence on bioactivity and osteoconductivity.
In addition, HAp was incorporated into polyvinyl
alcohol  composite  films, demonstrating
improved adsorption efficiency for methylene
blue dye and underscoring the material’s
potential for environmental remediation.
Building on these findings, the same calcination
parameters (800 °C for 2 hours) were applied in
the present study to systematically examine the
influence of air exposure on the surface and
optical properties of HAp, while minimizing
additional confounding factors.

In addition to the structural studies, numerous
theoretical and experimental studies have been
conducted to uncover the electronic and optical
properties of HAp considering the defect levels,
vacancies, etc. [15-21]. Unfortunately, due to the
lack of accurate structural characterization and/or
poor sample quality, it has been challenging to
elucidate fundamental properties such as the
electronic band structure and band gap. This has
led to significant discrepancies in the obtained
values, especially for the band gap. For instance,
the measured width of the forbidden electronic
gap (Eg) ranges from above 6 eV down to 3.95
eV.

Recent investigations have shed light on how the
optical and electronic properties of HAp
influence its bioactivity and broader applications.
Rosenman et al. [15] demonstrated that HAp
possesses distinct bulk and surface-localized
electron-hole  states, as revealed by
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photoluminescence (PL) and surface
photovoltage spectroscopy (SPS). Their findings
suggest that these deep electron-hole charged
states may contribute to enhanced cell
attachment, bone regeneration, and overall
biocompatibility. Avakyan et al. [19] later
explored how oxygen vacancies and structural
defects impact the electronic structure and
optical absorption of HAp, indicating that
processing conditions and surface modifications
can be instrumental in tuning these properties.

Computational studies have also provided
valuable insights into the influence of defects on
HAp behavior. Bystrov et al. [22] examined
oxygen and hydroxyl vacancies as well as atomic
substitutions, showing that such defects alter the

band structure, optical transparency, and
mechanical stability of HAp. Their work
highlights how oxygen-related defects in

particular can create localized electronic states
within the bandgap, thus affecting the material’s
electronic response. In an earlier study, Bystrov
et al. [23] used first-principles calculations to
investigate various defect types—including
oxygen and hydroxyl vacancies, cation
substitutions, and interstitials—and their effects
on the density of electronic states (DOS) and
bandgap. These modifications introduce
additional energy levels in the forbidden zone,
which may prove beneficial for biomedical
coatings, implant materials, and nanomedical
applications.

Rial et al. [24] further underscored the versatility
of nanosized HAp for environmental
remediation, catalysis, and drug delivery, where
the electronic surface properties play a key role.
Collectively, these studies illustrate that the
optical and electronic properties of HAp are not
merely static material characteristics; rather, they
can be actively tailored through defect
engineering, synthesis conditions, and doping
strategies to support a range of applications. As
research progresses, the potential for HAp in
optoelectronics,  bioactive  materials, and
environmental technologies continues to expand,
making detailed knowledge of its band structure
more relevant than ever.

This study focuses on a detail that has not been
addressed in previous research on the extraction

of HAp from fish scales. It offers a new
perspective by investigating the effects of both
pre-treatments before calcination and the level of
air exposure during calcination. In this process,
the fish scales were boiled in water before
calcination to remove organic matter.
Subsequently, two different calcination methods
were employed: in the first scenario, each fish
scale was in direct contact with air inside the
furnace, while in the second scenario, only the
surface scales were in direct contact with air, and
the scales beneath the surface were shielded from
air exposure by the top layer.

In other words, the first group was fully exposed
to air, while the second group underwent
calcination as partially shielded beneath the
surface. After calcination, it was observed that
the fully exposed fish scales on the surface were
completely white, whereas the partially shielded
scales beneath the surface were white-gray/black
in color. After grinding the calcined fish scales,
white and gray HAp powders were obtained. The
main objective of this research is then to
investigate how different calcination
environments influence the formation of HAp,
focusing on the resulting color, optical and
structural differences between the white powder,
produced from fully exposed scales, and the gray
powder, obtained from partially shielded scales.

