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B 3mom uccnedosanuu uzyuanoco eauaHue MOUHOCIU MUKPOBOTHOB020 00IyUeHUsA HA
cunmes pmopanamuma (FAD) u3z 0mxo006 AUYHOI CKOPJIYNBL C UCHOJIb306AHUEM MEMOOA XUMU-
uecKko2o coocaricoenus. Cmecs npeKypcopos nooeepzanacs MUKpOGOIHOE0N 00padbomke npu ypoe-
Hax mowgnocmu 600 u 800 Bm. /Ina ouenku xapaxmepucmuk CUHME3UPOGAHHBIX NOPOUIKOB UC-
n0J1b308aANUCE MeMOObl penmzeHosckoll ougppaxyuu (XRD), ungppaxpacnoit @ypve-cnexmpocko-
nuu (FTIR) u ckanupyrowei snekmponnoit muxpockonuu (SEM). Pesynemamut nokazanu, umo
npu 600 Bm nonyuaemcsa 08yxgpazuulii mamepuai, cooepicauiuii OCHOSHYI0 a3y moHemum u
emopuunyo gpazy pmopanamum, 6 mo epems kak npu 800 Bm nabnwoaemca nonyueHue 4ucmozo
¢pmopanamuma.
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This study investigated the effect of microwave irradiation power on the synthesis of fluo-
rapatite (FAp) from waste eggshells using a chemical coprecipitation method. The precursor mix-
ture was subjected to microwave treatment at power levels of 600 and 800 W. X-ray diffraction
(XRD), Fourier transform infrared (FTIR), and Scanning electron microscopy (SEM) analysis
techniques were utilized to evaluate the characteristics of synthesized powders. The results showed
that at 600 W a two-phase material is obtained, containing a main phase monetite and a secondary
phase fluorapatite, while at 800 W the production of pure fluorapatite is observed.
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INTRODUCTION

Fluorapatite (FAp) is a calcium phosphate
mineral characterized by high biocompatibility, chem-
ical resistance, and excellent mechanical strength [1-2].
The stability and insolubility of fluorapatite in physio-
logical fluids are due to the presence of fluoride ions,
which significantly improve chemical and thermal re-
sistance [3]. These characteristics make it extremely
attractive for applications in dental and orthopedic re-
generation [4-5], catalysis [6-7], water treatment [8-9],
and phosphate fertilizer production [8, 10].

A sustainable approach to the synthesis of flu-
orapatite involves the use of natural, calcium-contain-
ing, biogenic wastes as raw material sources. For in-
stance, Erlanga et al. [11] successfully synthesized flu-
orapatite from the shells of the golden snail (Pomacea
canaliculata) by precipitation and solid-state reaction
methods. Similarly, Graziani et al. [4] used seashells
from Lingula anatine — materials characterized by a
high content of calcium carbonate (CaCOs) — to de-
velop biomaterials for orthopedic and dental applica-
tions. In this context, the use of waste eggshells is a
promising approach that will not only reduce waste and
the environmental footprint, but also offers an econom-
ical alternative to traditional raw materials [12-14].
Although there is insufficient literature on the synthe-
sis of fluorapatite from eggshells, they show promising
results in terms of its structural properties, biocompat-
ibility and potential applications in bone regeneration
and dentistry [11, 15].

In the quest to achieve optimal properties of
biomaterials, scientists have developed a wide range of
synthesis methods that allow for more precise control
over the morphology, purity, and crystal structure of
the final product. These include precipitation methods
[1], hydrothermal processes [16-17], sol-gel methods
[3], and mechanochemical approaches [18-19], each of
which has an impact on the characteristics of the final
product and poses a significant challenge in optimizing
the reaction conditions. Recently, researchers have in-
creasingly turned to the use of microwave heat as an
alternative source of thermal energy, which offers a
number of advantages - rapid and uniform heating, im-
proved reaction kinetics, shortened synthesis time, and
increased yields [20-23]. This integrated approach,
combining sustainable raw materials with innovative
synthesis techniques [24], promises significant im-
provements in the development of high-quality bio-
materials.

