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Abstract

Hydroxyapatite (HAP), as a bioceramic substance, has a wide range of research and application opportunities in materials science
and biomedicine. This study spotlights the feasibility production of sustainable HAPs from diverse waste sources to showcasing their
potential utilities for environmentally friendly applications and reduced ecological impacts. Thus, cement kiln dust (CKD), eggshell and
buffalo bone wastes were applied for preparing main HAP precursors such as calcium sulfate, calcium nitrate and non pure HAP in bone,
respectively. During reaction of diammonium hydrogen phosphate ((NH.);HPO,) with extracted calcium sulfate; HAP samples were obtained
via microwave and hydrothermal routes. Chemical precipitation route was performed in case of calcium nitrate extracted from eggshell to
prepare aHAP. Non pure HAP in bone was treated by three methods; i.e., subcritical water process, alkaline hydrothermal hydrolysis and
thermal decomposition to produce pure HAP samples. Characterization of HAP obtained was performed using XRD, FTIR, XPS, TGA, N,
adsorption-desorption at -196°C and SEM analyses. Porous HAP samples were successfully prepared using CaSO4-CKD and Ca(NOs),-
eggshell with rough surfaces composed of spherical particles and high total surface areas (93.8-150.3 m?/g), whereas HAP obtained from
buffalo bone exhibited the lowest porosity (12.9-34 m?/g). The prepared samples outperformed the purchased HAP sample in terms of surface
and textural qualities, with a Ca/p ratio of around 1.66, comparable to natural HAP.Conclusively, the calcium supplies derived from CKD and
eggshells are superior precursors to produce highly porous HAP samples than calcium sources derived from buffalo bones.
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1. Introduction

Today, the waste from natural sources is a useful resource for extracting and recovering valuable substances. The
conversion of these waste products into valuable materials using specialized procedures and approaches is one of these
attempts [1]. As calcium-phosphate-based bioceramic materials, hydroxyapatite (HAP, Ca10(OH)2(PO)s) with molar ratio of
Ca/P = 1.67 is the primary inorganic component of bone and teeth and provides them their high stability, hardness and
function. Hence, it is extremely important in the biomedical sector and tissue engineering applications [1, 2]. HAP is a
naturally occurring mineral with notable characteristics, including biocompatibility, water insolubility, thermal and chemical
stability and structural flexibility [3]. Its highly functionalized surface features both acidic and basic groups, making it
amphoteric and enabling a wide range of applications, ranging from biomedicine to catalysis [3]. Its surface properties showed
promising outcomes, signifying the potential importance of HAP in various domains [4]. These exceptional attributes have
captured the attention of researchers to make extensive investigations on the synthesis of HAP from low-cost wastes. HAP
may be produced using inexpensive and easily accessible mostly Ca-based minerals[5-15]. Among these sources, gypsum [5]
and biological wastes such as animal bones[6], Fish scales[7] and eggshells [8]were utilized. There are several HAP
preparation techniques, which may be divided into dry and wet preparation routes. The term "dry preparation" most often
refers to the solid-phase reaction preparation between raw material powders (e.g. CaHPO4 and CaO) via techniques such as
thermal treatment, mechanochemical and plasma spray [9]. Contrarily, there are a variety of wet preparation techniques,
including chemical precipitation [10], hydrothermal [11], microemulsion[12], calcination [13] and sol-gel [14].

To achieve sustainability and efficiency, there is a growing emphasis on using industrial by-products and bio-
waste as raw materials for nano-HAP synthesis. This approach mitigates environmental impacts and introduces unique
functionalities, expanding the potential applications. In this study, three different calcium-based sources of HAP from
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industrial and biological wastes, including cement kiln dust (CKD), egg shells and Buffalo bone were employed and
investigated.

