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KEYWORDS ABSTRACT

N e |he contamination of water and soil with heavy metals such as lead and cerium, is a major
incipient wetness global problem. Hydroxyapatite with the stoichiometric formula Ca10(PO4)6(OH)2 could be a
impregnation, ion potential candidate for lead or cerium immobilization. This study focuses on the structural
exchange, lead. characterization of cerium and lead doped hydroxyapatite synthesized using two different
methods: incipient wetness impregnation (IWI) and ion exchange (IE) under varying
concentrations of Ce and Pb. X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR) and Scanning electron microscope (SEM) were used to understand the incorporation
and/orthe deposition oflead or ceriumon the surface of calcined or uncalcined hydroxyapatite.
Results show that ceriumis deposited on the surface of thehydroxyapatite in the form of cerium
hydroxy nitrate (Ce(OH)(NO3)2) for samples synthesized by IWL. However, the calcination of
these samples led to the formation of CeO2. In the case of samples synthesized by ion exchange
cerium is efficiently hosted in hydroxyapatite under a solid solutionat a low level (<3%) but
forms isolated Ce-oxide at a high level. The XRD spectra show that for powders doped with
more than 0.6% Pb, characteristic peaks of PbO and Pb(NO3)2 appear respectively with the
calcined and uncalcined powders prepared by the IWI method. XRD characterization showed
the formation of PbHPO4 and Pb-HAP for samples synthesized by ion exchange (IE). This
work indicates the excellent insertion potential of cerium or lead ions in hydroxyapatite-based
matrices suitable for various applications such as energy, biomedical, catalysis, and
environmental sciences. ......

1. INTRODUCTION

Hydroxyapatite (HAP) with chemical formula Cal0(PO4)6(OH)2 is the most stable calcium phosphate salt at normal
temperatures and pH values between4 and 12 [1[13]. Hydroxyapatite is one of the biomaterials that have excellent sorption
properties. Various cationic or anionic substitutions are possible due to the presence of cavities in its microstructure. Its
affordability, ease of synthesis, stability, reactivity, and biocompatibility reinforce its use in several fields [4 [ 9]. On a
large scale, hydroxyapatite can be easily produced, allowing for scaling up of the technology. Moreover, it can be quickly
regenerated and the metals recovered without expensive processes [10]. Due to its biocompatibility, non -toxicity and
osteoconductive properties, synthetic hydroxyapatite is widely used in the medical field. For this purpose, it is used for the
repair and regeneration of hard bone tissue [11[114]. Furthermore, hydroxyapatite is involved in the growth, adhesion and
profiling of osteoblasts and osteoclasts [ 13, 14]. The crystal structure of HAP is composed of tetrahedral PO43— groups
linked to Ca2+ and OH— groups [11, 12]. Different cations and anions can be integrated within this crystal structure
depending on the distance between the PO43—groups[11, 15,and 16]. Cationic substitution of Ca2+ can be achieved with
monovalent (Ag+,Na+,K+), bivalent (Mg2+, Sr2+, Zn2+, Ba2+,Pb2+, Cu2+) or trivalent (Ce3+, Sm3+, Eu3+) ions[15
— 18]. This cationic substitution gives hydroxyapatite better properties such as biocompatibility, bioactivity, non-toxicity,
reduction of bone fragility and cell proliferation or growth [11, 15- 19]. Furthermore, these ionic substitutions affect the
crystallinity, crystal lattice parameters, composition and morphology of hydroxyapatite, thus leading to the development
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of a material with new properties such as chemical stability, mechanical stability, cytocompatibility, solubility and
antibacterial properties [20]. Several studies report that doping with different ions increases the application range of
hydroxyapatite [20 — 21]. These applications include bone tissue engineering and biomedical applications, as well as
various other fields such as chromatography, fertilizers, pharmaceuticals, catalysis, gas detection, environmental pollution
control, water purification processes, fluorescent lamps, and fuel cell materials [21 [ 25].

