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ABSTRACT

This study investigated how the rate of addition of the phosphorus-fluoride precursor affects the sustainable syn-
thesis of fluorapatite (FAp) from waste eggshells. A co-precipitation method and different precursor addition rates
of 0.5 and 5 mL/min were used to determine their influence on the phase composition, crystallinity, and morphol-
ogy of the synthesized materials. XRD and FTIR analyses showed that slow addition (0.5 mL/min) promoted the
formation of highly crystalline, predominantly phase-pure fluorapatite (93%), while fast addition (5 mL/min) led
to supersaturation-induced nucleation, facilitating the stabilization of whitlockite (61%). SEM analysis showed
that the fluorapatite crystals were well-shaped and homogeneous, with little agglomeration at 0.5 mL/min.
However, when the addition was accelerated, the particles formed irregular structures with greater agglomeration

and structural heterogeneity.
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INTRODUCTION

The need for sustainable techniques for the
recovery of secondary raw materials is influenced
not only by the depletion of natural resources
but also by the increasing amount of waste [1].
In recent years, there has been growing interest
in developing sustainable methods for converting
waste resources into high-value-added materials
[1-3]. In this context, eggshells, mostly constitut-
ed of calcium carbonate, present a promising bio-
genic resource [4—5] for the synthesis of calcium
phosphate minerals such as fluorapatite [6—8].

Fluorapatite is a material of increasing interest
in biomedical sciences due to its combination of
high mechanical stability and excellent biocom-
patibility. Compared to other calcium phosphate
compounds, it exhibits superior resistance to dis-
solution [9], making it a preferred material for
long-term applications in physiological environ-
ments. As a result, fluorapatite has been extensive-
ly investigated for use in bone tissue engineering

[10-14] and dental applications [15-16], with the
specific conditions associated with the different
synthesis processes strongly influencing its struc-
tural and functional properties [17—19].

The chemical co-precipitation method stands
out as an economically efficient and scalable ap-
proach for the synthesis of calcium-phosphate
materials, in which calcium, phosphate, and
fluoride ions are simultaneously precipitated in
an aqueous solution. To achieve a pure fluorapa-
tite phase, it is important to retain the stoichio-
metric ratio between the constituent ions. Nuzulia
et al. [8] found that changing the P/F molar ratio
significantly affects the formation of fluorapatite,
which is reflected in changes in X-ray diffraction
and phase purity. Furthermore, lijima et al. [20]
established that fluoride ions modulate the dy-
namics of the phase transition, affecting crystal
growth and orientation, which provides opportu-
nities for optimizing synthesis conditions.

Another critical parameter affecting the phase
composition, particle size, and morphology of
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the synthesized fluorapatite is the rate of fluo-
ride precursor addition, which directly impacts
the structural integrity and functional properties
of the final material. In this context, the present
study aimed to synthesize fluorapatite from waste
eggshells as a source of biogenic calcium via the
co-precipitation method. Evaluated how different
rates of adding phosphorus—fluorine precursors
(0.5 and 5 mL/min") affect phase composition,
crystal morphology, and structural characteristics.
The resulting materials were characterized using
XRD, FTIR, and SEM to establish correlations
between precursor addition rate and the proper-
ties of the synthesized fluorapatite. The novelty
of this work lies in combining the sustainable use
of waste eggshells with a systematic investigation
of the precursor addition rate, a factor which is
not enough investigated in previous studies. This
work will provide new data on its influence on
the characteristics of the synthesized fluorapatite.

EXPERIMENTAL

Materials

Waste eggshells collected from a local confec-
tionery, 0.3 M standard solution of orthophospho-
ric acid (H,PO,, 85%) and 0.1 M sodium fluoride
solution (NaF, 99%), products of Sigma-Aldrich.