The cement industry generates substantial amounts of hazardous waste known as CKD, which poses risks to ecosystems
and organisms due to its alkalinity and heavy metal concentration [15]. The CEMEX cement plant near Assiut City in Upper
Egypt is a substantial contributor to CKD generation. For every ton of cement clinker produced, a significant amount of CKD,
ranging from 54 to 200 kg, is generated [16]. Research in this area aims to propose effective strategies and protocols for
managing industrial waste, mitigating environmental pollution and achieving a balance between environmental preservation
and resource utilization through waste recycling. Therefore, the current study also explores the economic potential of
harnessing CKD, as a potentially hazardous byproduct, to produce valuable resources like HAP, thus mitigating the cement
industry's environmental footprint [17]. For eggshell utilization, chicken eggshells mainly consist of calcium carbonate
(CaCOs, 94%), calcium phosphate (1%), organic matter (4%) and magnesium carbonate (1%). The choice of eggshells as a
resource is driven by their high calcium content, making them suitable for the synthesis of HAP [18]. For bone utilization,
bones compose of 30% organics and 70% inorganics with a mineral phase consisting a nonstoichiometric HAP, which has a
variable Ca/P molar ratio (less or more than 1.67) and additional minerals, including Fe?*, Na?*, Mg?*, Zn?, Si?*, Ba?* and
CO32 [19]. Extraction of a stoichiometric bioactive HAP from animal bones is a crucial challenge where its bioactivity is
largely influenced by the proportion of calcium, phosphate (Ca/P)[19]. In general, few methods of extracting hydroxyapatite
from animal bones such as thermal decomposition, subcritical water process and alkaline hydrolysis have been studied [20,
21]. The current work is aimed to investigate the feasible preparation of HAP nanoparticles from calcium-based local wastes
that disposed in large quantities such as cement kiln dust (CKD), eggshells and buffalo bones under different methods. The
following tools such as X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, X-ray photoelectron
spectroscopy (XPS), thermogravimetric (TG), N2 adsorption-desorption at -196°C and scanning electron microscope (SEM)
analyses were all used to examine the final properties of synthesized HAP compared with the purchased commercial HAP.

2. Materials and Methods
2.1. Materials

A specimen of grayish-green Cement Kiln Dust (CKD) was procured from the CEMEX cement Plant situated in the
Assiut Governorate of Egypt. Eggshells were sourced from a local poultry farm, in Assiut. Buffalo bones were procured from
a local abattoir, Assiut.Di-ammonium hydrogen orthophosphate ((NHs)2HPQO4, 97%, ADWIC), ammonium hydroxide
(NHsOH, 25% NH3, ADWIC),sodium hydroxide (NaOH, 96%, ADWIC),trisodium citrate (CeHsNasO7, 98%, United
chemical laboratory), sulfuric acid (H2504,95-97%, Riedel-de Haén), nitric acid (HNO3,65%, Riedel-de Haén) and acetone
(CH3sCOCHs3, 99.8%, PIOCHEM). A commercial HAP (97%, Sigma-Aldrich) was used to confirm the formation of HAP
from selected wastes such as CKD, eggshells and buffalo bones via different techniques.
2.2. Preparation of Hydroxyapatite from Cement Kiln Dust (CKD)
To attain this objective, calcium sulfate as HAP precursor was extracted from CKD through two steps after thorough washing
with distilled water to reduce other impurities. The CKD's chemical composition underwent analysis was detected via X-ray
fluorescence (XRF) by NITON XLP 300A/700A series. The resultant data is displayed in Table 1.

Table 1: Chemical composition of CKD raw material

Compound or Element SiO;  AlO3 Fe;03 CaO MgO SOs NaO KO0 ClI

wt % 1151 3.07 2.40 40.99 0.62 1522 524 6.88 7.54

The CKD underwent dual washes employing distilled/de-ionized water to eliminate impurities, followed by filtration. After
filtration, the sample was subjected to drying at 110°C throughout one night. The ensuing dried CKD powder was subjected to
a calcium elution process using a 0.1M trisodium citrate (TSC) as a chelating agent at a ratio of 1 g CKD to 50 ml TSC [22]
in order to extract calcium. The mixture underwent mechanical stirring for one hour, after which the eluate was filtered using
filter paper No. 41. This elution process was reiterated to ensure thorough calcium removal from CKD. In the subsequent step,
the elution calcium citrate complex solution was treated with 0.1M H2SO4 solution to until the pH stabilized at 6.5 for the
production of calcium sulfate (CaSO4) [23]. The ensuing solution was subjected to evaporation to remove excess water,
thereby white precipitating CaSO4 was obtained. This precipitate was subsequently washed with distilled water and dried at
105°C overnight. The synthesis of HAP from CaSO4 precursor derived from CKD was pursued through two methods
including microwave and hydrothermal as follows.