Cerium (Ce) is an abundant element on earth [16,17,26—29]. It is widely used in medicine for various applications such
as catheters, burn treatment,and dentistry [19,20,29,30]. Ceriumcanexist in two forms, Ce 3*and Ce**, and has the unique
ability to change its oxidation state, which gives it antibacterial and antioxidant properties [20,27,29, and 30]. The cerium
ion can accumulate in bones and stimulate the metabolic activity of organisms [19,26 - 28].Therefore, characteristic
advancesin the field of antimicrobial vectors could be made through the development of medical device coatings using
cerium-doped hydroxyapatite-based materials [19, 20,26 - 30]. Furthermore, cerium is one of the promising candidates in
the field of water treatment [31]. This is due to its stability and low toxicity compared to conventional coagulants [31].
This would minimize the risks to the environment and human health [31]. Several studies have shown that the cytotoxicity,
biocompatibility and antimicrobial activity of cerium-doped hydroxyapatite depend on the synthesismethod and the dopant
concentration [11, 19, 28-31].

Hydroxyapatites-based adsorbents present multifunctional adsorption capacity resulting from FTIR and XRD studies
related to modifications observed on hydroxyl, carbonate, phosphate and Ca?* by substitution, ion exchange, complexation
or precipitation [32—38]. Thus, substitution process takes place at Ca?* by metalions in form of M?*, at phosphate groups
by different oxyanions AsO43~, VO437, etc., and at OH™ groups by monovalent anions (F~, Cl™, etc.) [34;35;37; 38].In
addition, composite HAP/organic structures can be significantly improved in terms of pollutants species than can be
eliminated from aqueous solutions. Lead contamination in water and soil has been recognized as a significant
environmental problem due to increasing human activities. Lead has known toxic effects on many organisms, various
mineral forms, and long-term persistence in the natural environment[39; 40]. Additives based on hydroxyapatite can be
used to immobilize Pb in soils [41, 42].

The aim of this study is to elucidate the structural characterization of cerium-doped hydroxyapatite and lead-doped
hydroxyapatitesynthesized by incipient wet impregnation (IWI) and ion exchange (IE) under different concentrations. This
will enable us to elucidate the interactions between the hydroxyapatite matrix and these two metal cations during these two
processes. Thesetwo processes are widelyusedin many fields such as catalysis to optimize the physicochemical, dielectric,
and mechanical properties of hydroxyapatites before their use [4; 9; 22 and 43].

2. MATERIALS AND METHODS

The reagents required for the synthesis (Ce(NO3)3.6H20, 99%; Pb(NO3)2,99% and NaOH, 99%) are Aldrich brand. The
HAP powder (Ca/P=1.649 and 99% purity) used in this study was provided by the LERISM laboratory of Paul Sabatier
University in Toulouse (France).

In the incipient wetness impregnation (IWI) method, the required amount of cerium nitrate was dissolved in 7 ml of
deionized water. This volume of water was previously assessed as sufficientto perfectly wet the hydroxyapatite powder.
The solution is then added dropwise to 10 g of hydroxyapatite. At the end of the addition, the powder was perfectly wet.
The resulting mixture is dried in an oven for 24 hours at 60°C, and then reduced to powder by gentle grinding in a mortar.

As for the ion exchange (IE) technique, it involves placing an aqueous solution of metal nitrate at a previously assessed
concentration in a glass reactor. Hydroxyapatite powder is then added to the solution with constant stirring at room
temperature. The pH of the reaction mixture is adjusted to 7 by adding 1M NaOH solution. After 2 hours of reaction, the
suspensions are filtered through 0.45 pum filter paper.

For both methods, the concentration of metal nitrate solutions was adjusted to 0.6, 3,7, 10 and 15 mol% (only for cerium
nitrate). Each powder obtained by the IWI or IE methods was separated into two parts. The first part, uncalcined, was
analyzed afterdryinginan oven. The second part was calcined at 600 °Cin a Nabertherm L5/11/P320 static furnace before
being characterized by XRD, FTIR and SEM.