The aim of this research is to synthesize fluo-
rapatite from waste eggshells as a low-cost source of
calcium using the chemical co-precipitation method
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followed by microwave heating. Unlike previous stud-
ies that employed lower microwave powers and re-
quired additional thermal treatments to achieve phase
purity and crystallinity, this study investigates the ef-
fect of higher microwave irradiation powers (600 and
800 W) on the direct formation of single-phase, highly
crystalline fluorapatite. By eliminating the need for
further heat treatment, this approach enhances energy
efficiency and sustainability.

EXPERIMENTAL

For synthesis of fluorapatite powders utilizes
waste eggshells, phosphoric acid (HsPO4, 85%), and
sodium fluoride (NaF, 99%), products of Sigma-Al-
drich. Initially, the eggshells are washed, air-dried for
24 h, and then dried at 105 °C until a constant weight
is achieved. They are processed using a planetary ball
mill ("Pulverisette 6") and fractionated with a vibratory
sieve shaker ("Retsch AS 200"). Laboratory test sieves
with nominal apertures from 100 pm to 25 pm (ISO
3310-1) were used for the sieve analysis. For the ex-
periment, the predominant fraction, 71 > 50 um, was
selected. The eggshell powder was subjected to ther-
mal treatment at 900 °C for 2 h. During the calcination
process, the main inorganic component (CaCOsz) un-
derwent thermal decomposition. Carbon dioxide is re-
leased, and calcium oxide (CaO) is formed [23]. The
resulting CaO was dissolved in the required amount of
distilled water to form Ca(OH)..

In order to prepare the precursor calcium phos-
phate (Cas(PQa,)2), we added a 1M phosphoric acid so-
lution to the calcium base (eqg. 1), ensuring a pH of 7 to
optimize precipitation [25]. For the formation of fluo-
rapatite, a stoichiometric amount of 2% sodium fluo-
ride solution was added to ensure uniformity and pre-
vent the formation of a side phase. The reaction was
carried out for 2 h at 90°C with continuous stirring
(eq. 2).

3Ca(OH)2+2H3PO4—>Ca3(PO4)2+6H20 (1)
3Ca3(PO4)2+Ca(OH)2+2NaF—>
—2Cas(PO4)sF+2NaOH. (2

After the reaction, the mixture is left at room
temperature for 24 h for precipitation. The precipitate
is filtered, washed to remove sodium and ammonium
ions, and dried at 105 °C for 12 h. The powders under-
went microwave irradiation power at 600W and 800W
for 45 min to complete the synthesis using a commer-
cial household microwave ,,Sharp“(900 W, 2450 MHz;
China).

Characterization

X-ray diffraction (XRD) was employed to
identify the crystal structure of obtained powders,
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while Fourier-transform infrared spectroscopy (FTIR)
was utilized to analyze the chemical composition.
Scanning electron microscopy (SEM) was used to de-
termine the morphology, particle size, and surface
structure of the obtained samples.

XRD (X-Ray Diffraction) characterization
was carried out on a powder diffractometer Bruker 2D
Phaser. The samples were irradiated with CuKa irradi-
ation (AL = 1.54060 A) and analyzed between 2-90°
(2 theta).

Fourier transform infrared spectroscopy (FTIR)
is a tool for identifying the types of chemical bonds in
organic and inorganic molecules. Analysis is performed
by using the spectrophotometer Nicolet iS 50 FT-IR
Thermo Scientific in the interval 4000-400 cm™".

Scanning electron microscopy was performed
on a JSM 6390 electron microscope (Japan) in con-
junction with energy dispersive X-ray spectroscopy
(EDS, Oxford IN-CA Energy 350) equipped with an
ultrahigh resolution scanning system (ASID-3D) in re-
gimes of secondary electron image and back scattered
electron image.