The structural characterisation was performed
through Rietveld refinement of X-ray powder
diffraction (XRPD) data, Fourier transform
infrared spectroscopy (FTIR), and scanning
electron microscopy (SEM). Additionally, UV-
Vis spectroscopy was used to examine the optical
properties of both samples, specifically to
understand how varying air exposure during
calcination affects the band gap and light
absorption. This study delves deeper into the
mechanisms of HAp formation from fish scales,
while also examining how different calcination
conditions affect its structural and optical
properties. These insights are valuable for
applications where natural HAp’s color and
structural integrity play key roles.
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2. Materials and Methods

2.1. Preparation of hydroxyapatite powder
from European seabass (Dicentrarchus
labrax) scales

Scales from European seabass (Dicentrarchus
labrax), sourced as a by-product from Bursa
Kocamanlar Seafood. The same batch of fish
scales used in [14] was employed here, where the
detailed structural characterization of the raw
scales is documented. Relevant information can
be found in the Electronic Supplementary
Information (ESI) of [14]. The choice of
calcination temperature (800 °C) and duration
(2 hours), with a heating rate of 10 °C/min, was
based on thermogravimetric analysis results
presented in [14].

Two groups of calcined samples were prepared:
one in which the scales were placed in a single
layer for full air exposure, and another in which
the scales were stacked, reducing air contact for
inner layers. This straightforward yet controlled
arrangement ensures repeatable differences in
oxidation and thermal decomposition between
the two groups.

Prior to calcination, the scales were boiled in
deionized water for 4 hours to remove organic
matter and collagen. They were then filtered and
allowed to dry in a fume hood for 24 hours. Once
dry, the scales were divided into two groups. In
the fully exposed group, the scales were arranged
in a single layer to maximize air contact during
calcination. In the partially shielded group, the
scales were stacked so that inner layers were
covered by surface scales, reducing their direct
exposure to air. Both groups were calcined at
800°C for 2hours with a heating rate of
10 °C/min, as specified in [14].

Following calcination, the fully exposed group
turned completely white, while the partially
shielded group exhibited both white and gray
regions (Figure 1). In both groups, the outermost
(surface) scales remained white. After cooling to
room temperature, the scales were initially
ground using a coffee grinder and then further
reduced in size with a mortar and pestle. The
resulting white powder (from fully exposed
scales) and gray powder (from partially shielded

scales) were sieved through a 150 um sieve and
stored for subsequent analyses.

2.2. Structural characterisation
2.2.1. X-ray powder diffraction (XRPD)

X-ray powder diffraction (XRPD) measurements
were conducted using a Bruker D8 Advance
diffractometer in Bragg-Brentano geometry.
Data were collected at room temperature over an
angular range of 20 = 5—60°, with a step size of
0.02°, utilizing Cu Ko radiation (A = 1.54056 A).
The collected XRPD data were analyzed through
Rietveld refinement, employing the General
Structure Analysis System (GSAS), a widely
used software suite written in FORTRAN [25].
Throughout the refinement process, various key
factors were carefully optimized, such as peak
intensities, background fitting, and lattice
parameters, to ensure accurate results.

The quality of the refinement was evaluated
through R-factors, including the weighted profile
R-factor (Rwp) and the expected statistical R-
factor (Rexp), with the goodness-of-fit determined
by the y* value. A pseudo-Voigt function [26],
which combines Gaussian and Lorentzian
components, was used to model the peak shapes,
while the background was fitted using a
Chebyshev polynomial function. Anomalous X-
ray scattering factors, such as corrections to form
factors (f and f"), were computed with the
DISPANO program [27] and incorporated into
the GSAS refinement. The iterative refinement
cycles included adjustments to profile shape
parameters, zero-point corrections, background
modeling, and scale factors, along with atomic
thermal displacement parameters for the phases
analyzed.
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European seabass scales

boiling for 4 hrs and drying
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Figure 1. Schematic representation of
hydroxyapatite (HAp) powder preparation from
European seabass scales. The top image shows the
cleaned fish scales after removing dirt and debris.
The central image depicts the scales after boiling for
4 hours and drying in a fume hood for 24 hours. The
left image shows the gray powder obtained from
partially shielded scales, where inner scales were
shielded from air exposure during calcination. On
the right is the white powder, derived from fully
exposed scales calcined in a single layer, allowing
full air exposure. The bottom images show the final
powders after grinding, highlighting the distinct
color differences between the gray and white

powders
2.2.2. Fourier transform infrared
spectroscopy (FTIR), scanning electron
microscopy (SEM) and UV-Visible
spectroscopy