2.2.1. Microwave synthesis of Hydroxyapatite from CaSO4

The obtained CaSO4 (10 grams) was amalgamated with 400 ml of 1 M diammonium hydrogen phosphate ((NH4)2HPOx)
within a Pyrex glass flask [24]. The solution was subjected to microwave irradiation (multimode microwave oven
(MILSTONE START SYNTH 1200 W/ 2450 MHZ)) for 20 minutes at 800 watts. The obtained HAP powder was cleansed
with distilled water and dried at 105°C overnight.

2.2.2. Hydrothermal synthesis of Hydroxyapatite from CaSO4

A mixture comprising 40 ml of 1M (NHa)2HPO4 and 4 grams of CaSO4 was confined within a stainless-steel autoclave housed
within a Teflon crucible [25]. The mixture was elevated to a temperature of 120°C for 6 hours. The resultant HAP powder
underwent cleansing with distilled water and subsequent drying at 105°C overnight.
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Scheme 1: Chart-flow for synthesis of HAP from CKD waste.

2.3. Preparation of Hydroxyapatite from Eggshells

Preparation of HAP from eggshell wastes was carried out according to the procedure described by Mobarak et al. [26].
Eggshells were washed with distilled water to eliminate observable impurities and dried at 80°C overnight. Post-drying, the
eggshells were pulverized using a ball mill to attain a finely powdered state. Acetone was employed to eliminate any residual
organic matter. Calcium nitrate (Ca (NOs)2) was produced using 7.7 M HNOs at a ratio of 1 g eggshells to 3 ml HNOs,
followed by drying at 105°C for 24 hours. Calcium nitrate served as the exclusive source of calcium ions, while diammonium
hydrogen phosphate provided the phosphate source. The required quantities of calcium nitrate and diammonium hydrogen
phosphate were dissolved in distilled water, with agueous ammonia (28—-30% assay) incorporated to maintain a stable pH of
11. The synthesis of HAP was executed at a temperature of 37°C to promote the growth of nanophase HAP crystals [27]. In
brief, solutions of Ca (NO3)2 (0.4 M) and (NH4)2HPO4 (0.239 M) were prepared and subjected to continuous stirring for two
hours at a rate of 350 RPM on a thermal magnetic stirrer at 30°C. This temperature facilitated complete salt dissolution. The
calcium nitrate solution was accommodated within a flask on a magnetic stirrer, while the phosphate solution was contained in
a burette. The synthesis process was initiated with a stirring temperature of 37°C when the phosphate solution was introduced
drop-wise at a rate of 3 ml/min. Adjustment of pH to 11 was conducted using aqueous ammonia. The culmination of the
reaction yielded a dense yellowish-white precipitate which was stirred overnight, rinsed with deionized water and air-dried at
105°C overnight. The fundamental reaction and synthesis of HAP are represented as fol lows:

10 Ca(N03)2 +6 (NH4)2HPO4 + 8 NH,OH — Calo(PO4)5(OH)2 + 20 NH4sNO3 + 6 H,0.

4
Eggshell
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Scheme 2: Chart-flow for synthesis of HAP from eggshell waste.
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2.4. Preparation of Hydroxyapatite from buffalo Bone

Due to buffalo bones contain non-pure HAP, thus bones were subjected to different treatments after thorough cleaning with
distilled water and acetone to eliminate discernible impurities and then sterilized at 200°C for 5 hours [20]. The sterilized
bones were crushed and finely ground using a ball mill and sieved to obtain a fine powder with particles measuring less than
500 micrometers. Acetone was utilized to remove any remaining organic matter from the powder. The ensuing white powder
underwent cleaning with distilled water and drying at 110°C for 24 hours. The synthesis of HAP from bone encompassed
three routes: subcritical water process, alkaline hydrothermal hydrolysis and thermal decomposition as reported elsewhere [19,
20, 28].