RESULTS AND DISCUSSION

To investigate the phase purity and composi-
tion of the synthesized powders subjected to various
microwave treatments, X-ray powder diffraction
(XRD) analysis was performed (Figs. 1 and 2). The
XRD profile of the sample produced through chemical
co-precipitation and subsequently heated in a micro-
wave power at 600W (Fig. 1) reveals the presence of
two phases within the synthesized powder. Notable
diffraction peaks at 20 angles of 26.42°, 26.58°, and
30.18° are characteristic of monetite (CaHPO4) [26],
corresponding to the crystal lattice planes: 020, -220,
and -112.
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Fig. 1. XRD diffractogram of calcium-containing powders ob-
tained by microwave irradiation at 600W: CaHPO4 (#);
Cas(PO,)sF (A)
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In contrast, the diffraction peaks observed at
260 values of 25.99°, 32.25°, 33.04°, 46.84°, 49.57°,
and 53.23° indicate the presence of a crystalline fluo-
rapatite phase (Cas(POa)sF [27]. The XRD pattern of
the sample subjected to microwave heating at a power
of 800 W (Fig. 2), demonstrating that the resulting
powder is a single-phase crystalline fluorapatite. The
characteristic peaks for fluorapatite are more pro-
nounced, with additional peaks appearing at 26 values
of 28.16°, 29.05°, 34.13°, 39.29°, 39.97°, 42.15°,
44.56°, and 48.79°. The corresponding Miller indices
(hkl) for these peaks are (102), (120), (202), (122),
(310), (311), (400), and (320). These findings are con-
sistent with the standard reference card for fluorapatite
(JCPDS 15-0876), confirming the purity of the fluo-
rapatite phase in the synthesized powder [20].

21neta (Coupled Twolheta/Iheta) WL=1,54060

Fig. 2. XRD diffractogram of fluorapatite obtained by microwave
irradiation at 800W
Puc. 2. lndpaxrorpamma ¢ropanatira, HOJIyIeHHBIX IPH MHK-
POBOJIHOBOM 00Ty4eHHH MOITHOCTBIO 800 BT

The results of the XRD analysis confirmed that
microwave treatment is essential for achieving a pure
phase in the synthesized material. Although fluorapat-
ite is primarily formed during co-precipitation, it may
contain small intermediate phases or unreacted precur-
sors. Using a microwave power of 600 W does not pro-
vide enough heat for the full conversion of the reac-
tants into fluorapatite (Fig. 1), leading to the formation
of a two-phase system mainly consisting of monetite
(63.8%) and fluorapatite (36.2%). When heated at
800 W, the reaction temperature increases, which en-
hances the mobility of calcium, phosphate, and fluo-
ride ions [3] and reduces the barriers to diffusion. The
higher microwave power, and consequently the higher
temperature stimulates the formation of the most stable
phase - pure fluorapatite. Additionally, the increased
intensity in the XRD pattern at higher powers (Fig. 2)
shows that the material’s crystallinity has improved
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[26], confirming the effectiveness of microwave heat-
ing. These results are consistent with previous studies,
which indicate that microwave synthesis can effec-
tively produce well-crystallized fluorapatite without the
need for additional heating or sintering processes [23].

The influence of microwave irradiation power
on the synthesis of fluorapatite was confirmed by FT-
IR analysis. Fig. 3 presents a comparative overview of
the FT-IR spectra, while Table 1 summarizes the iden-
tified vibrational modes.
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Fig. 3. FT-IR spectra of synthesized calcium-containing powders
at different microwave irirradiation
Puc. 3. UK-crieKTpBl CHHTE3UPOBAHHBIX KATBIMHACOIEPIKAIINX 110~
POIIKOB IPH Pa3IUIHOI MOIIHOCTH MUKPOBOJIHOBOTO OOIY4CHHUS

The spectral analysis of the sample heated at
microwave power at 800 W (Fig. 3) confirms the for-
mation of crystalline fluorapatite with a well-defined
phase composition. The dominant band at 1030 cm™ 1,
with a shoulder at 1090 cm™ !, corresponds to the
asymmetric stretching mode of the PO.* group, while
the peaks at 562 and 601 cm™ ! are associated with the
asymmetric bending vibrations of the phosphate tetra-
hedra [27]. The appearance of a doublet at 1430 and
1450 cm™ 1, reveals the presence of carbonated groups,
signifying B-type substitution in which COs? ions re-
place POs*~ groups [4]. This structural modification
enhances the bioactivity and biocompatibility of the
material, making it particularly suitable for biomedical
applications such as bone tissue engineering [28]. Ad-
ditionally, the presence of a band at 960 cm™ !, at-
tributed to PO, vibrations to the deprotonation of
HPO, groups, further confirm the formation of the ap-
atite structure [18].