The HAP phase composition and degree of crystallinity were estimated by XRD analysis using Bruker D2 X-ray
diffractometer X’ Pert PRO with Cu target and Ko radiation source (A=0.15418 nm). The data were collected in 2 O ranges
from 8 to 70°, with a step size 0f 0.02° and a counting time 0f0.2s per data point. Phases are identified by comparison with
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data from the Joint Committee on Power Diffraction Standards of the International Center for Diffraction Data (JCPDS -
ICDD). The crystallinity degree Xc(%) corresponding to the fraction of crystalline phase of the HAP powders was
evaluated by equation (1):

% = 20700 100 (1)

c
I300

Where Lzoo is the intensity of (300) diffraction peak and Vi12/300 the intensity of the hollow between (112) and (300)
diffraction peaks of HAP.

Fourier transform infrared spectroscopy (FTIR) analyses were performed on Nicolet Impact 410 spectrometer, in the
DRIFT mode without previous sample preparation. All absorption spectra were obtained by accumulation of 32 scans at
8cm™! resolution in the range of 4000 —500 cm™'. The SEM analyses were carried out with an accelerating high voltage
(HV) of 25KV.

3. RESULTS AND DISCUSSION
A. Structure of Metal-doped HAP Synthetized by IWI Method

Results of phasecomposition and crystallinity degree of Ce-doped HAP by incipient wetness impregnation (IWI) are shown
in Figurel and collected in table L.
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Fig. 1 XRD patterns of uncalcined (a) and calcined (b) Ce-doped HAP by IWI method

As it can be seen from XRD pattern shown in figures 1a and 1b, the peaks are characteristic to hexagonal hydroxyapatite
inagreement with the JCPDS-ICDD[19;20;26 —29]. The XRD pattern indicate that all the samples have the characteristic
peaks in the 260 regions of 21-29°,32-34°,39-41°,46-54° in good agreement with the hexagonal hydroxyapatite phase.
XRD spectra show that calcined and uncalcined samples containing 0.6% Ce exhibit similar XRD profiles as the initial
HAP. The higher the quantity of cerium trapped, the more the intensity of the peaks increases. Beyond 0.6% Cerium, a
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second phase is detected. Moreover XRD spectra show that for powders doped with more than 3% of Ce characteristic
peaks of CeO2 and Ce(OH)(NO:)2 appear respectively with calcined and uncalcined powders.

TABLE I Crystallinity degree of Ce-doped HAP samples prepared by IWI with different amount of Ce

Samples Crystallinity levels X¢ (%)
Uncalcined Samples | Calcined Samples
Initial HAP | 95.12 95.12
0.6% Ce IWI | 89.14 87.23
3% Ce IWI | 87.46 83.52
7% Ce IWI | 86.25 88.06
10% Ce IWI | 82.54 80.28
15% Ce IWI | 77.14 72.29

The variation in the intensity of the diffraction peaks of the two phases creates a broadening of the observed lines. This
leads to a reduction in the crystallinity degree of the samples relative to the quantity of cerium trapped (Table I). The
incorporation of cerium ions slightly broadens the diffraction peaks of the initial hydroxyapatite. Furthermore, we notice
that the relative intensity of all diffraction peaks decreases slightly as the amount of cerium incorporated into the
hydroxyapatite structure increases. This could be related to the substitution mechanism between Ca?* ions and those of
cerium as reported by several previous works [30; 44 and 45]. Indeed, the similarity of the ionic radii of Ce3* (1.04 A) and
Ce**(0.97 A) compared to Ca2* (1.06 A) may favor this substitution within the hydroxyapatite lattice [27; 30; 44 and 45].

In the case oflead, the X-ray diffraction (XRD) spectrashown in Figure 2 indicate that, for powders doped with more than
0.6 % Pb, characteristic peaks of PbO and Pb(NO:s): appear in the calcined and uncalcined powders respectively. A second
phase is detected when this percentage exceeds 0.6%. In the case of the uncalcined samples (Figure 2b), characteristic
peaks of lead nitrate appear, corresponding to the monoclinic structure of Pb(NO3)z2. In the case of the calcined samples
(Figure 2a), a lead oxide phase appears.
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Fig. 2 XRD patterns of calcined (a) and uncalcined (b) Pb-doped HAP by IWI method

The degree of crystallinity shown in Table II confirms the effect of the amount of Pb and calcination on the level of
crystallinity.