2.4.1. Subcritical Water Process

Buffalo bone powder was mixed with deionized water at a weight ratio of 1:40 and introduced into a cylindrical hydrothermal
stainless-steel autoclave equipped with a Teflon crucible. The autoclave was sealed and the mixture was subjected to heating
for one hour at 275°C. Post-cooling, the mixture was filtered and the HAP obtained was rinsed with deionized water before
drying at 80°C for 30 minutes.

2.4.2. Alkaline Hydrothermal Hydrolysis

Buffalo bone powder underwent hydrolysis utilizing a 25-weight percent sodium hydroxide solution at a solid-to-liquid
weight ratio of 1:40. The mixture was transferred into a cylindrical hydrothermal stainless-steel autoclave equipped with a
Teflon crucible and then subjected to heating at 250°C for five hours.

2.4.3. Thermal Decomposition
Buffalo bone powder (3 g) was heated at 750°C within an open porcelain crucible at a rate of 10°C/min and maintained for 6
hours. The resulting hydroxyapatite derived from each method underwent washing with distilled water and subsequent air-

drying at 80°C overnight.
> g o Sdnen Crushlng @
R -
Bones l
v

‘ Washing & dried
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Scheme 3: Chart-flow for synthesis of HAP from bone waste.

2.5. Characterization of Samples

Analyzing the crystallographic phase of HAP involves employing a Philips 1700 version diffractometer with CuKa radiation
to acquire XRD patterns within the 20 range of 4° to 80°. Further scrutiny of functional groups in pure HAP involves Fourier
transform infrared (FTIR) spectroscopy within the range of 4000 to 400 cm™, utilizing the KBr pellet technique and a Nicolet
spectrophotometer, model 6700. X-ray photoelectron spectroscopy (XPS) with a monochromatic X-ray Al K-alpha source
(Termo Fisher) was meticulously to examine the surface electronic structure and chemical states of HAP.

To determine the thermal behavior of HAP samples, thermogravimetric (TG) and differential thermal analyses (DTA) were
studied using a Shimadzu thermal analyzer (Japan, 60H) using N2 as a heating atmosphere and a heating rate of 10 °C/min to
800°C. Textural characteristics of the samples like specific surface area, total pore volume and average pore radius were
determined through N2 adsorption-desorption isotherm analysis at 77 K using the Brunauer-Emmett-Teller (BET) and Barrett-
Joyner-Halenda (BJH) methods using Nova 3200 Multi station High speed Gas sorption analyzer (Quanta-chrome Instrument
Corporation, USA). To scrutinize the surface morphology of HAP a scanning electron microscope (SEM) using JSM-5400
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LV (Joel, Tokyo, Japan) was used after a coating process with a gold-palladium alloy and mounting on a copper holder, was
performed.