The functional groups in the extracted powders
were identified using a Fourier transform
infrared (FTIR) spectrometer equipped with an
Attenuated Total Reflectance (ATR) diamond
probe. Spectra were collected over the range of
4000—400 cm™ on a Thermo Nicolet iS50 FTIR
system. For morphological analysis, scanning
electron microscopy (SEM) was performed using
a Zeiss Gemini 300 microscope with a Bruker
XFlash 61100 detector in In-Lens mode. Prior to
imaging, the samples were coated with a thin
layer of gold-palladium (Au-Pd) alloy (60:40
ratio), applying a 15 nm conductive coating using
a Leica EM ACE600 high-vacuum sputter coater
to enhance surface conductivity. Optical

absorbance measurements of the powders, across
the wavelength range of 200-800 nm, were
conducted using an Agilent Cary 60 UV-Vis
spectrophotometer.

3. Results

3.1. Rietveld analysis

Ambient temperature XRPD data for the fully
exposed white and partially shielded gray
powders confirmed the successful extraction of
crystalline hydroxyapatite, HAp, from fish
scales, as shown in Figure 2. The figure
highlights the crystalline similarity between the
two samples: white HAp powder (fully exposed
to air), gray HAp powder (partially shielded).
Minor variations in peak intensities are observed,
but no significant differences in overall
crystallinity are present.

800

]
8

o
8

Intensity (arb. units)

Y
8

Intensity (arb. units)

8

0

10 2‘0 3‘0 4‘0 5;0
20 (degrees)

Figure 2. X-ray powder diffraction (XRPD) patterns
of hydroxyapatite (HAp) extracted from the fish
scales collected at ambient temperature with
L =1.5406 A. The red curve represents the white
powder (fully exposed) the blue curve corresponds
to the gray powder (partially shielded). The inset
shows a magnified view of the 20 = 30.2-36.5",
emphasizing the crystalline similarity among the
samples, with minor differences in peak intensities
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Figure 3. Rietveld fits to XRPD data for the gray (partially shielded, upper profile) and white (fully exposed,
lower profile) hydroxyapatite (HAp) powders collected at ambient temperature with A = 1.5406 A. The red
circles represent the observed data, blue lines the calculated profile, and green lines the difference between

observed and calculated profiles. Black and red ticks mark the reflection positions of the majority phase
hexagonal HAp Caio(PO4)s(OH): (space group P63/m) and minority rhombohedral Mg-Whitlockite

CaigsMgrH»(P04)14 (space group R3c), respectively. The weighted-profile and expected R-factors for the upper

fit are Ry, = 4.54% and R.,, = 1.15% while for the lower fit they are R, = 3.88% and Rey, = 1.13%. The
insets highlight different 20 regions of the corresponding profiles, emphasizing the peak fitting and the
contribution of the secondary Mg-Whitlockite phase

The Rietveld refinement (Figure 3) reveals that
both the white and gray powders crystallize in the
hexagonal space group P63/m (no. 176) [28],
along with a secondary phase, identified as
magnesium whitlockite (CaisMg2H2(POa)14) as in
the previous study [14]. This impurity is modeled
using the rhombohedral space group R3c (no.
161) [29]. Previous studies on extracting HAp
from natural sources using calcination have
commonly reported the formation of HAp in a
hexagonal structure, consistent with the findings
of this study. However, these works often
identified B-tricalcium phosphate (B-TCP,
Cas(PO4)2) as the secondary phase, typically
without employing detailed Rietveld refinement
[13, 30, 31]. The similarity in the chemical
composition and crystal structure of B-TCP and
whitlockite (WH) frequently leads to their
confusion in discussions regarding calcium
phosphate phases [29]. Both minerals share the
same space group (R3c) but have distinct unit cell
parameters, making them difficult to differentiate

through standard XRPD analysis, especially as
their Bragg reflections can overlap.