TABLE II Crystallinity degree of Pb-doped HAP samples prepared by IWI with different amount of Pb

Samples Crystallinity level Xc (%)
Uncalcined Samples | Calcined Samples
Initial HAP | 95.12 95.12
0.6% Pb 85.02 85.13
3% Pb 84.56 83.78
7% Pb 83.87 82.71
10% Pb 82.36 79.08

These results show that, relative to the initial hydroxyapatite, the degree of crystallinity decreases as the amount oflead
increases. Previous works suggest that crystallinity is detrimental to the substitution of Pb?* ions by Ca ions in
hydroxyapatite (32 — 34, 37 and 46).

The FTIR spectraofthe initial HAPand cerium-doped HAP samples usingthe IWI technique are shown in Figure 3. These
spectraare congruent and correspond to the absorption spectraof a hydroxyapatite. Therefore, the main peaks observed
around 564cm™!,604cm™,961cm™, 1033cm™ and 1090cm™! are related to the tetrahedral PO43~ groups characteristic of
hydroxyapatite [30, 44 - 48]. However, compared to the initial HAP, the uncalcined samples (containing 3 to15% of Ce)
exhibitadditional peaks at 1445, 1345, 1306, 875 and 750cm™!, which can be attributed to nitrate vibration in the NO band
[31-33]. These peaks increase with the amount of cerium fixed. But these peaks no longer appear in the case of calcined
samples. These results confirm the value of calcination in the hydroxyapatite doping process, as mentioned in several
studies [21; 30 - 31]. These FTIR results are in good agreement with the XRD one. Cerium oxide did not show IR bands
as is known for the metal oxide.
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Fig. 3 FTIR spectra of uncalcined (a) and calcined (b) Ce-doped HAP by IWI methods
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The FTIR spectraofinitial HAP and Pb-doped HAP are shown in Figures 4a and 4b respectly for calcined and uncalcined
powder HAP .The FTIR spectra of the samples are stackable and correspond to the expected absorption spectra for the
hydroxyapatite.The spectrum reveals the presence of the vibrational modes corresponding to phosphate and hydroxyl
groups.The3570and 628 cm™! bands are observed, which correspond respectively to the symmetrical valence vibrations
and liberation movements of OH™ ions. The intense absorption bands at (1089, 1024)and 968cm™! are due to the P—O
asymmetric and symmetrical elongation mode respectively. Two strong bands at 599 and 560cm™! are assigned to the
O—P—O0 antisymmetric deformation mode. These are the main characteristic bands of HAP [40; 46; 49 and 52]. The
uncalcined samples with 3%, 7% and 10% of Pb presenta band at 1345 cm™! which is characteristic of the NO3 groups
derived from the nitrated residues (Figure 4b). In the case of same samples calcined at 600°C (Figure 4a) band associated
with nitrate groups disappears. These results confirm the value of calcination in the hydroxyapatite doping process, as
mentioned in several studies [21; 46 and 52].
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Fig. 4 FTIR spectra of calcined (a) and uncalcined (b) Pb-doped HAP by IWI method

Figure 5 shows SEM images taken on calcined sample HAP-IWI-10% Ce. The images show presence of white particles as
a randomly distributed aggregate that would be CeO». However at higher magnification these aggregates appear to be a

mixture of small agglomerated particles.

Fig. 5 SEM micrograph of calcined 10%Ce-doped HAP by IWI method

The Journal of African Development | Year: 2026 | Volume: 7




N Interaction Between Hydroxyapatite And Heavy Metals
E

Figure 6 gathers the SEM micrographs of calcined HAP 10% lead-doped powder. We observe white particles that tend to
form agglomerates. A magnification of the image shows a crystal in quadratic form characteristic of the litharge (PbO)
[40]. The crystal appears elongated, with a size close to 8 to 10 um in length and a few hundred nanometers in width. These
results are similar to those presented in several works [33; 40; 41; and 49].