3. Results and Discussion
3.1. Crystal phase investigation

The X-ray Diffraction (XRD) patterns of HAP samples synthesized from diverse sources involving three distinct
calcium-based resources such as Cement Kiln Dust (CKD), eggshells and buffalo bone using various methods were detected.
To comprehensively analyze the XRD patterns, each synthesized HAP sample will be compared with a commercial HAP
sample. The individual diffraction patterns are representative of formation of hydroxyapatite and are denoted by (0) as shown
in Fig.1 for HAP obtained from CKD, Fig. 2 for HAP prepared from eggshells and Fig. 3 for HAP extracted from the bone.
The XRD patterns revealed the prominent peaks corresponding to the hydroxyapatite phases of 26 values at 25.8°, 31.7°,
34.05°, 39.8° 46.7°, 49.5° and 53.1° according to (JCPDS card no. 72-1243) [29, 30]. The diffraction pattern intensity is
affected by the HAP precursor, method of preparation and reaction or calcination temperature applied. The method and
temperature conditions employed in the preparation of commercial HAP are unknown, which could explain why the intensity
of their patterns differs from that of synthesized HAP in the current investigation. However, using hydrothermal and
microwave techniques to prepare HAP from CaSQO4 extracted from CKD precursor resulted in the development of HAP with a
semi-amorphous structure due to peak broadening, implying that their particle sizes are nanoscale. An additional result was
observed that the XRD patterns of HAP produced from hydrothermal process appeared more reduced in intensity compared to
the XRD peaks of HAP obtained through microwave process. The same XRD patterns were obtained for HAP prepared from
Ca(NOs)2 which was extracted from eggshells via chemical precipitation reaction at 37°C [26, 27] as shown in Fig. 2,
revealing XRD patterns with higher intensity than those obtained for HAP samples prepared from CaSO4/CKD either by
microwave or hydrothermal process.
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Fig. 1: XRD patterns of HAP samples synthesized from CaSOsextracted from CKD.
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Fig. 2: XRD patterns of HAP samples synthesized from Ca (NOs)2 extracted from eggshells at 37°C.
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Since the chemical composition of Buffalo bone contains calcium and phosphate in the form of a nonstoichiometric
HAP, thus three direct methods such as subcritical water hydrothermal, alkaline hydrothermal and thermal decomposition
were applied without adding (NH4)2HPOsaccording to previous work by others [20]. Thus, almost all XRD patterns of the
HAP samples were analogous to XRD patterns for commercial HAP. As a result, HAP obtained from the thermal
decomposition of bone has a well-crystalline structure and closely matched with peaks in commercial HAP as depicted in Fig.
3. From this observation, the intensity of the XRD pattern was increased with increasing temperature indicating the higher
crystallinity of HAP obtained via thermal decomposition of Buffalo bone. On the other hand, employing subcritical water and
alkaline hydrothermal methods produced semi-amorphous HAP samples like that obtained from CKD-derived CaSOs and
calcium nitrate of eggshells. These results are consistent with data published elsewhere [26, 29]. According to similar results
reported by others [31, 32], the XRD patterns of the prepared HAP mostly exhibited three main planes (002), (211) and (300)
as the main growth planes of HAP crystals at 26=25.8°, 31.7° and 34.05°. It can be observed that XRD peaks for B-tricalcium
phosphate (Cas(PO4)2) with two diffraction peaks at 30.1° (012) and 33.4° (110) as well as a single diffraction peak related to
the presence of Ca(OH): at 36.6° (002) were not detected in the XRD profile of HAP samplesprepared from CaSOas, Ca(NOs):2
and bone sources. Notably, no other crystalline species were detected in the synthesized hydroxyapatite samples, concluding
that the obtained HAP is extremely pure. The crystallite size (L) for different samples was calculated from the Scherrer
equation [33] which is given by L= KA / 3 cos 0, K represents broadening constant which was taken as 0.9, A the wavelength
of monochromatic X-ray beam (A = 1.5418A for CuKo. radiation), B is the full-width half maximum (FWHM) and the
diffraction angle (0) and the result represented in Fig, 4. It is clear that the crystallite sizes of HAP prepared varied from 13 to
23.4 nm while is 19.7 nm for the purchased HAP.
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—— HAP (Alkaline hydrothermal)
—— HAP (Thermal decompsition)
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Fig. 3: XRD patterns of HAP samples synthesized from Buffalo bone waste.
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Fig. 4: Crystallite Size (L) (nm) of HAP samples calculated by Scherrer equation.
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Recently, Osuchukwu et al. [34] studied the preparation of HAP from animal bones through carbonization, calcination
followed by sol-gel. XRD results of the obtained HAP showed crystallite sizes between 24 and 25.4 nm which are larger than
that of HAP produced from buffalo bones in this study (13-23 nm), confirming the successful preparation of HAP under the
prescribed methods.