Magnesium incorporation into whitlockite
causes slight distortions in the crystal lattice,
resulting in subtle variations in bond lengths,
angles, and the overall structural stability
compared to pure B-TCP. The f and f’
corrections applied in GSAS were: Ca (f =
0.340, 1 =1.235), P (f =0.283, /"’ = 0.433), Mg
(f =0.165, > =0.177), and O (f’ = 0.046, f° =
0.032). The refined unit cell parameters, P-O
bond lengths, and weight fractions of HAp and
WH phases for both the white and gray powders
are summarized in Table 1.

The unit cell parameters for both phases —a = b
=9.4235(1) A, ¢=6.8800(1) A for the white
powder, and a = b =9.4232(1) A, ¢ = 6.8806(1)
A for the gray powder — are nearly identical
within experimental uncertainty, despite the
color differences. These values are consistent
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with previously reported data [14]. Similarly, the partially shielded powders. Additionally, the P—
weight fractions of HAp (83.27(3) wt% for the O bond lengths in the HAp structure are virtually
white and 83.57(3) wt% for the gray) and Mg- identical for both powders, with minimal
whitlockite (16.7(1) wt% for the white and variation within experimental error.

16.4(1) wt% for the gray) phases show no notable

differences between the fully exposed and

Table 1. Refined structural parameters and weight fractions of the major hydroxyapatite and minor Mg-
Whitlockite phases present in the white and gray powders obtained from the fully exposed and partially
shielded region of the fish scales

structural parameters ~ white — fully exposed

gray — partially shielded

Hydroxyap a=b(A) 9.4235(1) 9.4232(1)
atite c(A) 6.8800(1) 6.8806(1)
(P63/m) V(A% 529.106(9) 529.120(8)
P-01 (A) 1.577(4) 1.575(4)
P-02 (A) 1.536(4) 1.529(4)
P-03 (A) 1.631(2) 1.625(2)
weight fraction (%) 83.27(3) 83.57(3)
Mg- a=b(A) 10.3474(3) 10.3474(3)
Whitlockite c(A) 37.084(2) 37.079(2)
(R3¢) V(A% 3438.7(2) 3438.1(2)
weight fraction (%) 16.7(1)% 16.4(1)

Table 2. Refined structural parameters for hexagonal biogenic hydroxyapatite (space group P63/m) from
Rietveld analysis of XRPD data collected at ambient temperature from the partially exposed gray (upper) and
fully exposed white (lower) powders, at room temperature with A = 1.5406 A. Site multiplicities and
ocuupancies are listed in columns M and N, respectively. Values in parentheses are estimated errors from the
least-squares fitting. The weighted-profile and expected R-factors for the white and gray powders are
Ry = 3.88%, Rexpy = 1.13% and R, = 4.54%, Rexp = 1.15%, respectively

Atoms xla y/b z/c M N
Ca(1) 0.3333 0.6667 0.0017(5) 4 0.998(3)
Ca(2) 0.25572(24) 0.99784(27) 0.25 6 0.963(6)
P 0.4015(4) 0.35716(33) 0.25 6 1.082(4)
o(1) 0.3404(5) 0.4850(5) 0.25 6 1
0Q2) 0.5868(5) 0.4748(10) 0.25 6 1
0Q3) 0.3394(4) 0.2430(4) 0.0566(4) 12 1
O-h 0 0 0.19500 4 0.5
H 0 0 0.06080 4 0.5
Atoms x/a y/b z/c M N
Ca(1) 0.3333 0.6667 0.0014(5) 4 0.999(3)
Ca(2) 0.25537(23) 0.99740(27) 0.25 6 0.963(3)
P 0.40203(32) 0.35686(32) 0.25 6 1.083(4)
o(1) 0.3415(5) 0.4855(5) 0.25 6 1
0(2) 0.5881(5) 0.4744(9) 0.25 6 1
0(3) 0.3408(4) 0.2433(4) 0.0553(4) 12 1
O-h 0 0 0.19500 4 0.5
H 0 0 0.06080 4 0.5

The refinement of the site occupancies of the powders yielded stoichiometric values of Ca:P =
Ca(1), Ca(2), and P atoms for the white and gray 9.77(2): 6.50(3) yielding Ca/P: 1.504(7) and
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Ca:P =9.77(2): 6.49(3) yielding Ca/P: 1.505(7),
respectively. Although these values fall below
the ideal Ca/P ratio of 1.67 for stoichiometric
HAp, such deviations are typical of biogenic
HAp owing to ionic substitutions [10, 11].

