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A B S T R A C T   

This study reports the development of a novel biocomposite for potential applications in the environmental 
remediation. The hydroxyapatite/sodium bicarbonate (HAp-SB) biocomposite obtained by a cheap method could 
offer promising characteristics to be used in environmental applications. The obtaining of HAp-SB ceramic 
composites was studied with the aim of increasing the adsorption efficiency of lead ions from contaminated 
waters. A composite material (HAp-SB) with good crystallinity that preserves the hexagonal structure of pure 
hydroxyapatite was obtained. For the powder recovered after decontamination of the lead solution (PbHAp-SB), 
the XRD model highlighted additional maxima belonging to Ca10(PO4)5(OH)2, Ca0.805Pb4.195(PO4)(OH) and 
PbH2P2O7. The FTIR spectra of PbHAp-SB are similar to those of HAp-SB composites showing a broadening of the 
vibration peaks and a slight shift. The XPS and EDS studies illustrated the purity of the HAp-SB sample. More-
over, the presence of lead in the powder recovered after decontamination was also highlighted by XPS and EDS 
studies. The efficiency of HAp-SB in the adsorption of Pb2+ ions from the contaminated solution was also 
highlighted by ultrasound studies using double-distilled water as the reference liquid. The adsorption kinetics 
were investigated with the aid of Langmuir and Freundlich theoretical models. The results demonstrated that the 
HAp-SB ceramic composite has a strong affinity for the adsorption of Pb2+ ions from contaminated solutions. The 
removal efficiency of Pb2+ ions was about 92% for the initial Pb2+ concentration above 50 mg/L. The results of 
the cell viability and cytotoxicity studies demonstrated that HAp-SB nanoparticles did not influence negatively 
the HeLa cell’s viability and did not induce any significant changes of the morphological features of HeLa cells 
after 24 h of incubation. The batch adsorption results as well as the cytotoxicity assay results suggested that the 
HAp-SB powder could be successfully used for the removal of Pb2+ from contaminated water.   

1. Introduction 

One of the toxic metals that can be found in the polluted surface or 
underground waters, it is represented by lead (Pb2+) [1,2]. In the last 
years, numerous studies regarding the harmful effects of Pb against 
humans, including children and environment have been reported. The 

reported harmful effects are diverse and usually the exposure of humans 
to Pb is associated with toxicity to every organ system such as neuro-
logical, renal, cardiovascular, hematological, immunological, repro-
ductive, and developmental, even at the lowest lead concentrations 
studied around ≤5 μg/dL. The exposure limits of lead that exhibit toxic 
effects on specific organ systems have not yet been identified but 
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extensive information regarding the effects of lead ions in human pop-
ulations, environment and in experimental animals are available [3–10]. 
However, because the lowest lead concentrations are associated with 
serious adverse effects so far the MRLs for lead have not been derived. 
Lead is a non-biodegradable element that can severely affect the central 
nervous system. Studies have reported that lead could be responsible for 
neurological deficits in children, and that could affect the IQ by 3–4 
points for each 10 μg Pb/dL increase in the blood levels of children. In 
this context, in 1993, WHO proposed an amended guideline value for 
lead in drinking water of 10 μg Pb/L. In 2008, WHO confirmed the 
guideline value for lead in drinking water (10 μg/L). The accumulation 
in the human body of lead and/or others pollutants may lead to cause 
serious health problems. In the study conducted by Al-Weher et al. [11] 
was showed that exposure of aquatic organism (fish) to heavy metals 
increased their mortality risks. In this context, as a solution, the re-
searchers proposed the use of nanomaterials based on calcium phos-
phates in the depollution process of waters contaminated with heavy 
metals [12–15]. Hydroxyapatite (HAp, Ca/P ratio equal to 1.67.),1 is a 
well-known biomaterial and is the main inorganic component of the 
calcified tissues [16]. Furthermore, besides the special biological prop-
erties, HAp possesses good adsorption properties. The good capability of 
hydroxyapatite to adsorb heavy metals and other pollutants from the 
aqueous media have been previously reported [17,18]. As shown pre-
viously, HAp may be developed by various methods (routes) like wet 
precipitation, solid-state reaction, hydro/solvothermal, sol-gel, emul-
sion methods, etc. [19]. A relatively facile and cheap method that can be 
successfully used to develop hydroxyapatite nanopowders is coprecipi-
tation [20]. 