3.2. Functional groups identified by FTIR

Fig. 5 shows the FTIR spectra of all HAP samples in comparison with that of commercial HAP. In our study, three
calcium salts of CaSO4, Ca (NOs)2 and calcium-based bone were extracted from CKD, eggshells and Buffalo bone,
respectively. To obtain HAP, current methods such as hydrothermal and microwave were carried out using CaSO4 from CKD,
chemical precipitation was applied in case of Ca (NOgz)2 from eggshells, whereas as subcritical water hydrothermal, alkaline
hydrothermal and thermal decomposition were used directly with Buffalo bone. All characteristics surface functional groups
such as (OH"), (PO4)* and COs~ which are related to Caio(OH)2(PO)s, are detected in all studied samples using the FTIR tool.
Absorption peaks that corresponded to O-H vibration are appeared as broad band at 3457.3 cm™ and shoulder at 1628 cm™.
For phosphate groups, absorption broad band at 1054.1-1065.7 cm™ and two joint shoulder bands at 607.8 and 584.8 cm™* are
observed. Smaller bands observed in the range between 1405-1425 cm™ and 865.4-877.5 cm™ are ascribed to (CO3") vibration
which are increased in the commercial HAP sample. Additionally, the appearance of a smaller peak at 3575.8 cm™ in the
commercial HAP and HAP samples obtained from eggshells-based Ca(NOs)2 and bone maybe correspond to N-H vibration as
a result of N residues in a nitrate or proteins in bones [26, 28]. Two further absorption peaks at 2942.5 and 2848.1 cm
appeared in HAP obtained from bones via subcritical water and alkaline hydrothermal that attributed to C-H vibration [29]
resulting in organics of bones which are fully diminished at elevated temperature between 900-1100°C as reported by Khoo et
al. [28].
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Fig. 5: FTIR spectra of the obtained HAP samples.
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3.3. XPS analysis

The surface composition and stoichiometric elements of HAP were analyzed by XPS. The total spectrum and the high-energy
resolution scans of the HAP produced from CaSO4 extracted from CKD via microwave treatment compared with commercial
HAP are depicted in Fig. 6a. Obviously, the figure shows the presence of typical elements that compose the stoichiometric
ratio of Ca/P in HAP, that are, Ca 2p, P 2p and O 1s [35-37]. From XPS, the binding energies (BE) correspondents to Ca
2p3/2, P 2p and O 1s are 346.9 eV, 132.9 eV and 530.9 eV respectively. The peak corresponding to C 1s at 284.6 eV was also
found and attributed to carbonate groups. Moreover, tiny amounts of other elements (Fe, Na and Mg) that rose from the
inherent composition CKD were found in this sample. A high-energy resolution analysis of the individual peaks was made.
The Ca 2p3/2 envelope was fitted with two peaks as observed in Fig. 6b: (i) at 346.9 eV, attributed to Ca bonds characteristic
of HAP and calcium binding with carbonate due to carbon species adsorbed from air and (ii) at 344.9 eV, attributed to the
presence of metallic Ca in the surface structure [38, 39]. In the Fig. 6¢, the O1s envelope was fitted with three peaks centered
at (i) 530.8 eV for the oxygen BE from the phosphate groups (POs) * and OH- groups of HAP structure, as well as (COs) 2~
adsorbed on HAP surface; (ii) 532.2 eV, that was attributed to oxygen atoms of adsorbed water on HAP surface and (iii) the
BE of 528.8 eV that was recognized as the oxygen bonds to calcium atoms [38, 40]. The P2p envelope (Fig. 6d) was fitted
with one P 2p3/2 component at 132.8 eV, which was attributed to the P-O bonds of HAP [37]. The peak fitting over the
carbon C 1s region (Fig. 6e) has shown three BES: (i) at 284.6 eV is a typical peak due to surface contamination (atmospheric
organic carbon) of the type C=C and C-H bindings; (ii) at 286.5 eV attributed to C-OH and C-O-C bindings and (iii) at 289.2
eV due to C=0 binding of carbonate ions adsorbed in the HAP [40, 41]. Furthermore, Table 2 depicts the atomic percentage
of elements in both prepared and purchased HAP samples. The main elements (Ca, O and P) exist at high content in the
following order O > Ca > P, where both contents of O and P elements are slightly higher and Ca is a little lower for the
prepared HAP sample compared to purchased one. It was found that Ca/P ratio is ~ 1.66 in prepared HAP while ~ 1.76 in
purchased HAP, thus the prepared HAP is better and compatible with the native ratio in naturally bone and teeth.