In a previous study, the Ca/P ratio for HAp
derived from the same fish scales was refined as
1.474(7), reinforcing the notion that naturally
sourced HAp often exhibits a Ca-deficient
profile. Crucially, the Ca/P ratios remain similar
for both the fully exposed (white) and partially
shielded (gray) powders. It should be noted that,
during the refinement process, the P—O bond
lengths were constrained to 1.55 A [28] due to
the limitations of X-rays in accurately
determining the positions of light elements.

The fractional atomic coordinates of P, O(1),
0O(2), and O(3) were refined with a tolerance of
0.05 and a bond length restraint weight of 100
(presented in Table 2). Variations in air exposure
during calcination do not significantly alter the
fundamental structural characteristics of the
extracted HAp. Full air exposure primarily
affects the surface, leading to color changes
likely caused by surface oxidation or the
interaction of trace impurities with an oxygen-
rich environment. These surface effects,
potentially creating oxygen vacancies or defects,
modify the electronic structure, contributing to
the color differences observed.

However, these modifications remain confined to
the surface, leaving the bulk crystal structure
unaffected. Additionally, the consistent Ca/P
ratios across the fully exposed (white) and
partially shielded (gray) powders confirm that air
exposure does not influence the stoichiometry of
the calcium and phosphorus atoms. This
indicates that the observed color changes due to
air exposure are limited to surface properties and
do not impact the bulk structure or stoichiometric
composition of the HAp.

3.2. FTIR analysis

The FTIR spectra shown in Figure 4 confirm the
presence of key functional groups characteristic
of HAp. The observed bands correspond to
distinct infrared absorption modes of the free
orthophosphate ion (PO+*), which has nine
degrees of freedom that simplify into four normal

modes of vibration. The vi mode, associated with
P—O symmetric stretching, is detected around
964 cm™', confirming the presence of the HAp
phase, consistent with previously reported values
[32]. The vs mode, attributed to the
antisymmetric P—O stretching, appears as bands
at 1088, 1030, and 980 cm™, representing triply
degenerate stretching vibrations. The va mode,
corresponding to antisymmetric P—O bending, is
identified by the bands at 600 and 565 cm™,
typical of HAp.

Additionally, the OH™ group is characterized by
a distinct band around 3600 cm™, indicating the
stretching vibrations of the O—H bond, while the
band near 630 cm™! corresponds to the librational
motion of the OH™ ion [13], a feature specific to
HAp and absent in related phases such as
fluorapatite and chlorapatite [32]. These spectra
confirm the successful formation of HAp in both
the fully exposed and partially shielded samples,
While the characteristic bands for the PO+~
groups are consistent across both samples, slight
differences in intensity are observed.

100 — 4

[ 100

(%)

80

Transmittance (%)
T
Transmittance
®
=]
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v3, PO,

60 L L
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‘Wavenurmmber (t:m’1 )

[-Ye J A SEIIN KN EVEEVI EVAPIVIVIN NN BRI SRR B
4000 3500 3000 2500 2000 1500 1000 500
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Figure 4. FTIR spectra of the hydroxyapatite (HAp)
powders. The red spectrum represents the white
HAp powder (fully exposed), while the blue
spectrum represents the gray HAp powder (partially
shielded). The labeled bands correspond to
characteristic functional groups, with further details
provided in the main text. The inset shows an
expanded view of the wavenumber range 1500-300
cm™!, focusing on the absorption modes of the PO.*"
groups in HAp, which are labeled and indicated by
arrows

3.3. SEM analysis

The SEM images in Figure 5 provide a
morphological analysis of the white and gray
HAp powders, revealing variations in particle
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shape, crystallite size, and degree of surface
crystallization. At lower magnifications (Figures
5a and 5c), both powders exhibit aggregated
particles, though the gray powder shows more
pronounced irregularities in particle shape
compared to the smoother, more uniform
appearance of the white powder. At higher
magnifications (Figures 5b and 5d), individual
HAp particles, ranging from approximately 45
nm to 135 nm in size, are observed in both
powders, confirming the nanoscale nature of the
crystallites.