Pretreatment of eggshells and preparation
of calcium hydroxide

Waste eggshells were washed several times
with hot water without removing the organic
membrane. They were then allowed to air dry
at room temperature for 24 hours and at 105 °C
until constant mass was reached. The dry shells
underwent mechanically processed in a Fritsch
“Pulverisette 6” planetary mill (at 300 rpm for 60
min, under dry conditions) to produce a fine pow-
der. This powder was subsequently sieved using a
Retsch “AS 200” vibrating shaker with laboratory
sieves (ISO 33101, 100-25 pum) to determine the
particle size distribution. The resulting eggshell
powder underwent thermal treatment at 900 °C
for 3 hours, to effectively decompose calcium car-
bonate (CaCO:s) into calcium oxide (CaO) [21].
Subsequently, the CaO powder was dissolved in
the required amount of distilled water and stirred
at 400 rpm for 15 min to form Ca(OH)., which
serves as the calcium ion source.
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Synthesis of fluorapatite

The synthesis of fluorapatite was carried out
using the chemical co-precipitation method. A
precursor solution was first prepared by mixing
0.3 M phosphoric acid (HsPO4) and 0.1 M sodium
fluoride (NaF) solutions in a 1:1 volume ratio un-
der continuous stirring at room temperature un-
til a homogeneous solution was obtained. This
phosphorus-fluoride precursor was then intro-
duced into a calcium hydroxide (Ca(OH):) solu-
tion under magnetic stirring (200 rpm) at 25 °C.
The synthesis was performed with two distinct
addition rates: 0.5 mL/min (slow) and 5 mL/min
(fast). The molar Ca/P ratio was maintained at
1.67, with a final Ca:P:F ratio of 5:3:1[18], cor-
responding to the stoichiometry of fluorapatite
[Cas(PO4)3F].

Since solution pH is a key factor governing
the formation of fluorapatite and crystal growth,
its change during synthesis was monitored. The
initial pH of the Ca(OH): solution was approxi-
mately 12. The rate of addition had a significant
impact on the pH dynamics during precipitation.
The slow addition (0.5 mL/min) resulted in a grad-
ual and uniform decrease in pH to values between
9 and 10. In contrast, the fast addition (5 mL/min)
caused a sharp decrease, with transient values of
8-9 and noticeable local acidification at the injec-
tion point. Despite these differences, the reaction
environment remained alkaline (pH > 7) through-
out the process in both cases, which is within the
optimal range for apatite formation.

After the complete addition of the precursor,
the suspension was aged for 24 hours at room tem-
perature. The resulting precipitate was separated
by vacuum filtration, washed with distilled wa-
ter, and the collected powder was dried at 70 °C
for 24 hours. Finally, the powder was calcined at
750 °C for 2 hours with a heating rate of 5 °C/
min. This calcination temperature was selected
to enhance the crystallinity and phase purity of
the fluorapatite while avoiding decomposition or
the formation of secondary phases, such as CaO
or CaF., which typically occur at temperatures
above 800 °C. The experimental procedures are
presented in the flow chart shown in Figure 1.

Characterization

X-ray diffraction (XRD) characterization was
employed to determine the phase purity and of the
obtained powders using a powder diffractometer
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Figure 1. Flow chart of fluorapatite synthesis

Bruker 2D Phaser. The samples were irradiated
with CuKa radiation (A = 1.54060 A) and ana-
lyzed between 2-90° (2 theta). Samples were
also characterized by Fourier transform infrared
(FT-IR) Nicolet iS 50 FT-IR Thermo Scientific
to identify the functional groups of the samples.
Analysis is performed in the interval 4000—400
cm'. To observe the surface morphology of the
samples Scanning electron microscopy was per-
formed on a JSM 6390 electron microscope (Ja-
pan) in conjunction with energy dispersive X-ray
spectroscopy (EDS, Oxford IN-CA Energy 350)
equipped with an ultrahigh resolution scanning
system (ASID-3D) in regimes of secondary elec-
tron image and back scattered electron image.