=]

O1s ——HAP ﬂéﬂcrn\»ﬂve) 18000 —
|—HAp ( )

Ca2p i

| 12000 23]

L N - [cis pop g

T ‘#‘l‘ud“ j‘ 10000 Ca2p Scan |

8000 4

Intensity (a.u)

Intensity {a.u)
L
o
@

6000 -

4000

"“A\.,_,.Akw-dvg,fw‘

Lt " g 2000 4 ol

38 348 346 344 342

T T T T I 6 354 352 3% 34
1200 1000 800 00 400 200 0 380 @ ;|5 384 3% 3|0 348
Binding Energy (e.V) Binding Energy (e .V)

30000 oiss 5 4000 2000
s Scan
o1 - P2pScan~—f _ p2p
25000 O1s ScanA I 5= |
E o \

!

3000 /
20000

o
2
8

Intensity (a.u) IZI

Intensity (a.u)
Intensity (a.u)

15000 |

10000 -|

1000 -
5000

i
500 1V iyt R, WY VA= S— \t‘.‘ﬁ ¥
s T : T r i
528 120 135 130 125 295 290 285 280
Binding Energy (e..V) Binding Energy (e..V) Binding Energy (e..V)

544 542 540 538 533 534 532 530 528

Fig. 6: XPS spectra of the HAP-microwave and commercial HAP: (a) full survey spectra, (b) Ca2p spectrum, (c) Ols
spectrum, (d) P2p spectrum and (e) C1s spectrum.

Table 2: Atomic percentage for prepared HAP and purchased

Element Ols Ca2p P2p Nals Cls
Atomic % Prepared 53.05 19.48 11.74 1.73 8.9
Purchased 52.9 20.47 11.63 0.31 14.69

3.4. Thermal analysis

Herein, the thermal behavior of a representative HAP sample obtained from CKD-based CaSOs via microwave is recorded
through thermogravimetric analysis as shown in Fig. 7. Starting from 40 °C and increasing to 800 °C, the TGA profile
exhibited consecutive steps with mass loss equal to 19.32%. Additionally, a very small weight loss step between 500 and
600-C was monitored, associated with a 0.856% weight loss followed by a constant at mass loss upon 800°C. Therefore, about
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~ 20% mass loss along TGA profile was obtained confirming the high thermal stability of the obtained HAP from CKD-based
CaSO4 by means of microwave. The corresponding DSC profile recorded for HAP revealed a series of endothermic peaks in
the temperature range of 40 and 155°C, due to the slow dehydration step of the precipitated HAP, followed by a strong
endothermic peak associated with the main thermal decomposition process of the prepared HAP [17].
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Fig. 7: TGA and DSC curves of HAP obtained from CKD-based CaSO4 via microwave.

3.5. Textural analysis

Textural properties of HAP samples such as total surface area (Seet, m?/g), total pore volume (Ve, cm?g) and average pore
radius (Rp, A) were investigated using nitrogen adsorption/desorption isotherms as shown in Fig.8 (a and b) and listed in
Table 3. The HAP samples obtained from CKD, eggshells and Buffalo bone show a type-Il isotherm with an H3-hysteresis
loop (p/pe > 0.6), indicating the formation of mesoporous samples with secondary slit-shaped pores of increased size in
aggregated nanoparticles [42]. The obtained HAP samples from CaSO4 of CKD by microwave and hydrothermal exhibits the
highest nitrogen uptake among other samples, confirming that both processes are efficient in preparing porous HAP samples,
although using different calcium sources and methods. Accordingly, the total surface area values of HAP samples prepared
from microwave and hydrothermal were found to be ~ 150 and 139 m?/g with total pore volumes reached to > 0.3 cm?/g and
average pore radius > 54 A (5.4 nm).