EHT =15.00 kv

Kag = 25.00 KX

EHT =15.00 kv

Mag= 75.00KX

Observed differences in particle morphology and
surface texture may result from variations in air
exposure during calcination, with the fully
exposed white powder showing a more uniform
and smoother surface. The presence of nanoscale
crystallites in both powders indicates the
potential for increased surface area, which could
be advantageous for applications requiring high
surface interactions, such as adsorption or
various biomedical uses.

2466.58 nm

-

lag= 75.00 KX EHT =15.00 kV

EHT = 15.00kV

Figure 5. SEM images of hydroxyapatite (HAp) powders extracted from fish scales, comparing white (fully
exposed, upper panels) and gray (partially shielded, lower panels) powders at different magnifications. (a, ¢):
Low-magnification (25.0 kX) overviews of the white (a) and gray (c) powders. (b, d): High-magnification
(75.0 kX) close-ups of the white (b) and gray (d) powders, highlighting individual HAp crystallites ranging
in size from approximately 45 nm to 135 nm

3.4. UV-Vis spectroscopy

The optical properties of the white and gray HAp
powders were analyzed using UV-Vis
spectroscopy. To determine the direct bandgap
Eg of the samples, Tauc plots were constructed
using the relation (ahv)? = C(hv — E;) where
a is the absorption coefficient, C is a constant,
and hv represents the photon energy. This
method, widely applied for estimating optical

bandgaps in semiconducting materials, allowed
for the calculation of the bandgaps [33].

As shown in Figure 6, the linear portion of the
Tauc plot, which corresponds to the absorption
edge, was extrapolated to the x-axis to obtain the
direct bandgap values. The white HAp powder
has a bandgap of 3.99 eV, while the gray powder
exhibits a slightly lower bandgap of 3.87 eV.
These differences can be attributed to surface
properties, as the XRPD and FTIR analyses show

133



Sakarya University Journal of Science, 29(1) 2025, 125-139

no significant differences in the bulk structure of
the powders. The higher bandgap of the white
powder aligns with its reflective nature, while the
lower bandgap of the gray powder suggests
greater absorption of visible light, likely due to
surface effects.

Although HAp is typically considered an
insulator with a bandgap in the 5-6 eV range, the
observed values of 3.99 eV and 3.87 eV fall
within a range that indicates possible
semiconducting behavior. Bandgap variations
reported in the literature can be attributed to the
presence of defects and the choice of theoretical
methods for bandgap calculations.
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Figure 6. Tauc plot showing the relationship
between (ahv)? and photon energy (hv) for the white
and gray hydroxyapatite (HAp) powders. a
represents the absorption coefficient. Linear fitting
was applied to the absorption edge region, and the
extrapolation of the fitted lines to the x-axis reveals
the direct bandgap (E,) values. The white powder
shows a bandgap of 3.99 eV (red line), while the
gray powder has a bandgap of 3.87 eV (blue line).
The inset highlights the extrapolation area,
illustrating the slight bandgap difference

For example, Rosenman et al used
photoluminescence (PL) and surface
photovoltage spectroscopy to study HAp and
determined a bandgap of 3.95 eV from the PL
spectra. They also determined Eg as 3.94 eV from
the contact potential difference (DCPD) curves
treatment method [15], consistent with our
findings. The comparison between DCPD and PL
spectra in [15] demonstrates that the energy
levels of electron-hole states obtained from the
two spectroscopy techniques are remarkably
similar.

This suggests that all HAp samples share an
identical electron-hole state structure,
comprising five bulk states and one surface state.
It is proposed that these deep electron (hole)
charged states could be a key factor contributing
to the high bioactivity observed in HAp
nanoceramics. In contrast, theoretical studies
based on density functional theory (DFT) often
predict larger bandgap values, ranging from 4.5
to 5.4 eV for HAp, even higher values for defect-
free samples [16-18].