In this context, calcium phosphate materials together with others 
swelling and ordinary clays were proposed as cheap and accessible 
adsorbent materials. An eco-friendly and simply to use method used for 
the decontamination of polluted aqueous solution is represented by 
adsorption [21]. Another well-known and effective method used in the 
environment pollution management; it is represented by ion-exchange 
method [14]. Due to the unique plasticity of the HAp structure that 
allow a large number of substitutions and even the presence of va-
cancies, the substitution can take place in the anionic or in the cationic 
sites [14] of the hydroxyapatite structure. 

The results reported by Rogina et al. [22], in their work entitled 
“Cellular hydrogels based on pH-responsive chitosan-hydroxyapatite 
system” showed that the presence of sodium bicarbonate in the synthesis 
process of the chitosan-hydroxyapatite system allow the obtaining of a 
hydrogel with potential uses as cell carrier. On the other hand, Fabbri 
et al. [23] studied the development of polycaprolactone/hydroxyapatite 
(PCL/HAp)2 composites by sol gel route, using sodium bicarbonate as 
porogen agent. Their results suggest that through the method proposed 
by them, porous materials with good biocompatibility and which sustain 
the proliferation of preosteoblastic cells can be obtained [23]. Moreover, 
the presence of heavy metals such as cadmium (Cd) strontium (Sr), lead 
(Pb) has been shown that may induce high toxicity against HeLa cells 
[24–26]. Thus, Doi et al. [27] investigated the biocompatibility of cal-
cium phosphate cements using HeLa and osteoclast cell line and their 
findings suggest that the studied samples possess good biocompatibility 
features [27]. 

Therefore, in this paper we report for the first time our findings 
regarding the obtaining of a new biocomposite powder based on hy-
droxyapatite coated with sodium bicarbonate (HAp-SB)3 with potential 
application in environmental remediation. The new powders were ob-
tained by a coprecipitation method. Different characterization tech-
niques were involved to study the new nanoparticles before and after the 
lead decontamination experiments and together corroborate to identify 

their unique physicochemical and biological characteristics. To the best 
of our knowledge, to date there is a lack of published work describing 
the functionalization of hydroxyapatite with sodium bicarbonate for 
environmental applications. Even fewer of them have addressed the 
complex study of physicochemical properties (structural, morpholog-
ical, compositional, porosity, batch adsorption and ultrasonic studies) 
along with biological ones. Using the synthesis method proposed in this 
paper, new inexpensive materials with desired characteristics, good lead 
adsorption capacity and good biocompatibility can be obtained. This 
study aims at developing a novel material with biocompatible properties 
that can also be used for water remediation. Often, the use of nano-
particles in the environmental remediation could affect the ecosystem 
and pose a risk to human health. Therefore, the objective of this study 
was to obtain a biocompatible material with low toxicity that could be 
used for water treatment. In this context, the study presents both results 
regarding the toxicity of the HAp_SB nanoparticles as well as results 
regarding their efficiency in removing lead ions from contaminated 
water. 

2. Materials and methods 

2.1. Materials 

To obtain the powder used in the present study, ammonium dihy-
drogen phosphate [(NH4)2HPO4], calcium nitrate [Ca(NO3)2⋅4H2O], 
sodium bicarbonate (NaHCO3) purchased from Sigma Aldrich Corpo-
ration with ≥99% purity were used. Lead nitrate [Pb(NO3)2] with 
99.999% purity was purchased from Sigma Aldrich Corporation, too. 
Extra pure HCl solution acquired from Merck. Double distilled water was 
used throughout the experiment. 

2.2. Preparation of sodium bicarbonate-hydroxyapatite 

(NH4)2HPO4 and Ca(NO3)2.4H2O solutions were prepared in agree-
ment with previous research [28]. NaHCO3 (10 g) was added to the 
(NH4)2HPO4 solution and stirred at 40 ◦C for 30 min. The molar ratio of 
Ca/P was 1.67. The Ca(NO3)2.4H2O solution was added into the solution 
of NaHCO3 and (NH4)2HPO4 and stirred at 40 ◦C for 4 h. The pH was 
maintained at 8.5–9.0. The resulting precipitate was washed thoroughly 
(five times). At the end, the product resulting from the centrifugation 
was dried at 100 ◦C. The powder obtained after drying (HAp-SB) was 
analyzed and used in the decontamination experiments. 