RESULTS AND DISCUSSION

To ensure the quality and reactivity of the cal-
cium hydroxide for the synthesis of fluorapatite,
ground eggshells were subjected to granulometric
(fractional) analysis. The purpose of the analysis
was to determine the particle size distribution
and to identify a suitable fraction for subsequent
thermal treatment. The results indicated that the
dominant particle fraction, accounting for 68.1%
of the total mass, was retained on a sieve with a
mesh size of 32 um (Figure 2). According to our
previous investigation [22], this size of particles
exhibited a specific surface area of 3.6654 m?/g
and a total porosity of 0.0064 cm?®/g, parameters

that make it extremely suitable for further calci-
nation. The relatively high specific surface area
enhances the number of reactive sites available
for CO: desorption, thereby accelerating the ther-
mal decomposition of CaCOs to CaO and ensur-
ing a more uniform conversion throughout the
particle bulk [23]. Simultaneously, the porosity of
0.0064 cm?/g facilitates the diffusion of evolved
gaseous products (primarily CO) from the in-
terior to the surface, minimizing pore blockage,
thus preserving reactivity and surface accessibil-
ity during calcination. The selected particle frac-
tion was subjected to calcination at 900 °C for 3
hours, conditions chosen based on literature that
emphasize the role of elevated temperature and
prolonged thermal exposure in enhancing the
phase purity and crystallinity of the resulting cal-
cium oxide (CaO) [24-25].

X-ray diffraction analysis was performed to
determine the crystalline phases present in the
synthesized powders obtained at different precur-
sor addition rates. The experimental diffraction
peaks were indexed and matched to standard ref-
erence data from the Crystallography Open Da-
tabase (COD). As presented in Figure 3, for the
sample synthesized at a 0.5 mL/min' addition
rate of a precursor, the X-ray diffraction pattern
is dominated by sharp, high-intensity peaks at 20
angles of 25.9°, 31.8°, 32.9°, 34.0°, and 39.8°.
These reflections correspond to the (002), (211),
(300), (202), and (310) lattice planes of fluorapa-
tite (Cas(PO4)sF), confirming a well-crystallized
apatite phase.

The most intense and characteristic peak was
found at 26 = 31.8°, indexed to the (211) plane
of fluorapatite, and aligns precisely with estab-
lished fluorapatite patterns [26]. The relative in-
tensities and narrow peak widths are consistent
with previously reported XRD patterns of well-
ordered fluorapatite synthesized under controlled
precipitation conditions and consistent with
COD 9017795. In addition to the primary flu-
orapatite phase, minor secondary reflections are
observed at 20 angles of 29.4°, 31.0°, and 34.5°,
corresponding to the (300), (021), and (113)
planes of whitlockite (COD 9011161), suggest-
ing trace amounts of a whitlockite-type structure
(CasMn(HPO,)(PO,),). The relatively low inten-
sity of these reflections confirms that fluorapatite
remains the main crystalline phase, with whit-
lockite present only as a minor impurity.

The sample synthesized at addition rates of
5 mL/min! (Figure 4), showed a clear change in
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Figure 3. XRD diffractogram of sample obtained at 0.5 mL/min addition rate

the composition of the phases. The main reflec-
tions were between 20 = 27° and 35°, with the
strongest peaks at about 30.9°, 31.1°, and 34.5°.
These peaks correspond to manganese whitlock-
ite (CasMn(HPO,)(PO,),, which is consistent
with COD reference pattern 9011161. In the high-
er-angle region (20 > 40°), there were more low-
intensity peaks for whitlockite, such as reflections
at 40.1°, 41.1°, 41.5°, 46.9°, 48.3°, and 53.4°.
Although fluorapatite reflections remain detect-
able particularly at 26=25.9°, 31.8°, and 39.8°,
their relative intensities are markedly reduced
compared to the slow-addition rate sample. This
suggests that fluorapatite persists as a secondary
phase under fast addition conditions, where the
dominant crystallization pathway shifts toward
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whitlockite-type structures due to the increased
rate of ion supersaturation.