It is important to consider the level of defects in
HAp, as defect-free HAp is transparent to visible
light, with electronic excitations only occurring
for photon energies greater than 6 eV. Therefore,
accurately  determining the fundamental
properties of HAp—such as its crystalline
structure, phonon dispersion, electronic band
structure, dielectric response, and electronic band
gap—with minimal error margins is essential for
a reliable evaluation of both spectroscopic and
theoretical results [19].

Previous studies have demonstrated that doping,
as well as the presence of defects and vacancies,
can lower the Egof HAp. For example, the optical
bandgap of HAp/TiO2 composite thin films was
found to decrease from 4.1 eV to 3.8 eV with
varying dipping cycles [20]. Another study,
which combined experimental and theoretical
approaches, examined the impact of Ti
substitution in HAp on the bandgap. Diffuse
reflectance  spectroscopy revealed optical
bandgap values of 3.65 eV for Ti-HAp, greater
than 6 eV for pure HAp, and 3.27 eV for TiOs..
However, bandgaps calculated using DFT
yielded lower values, specifically 2.74 eV for Ti-
HAp, 4.95 eV for HAp, and 2.23 eV for TiO:
[21].

A first-principles study on the optoelectronic
properties and defect levels in HAp found that
donor and acceptor transitions calculated with
semi-local DFT differed from those obtained
using hybrid-DFT by nearly 2 eV. This large
discrepancy underscores the importance of using
high-precision methods to describe electron-
electron interactions when calculating electronic
and optical transitions in HAp defects. Accurate
determination of electronic states requires high-
quality computational approaches [19].
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In this study, the observed bandgap reduction
may be attributed to surface effects, oxygen
vacancies, or trace impurities introduced during
calcination. The presence of the Mg-whitlockite
phase could also contribute to the bandgap
narrowing, as previous research suggests that
defects and impurities significantly influence the
bandgap of HAp. Magnesium substitution in
whitlockite can lead to lattice distortions and
defects, such as oxygen vacancies, which may
introduce localized energy states within the
bandgap.

These changes could alter the electronic structure
and reduce the bandgap. While these
observations point towards the potential for
semiconducting properties in the modified HAp,
further research is required to confirm this
behavior and fully understand the influence of
the Mg-whitlockite phase, along with other
surface effects, on the material's electronic
properties.

4. Discussion

This study examines how air exposure during
calcination affects the optical and structural
properties of hydroxyapatite. While the white
and gray powders show distinct color
differences, structural analysis confirms that both
crystallize in the hexagonal HAp structure with a
minor Mg-whitlockite impurity. This indicates
that varying calcination conditions do not alter
the bulk composition. The Rietveld refinement
verified the crystalline structure remained
consistent in both powders. The color differences
between the white and gray powders are most
probably due to surface oxidation occurring
during calcination. SEM analysis revealed slight
differences in particle morphology, with the
white powder displaying a smoother surface than
the gray powder. However, these variations are
confined to the surface, as no significant
deviations in bulk structure were detected. FTIR
spectra further confirmed the presence of
characteristic phosphate and hydroxyl groups in
both powders, indicating that the fundamental
chemical structure of HAp was preserved.
Additionally, the consistent Ca/P ratios across
both powders suggest that the calcination process
did not affect the stoichiometric composition,
reinforcing the conclusion that the observed

color and bandgap differences are surface-driven
rather than due to changes in the bulk structure.
Regarding phase composition, both this study
and previous investigation [14] confirmed that
HAp is the primary phase, with a minor Mg-
whitlockite impurity present. However, the study
on Nile tilapia scales identified biphasic calcium
phosphates, specifically HAp and B-tricalcium
phosphate, at higher calcination temperatures
[13]. These discrepancies may arise from
differences in the source material or the
calcination conditions, which can impact the
resulting phase composition.