2.3. Physico-chemical characterizations 

Afterward, a comprehensive analysis (from a physico-chemical and 
biological point of view) of the powders was carried out both before and 
after the adsorption experiments. Techniques such as X-ray diffraction 
(XRD),4 scanning electron microscopy (SEM),5 energy dispersive X-ray 
(EDX),6 Fourier transform infrared spectroscopy (FTIR),7 N2 adsorption- 
desorption studies (by BET method),8 X-ray photoelectron spectroscopy 
(XPS)9 and ultrasound studies were used to get valuable information 
about the studied powders. Furthermore, the sorption of lead ions from 
aqueous solutions using HAp-SB nanoparticles was evaluated by 
adsorption batch experiments. The biocompatibility of the new mate-
rials was evaluated using the HeLa cell line. The structural features of 
sodium bicarbonate-hydroxyapatite were investigated by X-ray diffrac-
tion (XRD) studies. The XRD measurements were made with a Bruker D8 

1 Hydroxyapatite: HAp.  
2 polycaprolactone/hydroxyapatite: PCL/HAp.  
3 Hydroxyapatite coated with sodium bicarbonate: HAp-SB. 

4 X-ray diffraction: XRD.  
5 Scanning electron microscopy: SEM.  
6 Energy dispersive X-ray spectroscopy: EDX.  
7 Fourier transform infrared spectroscopy: FTIR.  
8 BET method: Brunauer, Emmett and Teller method.  
9 X-ray photoelectron spectroscopy: XPS. 
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Advance diffractometer (Bruker, Karlsruhe, Germany) instrument. The 
measurements were recorded using a nickel filtered CuKα (λ = 1.5418 Å) 
radiation and a high-efficiency one-dimensional detector (Lynx Eye 
type) operated in integration mode. The XRD diffractograms were ob-
tained for the 2θ range 10◦–70◦, using 34 s measuring time per step and a 
step of 0.02◦. A Hitachi S4500 scanning electron microscope was 
employed for the studies regarding the morphology and chemical 
composition of HAp-SB powder (before and after the decontamination 
experiments). 

The Fourier-transform infrared spectroscopy (FTIR) technique was 
used in order to evidence the vibrational bands present in the HAp-SB 
powder (before and after the decontamination experiments). For this 
purpose, a Perkin Elmer SP-100 spectrometer (Waltham, MS, USA) 
operated in attenuated total reflection mode was used. The FTIR spectra 
were recorded between 450 and 2000 cm− 1. The procedure used for the 
obtaining of the second derivative spectra was described in detail in 
Ref. [29]. The X-ray photoelectron spectroscopy (XPS) spectra were 
recorded using the following parameters: energy window of 20 eV; 
resolution R = 20 eV and 400 recording channels. The obtained XPS 
spectra were processed with Spectral Data Processor v2.3 (SDP) soft-
ware. The N2 adsorption-desorption measurements were made with the 
aid of a Micromeritics ASAP 2020 Physisorption Analyzer (Micro-
meritics Instrument Corp., Norcross, GA, USA). The sample of 
lead-contaminated water (100 ml of suspension) and the sample of 
water after lead removal (100 ml of suspension) were poured into a 
special transparent cubical container to be analyzed. Two coaxial ul-
trasonic transducers are immersed in the suspension and are distanced 
by 16 mm face-to-face. The transducers’ axis is at 29 mm from the flat 
bottom of the container box. The samples were continuously stirred for 
10 min at 500 rot/min in order to obtain a good homogeneity of the solid 
particles before being analyzed. Immediately after stopping the mag-
netic stirring machine, began the acquisition of the 1000 ultrasonic 
signals, recorded every 5s from the oscilloscope. Each signal is an 
average of 32 successive signals, in order to eliminate the possible 
electric noise. 