Fig. 6 SEM micrograph of calcined 10% Pb-doped HAP by IWI method

B. Structure of Metal-doped HAPSynthetized by IE Method

The XRD resultsare shown in figure 7. They indicate that all samples have the characteristic peaks in good agreement with
the hexagonal phase of HAP and no obvious phase changes were observed. The diagrams of calcined and uncalcined Ce-
doped HAP samples also show sharp peaks but of lesser intensity.
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Fig. 7 XRD patterns of uncalcined (a) and calcined(b) Ce-doped HAP by ion exchange (IE) method

Figures 8 show diffractograms of Pb-doped HAP by ion exchange for different percentages of Pb(II) used. The main peaks
at26°,32°,32.4° and 33.2° found forinitial hydroxyapatite decrease as lead concentration increases. At the same time the
increase in initial Pb concentration of solution leads the formation of new peaks corresponding two phases. The first one
being the PbHPO4 phase with the characteristic peaks at 13.5°,14.3°,27.3° and 29.2°. The second one is Pb-HAP with
peaks at 18.4°,22.5° and 30.2°. The figure 8(b) shows that PbHAP and PbHPO4 phases disappear and lead present in the
sample turns into PbO during heat treatment. The intensity of peaks shows that the increase of Pb concentration in initial
solution leads to an increase in the intensity of PbO diffractogram. Similar results have b eenreported by several authors

[32;34;37;39;40; 46; 50,51 and 52].
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Fig. 8 XRD patterns of uncalcined (a) and calcined(b) Pb-doped HAP by ion exchange (IE) method

Figure 9 shows FTIR spectra of uncalcined and calcined Ce-doped HAP by ion exchange. It can be noted that 474 (O-P—
O bonding mode), 960 (P—O symmetric stretching), 1035 and 1101 em™! (P—O asymmetric stretching) IR bands can be

attributed to the internal vibrations in the PO43

~ groups in the apatitic structure [27 - 30]. Furthermore the maximum forces

ofthe O—H and P—O bonds decrease with the increased amount of cerium fixed. The weakening of P—O bands could
result from the introduction of Ce**/Ce3* ions and the subsequent alteration of binding force between the ions leading to
the weakening of the P—O and O—P—O vibrations [33- 36].
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Fig.9 FTIR spectra of uncalcined (a) and calcined (b) Ce-doped HAP by IE method

Figure 10 shows FTIR spectra of uncalcined and calcined Pb-doped HAP by ion exchange. On spectra of non-calcined
powders (Figure 10a) composed of 7% and 10% Pb nitrate bands at 1345 and 740 cm™! are detected. After calcinations
(Figure 10Db) all the spectra are super imposable and we don’t observe the presence of any band after doping with lead at
different concentrations.
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Fig. 10 FTIR spectra of uncalcined (a) and calcined (b) Pb-doped HAP by IE method
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Figure 11 shows an SEM image taken on calcined 10% Ce doped HAP synthesized by ion exchange method. The image
shows the agglomeration of particles and a uniform distribution of cerium on the surface of hydroxyapatite. This

agglomeration process cannot be avoided because in the calcination step (600°C) HAP particles tend to sinter into
agglomerates made of polycrystals [19, 20].

Fig. 11 SEM micrograph of calcined 10% Ce-doped HAP synthetized by IE method

The observations made by SEM (Figure 12) on calcined Pb-doped HAP by ion exchange sample show bright spots
distributedrandomly onthe surface of the hydroxyapatite. For a larger magnificationthese spots consist of small crystallites
in order of a few microns well agglomerated. These crystallites have different shapes. However a prismatic crystal with an
hexagonal pyramid can be considered as a characteristic termination of the PbxCas.x (PO4)3OH solids as suggested by
several previous works [40; 46; 49; 51and 52].

Fig. 12 SEM micrograph of calcined 10% Pb-doped HAP synthetized by IE method

C. Discussion

The results of the samples synthesized by IWI showed that cerium was deposited on the surface of hydroxyapatite in the

pg 1501 PP
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form of cerium hydroxy nitrate (Ce(OH)(NO3)2). Indeed, nitrate bands were observed. They were visible on the FTIR
spectra. However, calcination of these samples led to the formation of CeO-, as confirmed by XRD spectra and SEM
observations. In the case of samples synthesized by ion exchange, we observed two different mechanisms related to the
amount of cerium ions initially incorporated. For quantities below 3%, cerium is introduced into the hydroxyapatite
structure in the form of a solid solution. For initial quantities of 7, 10 and 15%, cerium forms isolated cerium oxide.