The FT-IR spectrum of the sample heated at
600 W displays a more complex vibrational profile,
confirming the results obtained from XRD analysis.
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The characteristic band at 1030 cm™ %, corresponding
to the stretching of the PO4* group, is less pronounced,
suggesting weak crystallinity and an incomplete trans-
formation of the precursor phases. The presence of
monetite is further indicated by a weak band at
529 cm™ , which corresponds to the HO-PO; bending
vibration of HPO,?~ groups [29]. Additionally, peaks
observed at 881 and 1380 cm™ ! are attributed to P-OH
stretching vibrations and P-OH in-plane bending, in
within these groups, respectively [30]. Finally, bands
at 2870 and 2350 cm™ !, associated with O—H stretching
vibrations of HPO,2~ , further confirm the incorpora-
tion of monetite into the phase composition of the sam-
ple [31].

Table
The characteristic frequencies (cm™) and assignments
for synthesized powders from infrared spectrum
Tabauya. XapaKkTepHble 94acTOThI (cM™) H OTHECeHHs
AJIst CHHTE3UPOBAHHBIX MMOPOIKOB U3 I/IH(l)paKpaC-HOFO

CIeKTpa
Infrared . Micrqw_ave
1 Assignments irradiation
peaks (cm™) 600 W | 800 W
529 v4 PO bending X
562, 601 v4 PO bending X X
881 P-O(H) stretching X
960 v1 PO stretching X
1030, 1090 vz PO stretching X X
P-OH in-plane
1380 bendir?g X
1430, 1450 vz COg3 stretching X X
2350, 2870 OH stretching X

206V X2,000 10pm 1031 SEI 20KV %5,000 m 40348EL )1

Fig. 4. SEM images of uorapati (Ca(PO
Puc. 4. COM ¢otorpadun propanarut (Cas(POa)sF)

A scanning electron microscopy (SEM) analy-
sis was performed to investigate the morphology and
dimensions of fluorapatite particles synthesized via
800 W microwave irradiation. The SEM images, as de-
picted in Fig. 4, reveal a uniform microstructure char-
acterized by rod-shaped particles exhibiting smooth
surfaces, free from porosities or defects, indicative of
complete crystallization. The average particle size
ranges from 1 to 3 pm, with a pronounced tendency for
agglomeration. In comparison to the conventional
method, which involves high-temperature sintering
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over extended periods as described by Khofiyatuzziya-
dah et. all and Erlanga et. all [1, 11], the microwave
approach offers significantly faster processing and en-
hanced energy efficiency while maintaining effective
control over the crystallization process. Although both
methods present a similar morphology and agglomera-
tion levels, the microwave synthesis minimizes pro-
longed exposure to high temperatures.

CONCLUSION

This study demonstrates that microwave irra-
diation power is a critical parameter in the synthesis of
fluorapatite (Cas(PO4)sF) powders, significantly influ-
encing reaction completeness, phase composition, and
crystallinity. At 600 W, the reaction remains incom-
plete, yielding a heterogeneous material dominated by
monetite (CaHPQ,), indicative of insufficient energy
to fully transform precursor phases. In contrast, the ap-
plication of higher microwave power (800 W) en-
hances reaction Kinetics and ion diffusion, resulting in
the complete formation of pure fluorapatite with a par-
ticle size of 1-3 um. The aggregation of particles em-
phasizes the need to optimize microwave irradiation
parameters to control material properties.

Microwave-assisted synthesis of fluorapatite
from waste eggshells demonstrates significant applica-
tion potential, combining economic efficiency and en-
vironmental sustainability. The main advantage of the
method is a significant reduction in synthesis time and
energy consumption, inherent in high-temperature pro-
cessing in conventional methods. The applied value of
the method is complemented by the use of biowaste
eggshells as an alternative source of calcium. This ap-
proach not only reduces raw material costs but also im-
plements the principles of the circular economy by
transforming waste material into a valuable resource
and contributing to sustainable waste management.
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