2.4. Batch adsorption experiments 

The retention of Pb2+ from contaminated water was evaluated with 
the aid of batch adsorption experiments. The experiments were per-
formed according to the protocol described in Ref. [26]. All the batch 
adsorption experiments were performed in silicon tubes. The Pb2+

concentrations from the contaminated water were in the range of 0–100 
mg/L. For the batch adsorption experiments, 0.2 g of HAp-SB nano-
particles were used. The contaminated water with 0.2 g of HAp-SB 
nanoparticles was stirred for 24 h at room temperature. Meanwhile, 
the volume of the mixture for each tube was 20 mL. The pH value was 
monitored and kept stable at 6 during the experiment. After 24 h, the 
samples were centrifuged for 1 h, at 10000 rpm. Afterward, the super-
natant was filtered and analyzed by Flame Atomic Absorption Spec-
trometry (AAS)10 with the aid of a Zeeman HITACHI Z-8100 instrument. 
The wavelength used for the measurements was the one at 283.3 nm 
prevued by the operational conditions for lead. Furthermore, the theo-
retical models developed by Langmuir and Freundlich [30,31] were 
used in order to obtain information regarding the mechanisms involved 
in the adsorption of Pb2+ onto HAp-SB nanoparticles. For this purpose, 
the amount of the adsorbed metal ions onto the HAp-SB nanoparticles at 
the equilibrium, Qe (mg/g), was derived using the following Langmuir 
equation, Qe =

(Co − Ce)
m ⋅V. More than that, information about the 

adsorption process was determined by calculating the values of the 
Langmuir constants, qm and KL using the linear form of the Langmuir 
equation, Ce

Qe
= 1

(qm•KL)
+ Ce

qm 
[30]. In addition, complementary information 

about the adsorption of Pb2+ onto HAp-SB nanoparticles was also 

derived from the Freundlich model, Qe = kf • C
1
/n
e . For this purpose, the 

linear form of the Freundlich equation ln Qe = ln kf +
1
n ln Ce [1] was 

employed for the determination of Freundlich parameters, adsorption 
capacity (kf) and the adsorption intensity of the adsorbent (n). 

2.5. In vitro biological studies 

The biocompatibility studies of the HAp-SB nanoparticles were done 
in vitro using the MTT (3-4,5-Dimethylthiazol 2,5-diphenyltetrazolium 
bromide)11 assay. The studies were performed as previously described 
in Refs. [32,33], using HeLa cells. The cell viability was assessed after a 
period of incubation of 24 h. The biocompatibility studies were per-
formed for HAp-SB nanoparticles and also for the contaminated aqueous 
solutions before and after the decontamination experiments. The HeLa 
cell viability was determined using a TECAN spectrophotometer (Tecan 
GENios, Grödic, Germany) instrument by quantifying the absorbance of 
the suspensions at a wavelength of 595 nm. The MTT studies were 
performed in triplicate and the results were presented as mean ± SD 
(standard deviation). In addition, optical microscopy was used to study 
any changes that could have occurred in the morphology of the HeLa 
cells after being incubated for 24 h with HAp-SB nanoparticles and with 
the contaminated and decontaminated solutions. 

3. Results and discussions 

The XRD pattern of HAp-SB powder before and after decontamina-
tion are depicted in Fig. 1. Fig. 1a exhibits the XRD pattern of HAp-SB 
before decontamination and the standard pattern of pure hydroxyapa-
tite JCPDS no. 09-0432.12 The peaks of the XRD pattern of sample HAp- 
SB (Fig. 1a) correspond to those of pure hexagonal HAp and space group 
P63/m. The XRD pattern of the HAp-SB powder indicated a good crys-
tallinity of the structure. This fact is revealed by the sharp peaks that 
appear in the XRD pattern of HAp-SB. The XRD pattern of the powder 
recovered after decontamination (PbHAp-SB)13 is presented in Fig. 1b. 
The reflection peaks of the XRD spectrum of PbHAp-SB were slightly 
shifted to higher diffraction angles compared to HAp-SB. Besides the 
maxima belonging to hexagonal HAp, the XRD pattern of PbHAp-SB 
highlighted the presence of additional peaks. The additional peaks 
were identified as belonging to calcium lead phosphate hydroxide 
(JCPDS no. 010-3163) and lead hydrogen phosphate (JCPDS no. 012- 
0005). Reference models for Ca10(PO4)5(OH)2 (JCPDS no. 09-0432), 
Ca0.805Pb4.195(PO4)(OH) (JCPDS no 010-3163) and PbH2P2O7 (JCPDS 
no. 012-0005) were also presented in Fig. 1c–e. 