When comparing optical properties, the bandgap
values obtained in this study—3.99 eV for the
white powder and 3.87 eV for the gray powder—
are lower than the 5.5 eV reported in [13] for the
white powder obtained after boiling pre-
treatment and calcination at 800°C. The same
study also reported two bandgap values, 2.87 eV
and 3.97 eV, for the blue powder obtained from
dry fish scales without pre-treatment, which was
calcined at 800°C [13]. These wvariations in
bandgap values likely due to the differences in
sample preparation and elemental composition.
For example, the tilapia study linked the blue
color of dry samples (which lacked boiling pre-
treatment) to higher concentrations of Na, Cl, S,
and Mn. In contrast, our results suggest that
surface effects, particularly air exposure during
calcination, are key factors driving the observed
color and bandgap differences between the white
and gray powders rather than the structural
variations in the bulk. This comparison
reinforces the significant role that surface
conditions, such as air exposure and calcination
environment, have on the optical properties of
HAp, even when the bulk structure remains
mostly unaffected. The difference in the
electronic states of HAp between the surface and
bulk, as highlighted in [15], further supports this
conclusion.

Although the white and gray powders show
noticeable color differences, XRPD, FTIR, and
SEM analyses reveal no major variations in their
bulk crystal structures. This suggests that the
color differences are surface-related rather than
due to changes in the core crystalline properties.
The white color in the outer layers of the calcined
scales is likely due to full air exposure, allowing
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for complete oxidation and the removal of
organic matter. In contrast, the inner gray/black
layers, shielded from direct air exposure, may
retain carbon residues from incomplete
combustion of organic materials like collagen.
This could explain the color contrast between the
two layers. Localized temperature variations
during calcination may also contribute, with the
outer layers reaching higher temperatures,
ensuring complete decomposition of organic
matter, while the inner layers, lacking sufficient
air exposure, experience incomplete combustion,
leading to the gray hue [34].

The elemental composition of HAp powder
obtained from the same fish scales and calcined
at 800°C for 2hours has been previously
analyzed using EDS spectroscopy [14]. The
results confirmed that, after calcination, the
major elements were calcium, phosphorus, and
oxygen, with minor contributions from other
trace elements such as magnesium and sodium.
However, in the earlier study [14], all the
calcined scales were combined, causing the white
fraction to be masked by the gray fraction, which
yielded an overall gray appearance. Only through
the controlled separation of fully exposed and
partially shielded scales in the present study was
the role of air exposure in color formation
definitively identified. In the earlier work, the
gray-colored HAp powder exhibited
approximately 3.8% residual carbon, indicating
that some organic remnants remained in the
sample—possibly attributable to reduced air
contact during calcination [14].

While the lab-based X-ray diffraction provides
useful insights into the bulk crystal structure, it is
limited in detecting fine details like oxygen
vacancies or other surface defects. High-
resolution methods, such as synchrotron X-ray or
neutron diffraction, would offer better sensitivity
to light elements like oxygen and could give a
clearer picture of structural defects responsible
for the observed bandgap narrowing. These
advanced techniques could help confirm whether
oxygen deficiencies or other defects are
influencing the surface properties, giving us a
deeper understanding of the material’s electronic
and optical behavior.

5. Conclusion

This research highlights the critical impact of
surface effects on the optical properties of
hydroxyapatite (HAp) powders extracted from
fish scales. Structural analysis confirms that both
the white and gray powders crystallize in the
hexagonal HAp structure along with a minor Mg-
whitlockite impurity, indicating that the bulk
crystalline structure remains unchanged despite
variations in air exposure. Although the gray
powder may retain slightly more residual carbon,
Rietveld refinements confirm no significant
deviation in space group or lattice parameters.
These results suggest that air exposure primarily
affects surface properties—particularly those
linked to optical characteristics—rather than
inducing detectable changes in the bulk structure
of the HAp. UV-Vis spectroscopy shows
bandgap values of 3.99 eV for the white powder
and 3.87 eV for the gray powder. These values,
while lower than those typically reported for
defect-free HAp (5-6 eV), align with previously
reported bandgaps for HAp containing surface
defects. This suggests possible semiconducting
behavior in the extracted HAp, influenced by
surface phenomena rather than changes in the
bulk structure. These findings can contribute to a
deeper understanding of how calcination
conditions impact the optical, surface and
structural properties of biogenic HAp, which has
important implications for its use in biomedical
applications and environmental remediation,
where surface characteristics play a critical role
in performance.
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