The X-ray diffraction results clearly show the
influence of the rate of addition of phosphorus-
fluoride precursor into calcium solution (derived
from eggshells) on the formation of crystalline
phases in the obtained materials. Figure 5 pres-
ents their quantitative distribution determined
by the instrument’s software (Bruker 2D Phaser)
based on the intensity and profile of the diffrac-
tion peaks. It was observed that at a slow addi-
tion rate (of 0.5 mL/min"), the samples consist
of 93% fluorapatite (Cas(PO4)sF) and only 7%
whitlockite (CasMn(HPO,)(PO,),), while at a fast
addition of precursor (at 5 mL/min™"), the phase
balance shifts towards 61% whitlockite and 39%
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Figure 4. XRD diffractogram of sample obtained at 5 mL/min addition rate
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fluorapatite. This phase evolution is due to the
differences in the kinetics of supersaturation and
nucleation [27]. With slow addition, the ion con-
centrations in the solution are gradually raised,
maintaining low supersaturation and allowing
the formation of fewer, but thermodynamically
stable, nuclei [28]. These conditions favor the
crystallization of fluorapatite with a well-defined
lattice arrangement, as evidenced by the sharp re-
flections in the diffraction patterns corresponding
to the (002), (211), and (300) planes [26]. The mi-
nor whitlockite reflections detected at this stage

Fast addition

Figure 5. Phase composition of synthesized materials

may be due to residual, metastable nuclei that did
not fully transform during the 24-h aging period,
persisting as a secondary phase.

In contrast, a fast addition rate of precursor
creates transient supersaturation peaks, leading
to massive homogeneous nucleation and the for-
mation of multiple small, metastable nuclei [27,
29]. This competitive environment limits crystal
growth and inhibits the structural ordering re-
quired for apatite formation, instead stabilizing
whitlockite, which can readily incorporate diva-
lent cations such as Mn?** and Mg?" into its lattice
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[30]. Importantly, the presence of manganese is
directly related to the eggshell-derived precursor,
as trace amounts of Mn?" ions, naturally occur-
ring in biogenic eggshell, act as lattice stabiliz-
ers during whitlockite formation. Furthermore,
the absence of other calcium phosphate phases,
such as monetite (CaHPOa4) or brushite (CaHPOs
2H:0), is consistent with the alkaline conditions
provided by Ca(OH)2 (pH > 7) and the relatively
high Ca/P molar ratio (>1.5). Stabilization of a
single apatite phase under such conditions has a
direct impact on the purity of the phase, which
in turn determines the crystallite size, morphol-
ogy and overall homogeneity of the final material.
As a result, the synthesis process becomes highly
sensitive to parameters such as reagent addition
rate, pH and temperature, as documented in wet
precipitation method using eggshell-derived pre-
cursors [7, 9].

Fourier-transform  infrared  spectroscopy
(FTIR) was used to characterize the materials ob-
tained based on the rate of phosphorus-fluoride
precursor addition to the calcium ion solution
derived from eggshells. Table 1 summarizes the
FTIR spectral characteristics of the synthesized
powders, while Figure 6 presents the FTIR spectra
corresponding to the various precursor addition
rates. Both spectra show characteristic infrared
absorption bands typical of phosphate-containing

compounds, with notable differences in bands in-
tensity, shape, and spectral resolution.

The main intense peak in the 1030-1100 cm™
region is attributed to the asymmetric stretch-
ing vibration vs(PO+*"), while the bands around
960cm™ correspond to the symmetric stretching
vibration vi(PO+*"). The pair of well-defined peaks
in the 560—-605 cm ™ range reflects the deformation
modes va(PO4*"), characteristic of well-organized
phosphate tetrahedra [30]. In the sample synthe-
sized with precursor addition of 0.5 mL/min™,
these vibrational modes are clearly expressed with
sharp and narrow peaks, indicating a high degree
of crystallinity and the dominance of the fluor-
apatite phase (Ca,(POa),F), as confirmed by XRD
analysis. In addition to the characteristic phosphate
absorptions, the sample obtained by slow addition
of the precursor shows a weak but distinct FTIR
band near 3570 cm™'. Although this frequency
often corresponds to stretching of the OH™ group
[31], its retention after calcination at 750 °C and
cooling does not suggest the presence of structur-
ally bound hydroxyl groups or organic residues.
The observed band is therefore the result of sur-
face adsorbed moisture (H20), which is bound by
hydrogen bonds to active surface sites or defects
in the crystal lattice. Adsorbed water in apatite
materials typically shows absorption in the region
of approximately 3100-3600 cm™, sometimes
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Figure 6. FT-IR spectra of synthesized materials obtained at different precursor addition rate