The XRD results showthatthe crystallinity of HAP decreases as the amount of Ce(III) incorporated increases. This reflects
a possible substitution mechanism between the Ca?* ions of HAP and cerium within the HAP lattice. This substitution is
made easier because the ionic radii of cerium (1.04 A for Ce3* and 0.97 A for Ce**) are pretty similarto those of Ca2* (1.06
A). Several authors have reported similar results when studying the mechanisms of cerium doping of hydroxyapatite [19,
26 — 30 and 33].

Several studies have highlighted the link between the cationic substitution of Ca2* ions in the HAP and the improved
properties of medical implants based on hydroxyapatite doped, in particular, with cerium. These properties include
biocompatibility, bioactivity, non-toxicity, reduced bone fragility, and cell proliferation or growth[17, 20,26,27,30, and
33].Furthermore, when used as a coating, doped hydroxyapatite can promote interfacial bonding with implants, prostheses,
or surrounding tissues [33 - 36].

In the case of lead, samples synthesized by dry impregnation (IWI), the XRD results showed that lead is deposited on the
surface of hydroxyapatite in the form of lead nitrate. Thus, nitrate bands were observed on the FTIR spectra. Calcination
of these samples led to the formation of PbO. For samples synthesized by ion exchange (IE) XRD showed the formation
of two phases which are PbHPO4 and Pb-HAP. However, the SEM observations showed the presence of crystallites of
different shapes with the demonstration of a prismatic crystal characteristic of solids [PbxCas_x (PO4);OH].

Several studies have shown thatheavy metal-doped hydroxyapatite (HAP) exhibit varying adsorption capacities for heavy
metals depending on factors like doping level, solution pH, and the specific heavy metal [32; 34;37;39; 40;46;50;51 and
52]. Numerous studies have presented specific results of hydroxyapatite doped with Cu?*, Mg?*, Zn?*, Ag*, and many other
ions (Simonaet al. 2018; Anushika etal. 2019; Kazuki etal. 2022; Nasrallah et al. 2022; Bast etal. 2024; Duta et al. 2024).
In this regard, they mentioned that doped hydroxyapatite slightly modified the characteristic peaks. The crystal structure
hasbeen affected by the dopingagent. Moreover, the dopingion can lead to distortions in the crystal and lattice parameters,
which can have a significantimpact onthe overallstructure and properties of the material. Also, the percentage of crystallite
size and crystallinity is reduced. The microstructure, lattice parameters, crystallinity, grain size, crystal morphology,
thermal stability, and solubility of hydroxyapatite are all influenced by the concentration, size, and type of ionic doping
agents.

Ankita et al.(2025) presented hydroxyapatite as a promising candidate for sustainable wastewater treatment. The study
described the innovations using wastes for the synthesis of HAP by diverse methods like wet, dry, high -temperature, and
hybrid methods, offering flexibility and adaptability in tailoring HAP material to particular applications. This review paper
provides insights on a comprehensive overview of research works on HAP-based wastewater treatment, extending its
potential to address the issueofheavymetal contaminationand highlighting the universal principle ‘One Health’- the health
of the ecosystem and its parts (Ankita et al.2025).

4. CONCLUSIONS

The results of this work show the great potential of Ce(IIl) and Pb(II) ions to be doped in a hydroxyapatite matrix, using
either in situ wet impregnation or ion exchange techniques. Both techniques can be adapted to various applications,
including biomedical sciences, energy, catalysis, and environmental sciences. In light of the results of this study, it appears
that the IWItechnique is better suited to the doping of hydroxyapatite for use in catalysis and the regeneration of hard bone
tissue. By contrast, hydroxyapatite prepared using the IE method would be more suitable forthe treatment of water or soil
contaminated with heavy metals.

Finally, we can conclude that the IWI and EI techniques tested in this study for doping hydroxyapatite could be
recommended for the development of a low-cost material for biomedical and environmental applications..
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