The corresponding pore size distributions (PSDs) calculated using the BJH method [43] from the desorption
branches of these isotherms are demonstrated in Fig. 8 (c and d). In figure 8c, the applied methods (microwave, hydrothermal
and precipitation) developed HAP samples with PSDs ranged between 20 — 55 A (i.e., 2-5.5 nm), indicating the evident
hierarchical mesoporous characteristics of HAP. On the other hand, HAP samples derived from Buffalo bone under different
thermal processes such as subcritical water, alkaline hydrothermal and calcination, produced samples with lowest total surface
areas and total pore volumes and hence lowest PSDs were developed. This result confirms that both CKD- and eggshells-
based calcium sources are amenable sources to produce highly porous HAP samples rather than Buffalo bone-based calcium
source. Overall, according to the textural data in Table 3, the prepared HAP in this study exhibit superior textural properties
than that of purchased HAP sample.

Table 3: Textural parameters such as total surface area (Sser, m2/g), total pore volume (Ve, cm®/g) and average pore radius
(Re, A) of HAP obtained from different sources and methods.

Method Calcium source SeeT Vp Rp
(m2/g) (cm?g) A)

Purchased Purchased sample 5 0.004 32.0
Hydrothermal CaS04-CKD 139.6 0.307 54.9
Microwave CaS04-CKD 150.3 0.355 54.4
Precipitation Ca(NOs)2-eggshell 93.8 0.211 17.4
calcination Buffalo bone 12.9 0.017 17.3
subcritical Buffalo bone 34.0 0.055 17.3
Alkaline Buffalo bone 16.4 0.023 17.5
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Fig. 8: (a, b) Adsorption isotherms of N2 onto HAP samples and (c, d) their corresponding pore size distributions by BJH
method.

3.6. SEM analysis

To understand the surface morphology of the prepared HAP samples, SEM images of the samples synthesized using
microwave of CaSO4-CKD, chemical precipitation of Ca(NOs)2-eggshell and thermal treatment of Buffalo bone at 750 °C for
6h are depicted in Fig. 9 (a-f) at different magnifications (x= 3500 and 5000). All samples exhibit a rough surface property. In
particular, SEM images of HAP obtained from CaSO4s-CKD and chemical precipitation of Ca(NOs)2-eggshell showed that
their surfaces composed of aggregated spherical particles which maybe organized uniformly (Fig.1 a-d). Similar results were
found for HAP prepared from wet chemical precipitation of Ca(OH)z with HsPOs followed by heat treatment between 100 and
800 °C[20, 43]. The surface of HAP derived from the thermal decomposition of Buffalo bone gives irregular spherical
morphology of hydroxyapatite particles as shown in Fig 9 (e and f). Moreover, cracking with widening pores were observed
on the surface of HAP-Buffalo bone through the thermal treatment performed at high temperatures, indicating the effect of
thermal treatment on the surface and textural properties of obtained HAP [20, 44].

4. Conclusions

Three solid wastes of calcium-based sources have been selected for synthesizing HAP samples via different routes.
Microwave, hydrothermal and wet chemical precipitation routes successfully prepared porous HAP of highly surface area
from CaSO4-CKD and Ca(NOs)2-eggshell. On the other hand, HAP obtained using a buffalo bone was treated with subcritical
water process, alkaline hydrothermal hydrolysis and thermal decomposition exhibited lowest textural properties as well as the
commercial HAP. In comparison to a commercial HAP, the results of XRD and FTIR exhibited that all prepared samples have
similar crystalline phases and main functional surface groups of HAPs. In addition, XPS analysis conformed that HAP
prepared through microwave of CaSO4 compared to that of the commercial HAP samples contain the same specimens.
Overall, the present study highlights the potential utilization of CKD- and eggshell-based calcium sources to be more suitable
for producing extremely porous HAP samples than Buffalo bone-based calcium sources that are better than the commercial
HAP also.
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Fig. 9: SEM images of HAP samples by (a, b) microwave of CaSO4-CKD, (c, d) precipitation of Ca(NOs)2-eggshell and (e, f)
thermal decomposition of Buffalo bone.
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