176



Advances in Science and Technology Research Journal 2026, 20(2) 171-181

Table 1. FTIR spectral characteristics of synthesized materials at different precursor addition rates

Wavenumber Vibrational mode 0.5 mL/min™" 5 mL/min~" Interoretation
(cm™) group slow addition fast addition P
- . Higher crystallinity under
3 -
~1030-1100 v(PO™), asymmetrlc S_har;_), well_deﬁned Broader slow addition; structural
stretching high-intensity band .
disorder at fast rate
v1(PO,4*7), symmetric Clearly visible and Weaker and less Indlcates_do_mlnant
~960 f ) fluorapatite in slow
stretching sharp peak defined b
addition sample
Better phosphate
~560-605 v4(PO,*7), bending modes Distinct doublet Resolved shoulder tetrahedra organization
under slow addition
—a7E_ v(HPO,*), More intense and Suggests whitlockite-type
875-880 protonate phosphate Very weak pronounced phase under fast addition
Attributed to re-adsorbed
~3570 V(OH), surface-adsorbed Weak, narrow band Absent moisture post-calcination;
water _
not structural OH

manifesting as a sharper peak around 3570 cm™.
The presence of such physically adsorbed water is
consistent with observations of Gheisari et al. [32]
re-adsorption of water upon exposure to ambient
air after thermal treatment.

The FTIR spectrum of the sample synthesized
at a 5 mL/ min™ precursor addition rate is signifi-
cantly different. The PO+*" vibrational modes in the
region 1000-1100 cm™ (vs) and 560—610 cm™* (va),
are broadened and with lower intensity, which is
indicative of a lower degree of crystallinity and the
presence of mixed calcium-phosphate phases. A
distinct and enhanced band at 875-880 cm™ is ob-
served, which is characteristic of protonated phos-
phate groups (HPO4?"), together with an additional
peak below 800 cm™, which can be attributed to
structural disorder induced by protonated phos-
phates [33]. The presence of manganese promotes
the stabilization of whitlockite by substituting Ca?*
at octahedral sites, thereby influencing both the
crystal chemistry and vibrational characteristics of
the phase [34].

Scanning electron microscopy (SEM) analy-
sis was used to investigate the morphological
characteristics of the synthesized calcium phos-
phate powders, and the results are presented in
Figures 7 and 8. SEM images show a direct cor-
relation between the reagent addition rate and the
resulting particle morphology, size distribution,
and degree of agglomeration, which is further
confirmed by the XRD phase composition data.
Figure 7 present the morphology of the sample
synthesized at a slow addition rate of 0.5 mL/
min~'. Well-formed, homogeneous crystals with a
distinct apatite morphology are observed, which
correlates with the dominant fluorapatite phase
identified by XRD. The particles show a narrow

size distribution from 1-2 pm, and low agglom-
eration tendency, with clear boundaries between
individual crystals. This highly homogeneous and
ordered microstructure is the result of controlled
crystallization kinetics. The slow addition rate of
reagents minimizes local fluctuations in supersat-
uration, allowing for a lower nucleation density.
Consequently, a smaller number of stable nuclei
are formed and undergo sustained growth under
near-equilibrium conditions, facilitated by suffi-
cient time for ion diffusion and incorporation into
the crystal lattice. This leads to the development
of large, thermodynamically stable crystals with
high phase purity, which is consistent with the
XRD results identifying fluorapatite as the pre-
dominant (93%) phase.

The sample obtained at an addition rate of
SmL/min" (Figure 8) exhibits a different mor-
phology. The microstructure is highly heteroge-
neous, consisting of irregular aggregates with a
rough surface texture, a high degree of agglom-
eration and a size of 3—5 pum. This reflects a more
chaotic nucleation and competition between fluor-
apatite and whitlockite, driven by the fast addition
rate, leading to local supersaturation of homoge-
neous nucleation, generating a large number of
metastable primary particles. In order to minimize
their surface energy, these particles undergo fast
and uncontrolled agglomeration, forming the ob-
served large agglomerates. The formation of whit-
lockite together with fluorapatite further disrupts
the morphological homogeneity and contributes to
the complex, aggregated structure observed in the
SEM micrograph.

The pronounced agglomeration observed in
the sample prepared at an addition rate of 5 mL/
min~' was likely intensified by the subsequent
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Figure 8. SEM micrograph of the calcium phosphate powder synthesized at a 5 mL/min precursor addition rate

heat treatment at 750 °C. At elevated tempera-
tures, sintering promotes particle coalescence,
thereby increasing morphological heterogeneity
in the final microstructure [26]. In contrast, the
sample obtained at the slower addition rate of
0.5 mL/min! exhibited reduced agglomeration.
In this case, firing at 750 °C favored the forma-
tion of phase-pure fluorapatite with well-defined
crystal morphology [7].

Energy-dispersive X-ray spectroscopy (EDS)
analysis was performed to quantify the elemental
composition and Ca/P ratios of the samples
(Table 2). EDS confirmed the presence of Ca,
P, O, and F as the major elements, in agreement
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with the fluorapatite structure. In the sample
synthesized at a slow precursor addition rate (0.5
mL/min), the Ca/P atomic ratio obtained from
EDS was 1.69, very close to the theoretical value
of 1.67 for stoichiometric fluorapatite, and no Mn
was detected. In contrast, the sample prepared
at a fast addition rate (5 mL/min) exhibited a
lower Ca/P ratio of 1.49, consistent with the
increased whitlockite content revealed by XRD,
along with trace Mn (1.2 at.%) incorporated
into the whitlockite lattice. These findings are in
agreement with previous studies showing that the
Ca/P ratio of fluorapatite typically ranges from
1.56 to 1.67 depending on fluoride incorporation
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Table 2. EDS elemental composition of synthesized samples

Addition rate sample Ca (at.%) P (at. %) O (at. %) F (at. %) Mn (at. %) CalP ratio
0.5 mL/min
(93% Fluorapatite) 36.8 21.7 40.0 1.5 Not detected 1.69
5 mL/min
(39% Fluorapatite 34.2 23.0 40.6 1.0 1.2 1.49
61% Whitlockite)

[35], and that deviations towards lower values
reflect stabilization of secondary calcium
phosphate phases [36].

CONCLUSIONS

This work demonstrates that rate of precursor
addition is a critical factor influencing the syn-
thesis of fluorapatite from a renewable biogenic
source — waste eggshells. Using a co-precipi-
tation method, we showed that there is a direct
correlation between the addition rate, the solu-
tion’s degree of supersaturation, and the result-
ing phase composition and microstructure. It was
found that a slow, controlled addition rate (0.5
mL/min) maintained low supersaturation, which
preferentially directed crystallization towards the
formation of phase-pure, well-crystalline fluor-
apatite (93%) with a well-defined morphology
and minimal agglomeration. A fast addition rate
(5 mL/min) induced sharp supersaturation peaks,
triggering competing nucleation pathways that
led to the stabilization of whitlockite (61%) as
the dominant phase. This sample was character-
ized by lower crystallinity, structural disorder,
and significant morphological heterogeneity with
pronounced agglomeration.

The study finds that the precursor addition
rate is a simple but effective way to change the
phase composition, purity, and microstructural
properties of calcium phosphate materials. The
research not only has scientific value, but it also
shows how biogenic calcium sources can be used
in a sustainable way transform waste eggshells
into high-value functional biomaterials. These
materials are important for biomedical uses like
bone tissue engineering and dental restoration,
where phase purity and a controlled microstruc-
ture are important for long-term performance.
Furthermore, the tunable surface properties and
chemical stability of the synthesized calcium
phosphates suggest potential for environmental
applications, such as catalytic supports or adsor-
bents for wastewater remediation.
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