In addition, a noticeable decrease of the peaks associated with HAp 
can be observed in the XRD spectrum of PbHAp-SB, while the peaks 
associated with Ca0.805Pb4.195(PO4)(OH) and PbH2P2O7 appeared. This 
behavior suggests the existence of ion exchange in Pb2+ adsorption by 
HAp-SB. The obtained results are in good agreement with previous re-
ported data [34] which showed that Ca2+ ions replaced Pb2+ ions from 
the environment (contaminated solution). This result highlights the fact 
that HAp-SB powder has a high potential for removing pollutants from 
contaminated waters. 

In Fig. 2, the XPS survey spectra of the HAp-SB composite were 
presented before (Fig. 2a) and after it was used in the process of 
removing lead ions from the contaminated solution (Fig. 2b). The XPS 
survey spectrum of HAp-SB (Fig. XPS_a) shows the binding energies of C 
1s, O 1s, Ca 2p, P 2p and Na 1s. The XPS survey spectrum recorded after 
the adsorption of lead ions (PbHAp-SB) also highlights the binding 

10 Flame Atomic Absorption Spectrometry: AAS. 

11 (3-4,5-Dimethylthiazol 2,5-diphenyltetrazolium bromide) assay: MTT 
assay.  
12 Joint Committee on Powder Diffraction Standards: JCPDS.  
13 HAp-SB powder recovered after decontamination: PbHAp-SB. 
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energy of Pb 4f (Fig. 2b). In Fig. 2c the high-resolution XPS spectrum of 
Pb 4f is presented. Peaks A and B at 138.99 eV and 143.86 eV, respec-
tively, were assigned to Pb 4f7/2 and Pb 4f5/2. The distance between the 
two maxima is approximately 4.8 eV with an area ratio of 4:3. The 
binding energy is higher than that of ordinary oxides, which indicates 
that most of the lead ions enter the hydroxyapatite network. This result 
is in full accord with the XRD studies. 

The morphology of HAp-SB and PbHAp-SB samples was evaluated 
using Scanning Electron Microscopy (SEM) technique (Fig. 3a and b). As 

it can be observed from both SEM micrographs, the morphology of the 
powders (before lead decontamination experiments) they consist mainly 
of nanometrically sized particles with an almost spherical morphology. 

In the case of PbHAp-SB nanopowders, the particles exhibit an 
almost ellipsoidal morphology, preserving their nanometric dimension. 
Also, the formation of a new phase it is suggested by the presence of 
particles with a plate-like morphology. Moreover, in Fig. 3a and b can be 
noticed the high tendency of nanoparticles to agglomerate. Therefore, 
the results of the scanning electron microscopy studies reveal that after 
the lead decontamination experiments, the morphology of the PbHAp- 
SB recovered nanopowder it is slightly changed compared to the HAp- 
SB nanopowder morphology. 

The experimental data obtained by EDX analysis mainly consist of 
spectra that are highlighting the presence of peaks corresponding to the 

Fig. 1. (a): XRD patterns of the HAp-SB; (b): XRD patterns of the PbHAp-SB; (c) 
Ca0.805Pb4.195(PO4)(OH) (JCPDS no 010-3163); (d) PbH2P2O7 (JCPDS n. 012- 
0005); (e) Ca10(PO4)5 (OH)2 (JCPDS no. 09-0432). 

Fig. 2. XPS survey spectra of HAp-SB (a), and PbHAp-SB(b). High resolution 
spectra of Pb 4f (c). 
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elements that are making up the composition of the studied materials. 
Therefore, in Fig. 3 c,d are presented the EDX spectra that are obtained 
on the HAp-SB sample before (Fig. 3c) and after (Fig. 3d) lead decon-
tamination experiments. In the both EDX spectra can be noticed the 
presence of the Ca, P and O peaks, that are arising due to the presence of 
hydroxyapatite in the studied materials. Furthermore, the presence of 
the Na line was observed in both spectra and their occurrence it is 
mainly due to the sodium bicarbonate that was used in the synthesis 
process. For the powders recovered after de lead decontamination ex-
periments (PbHAp-SB), in the EDX spectra, appear the Pb (M and L) lines 
which confirms the good adsorption of Pb2+ by the HAp-SB samples. As 
it can be seen in Fig. 3c and d no supplementary peaks can be noticed, 
which shows the purity of the analyzed nanomaterials. 

Additional information regarding the chemical composition of the 
HAp-SB and PbHAp-SB powders were obtained by elemental cartog-
raphy and the results are depicted in Fig. 3e and f. For the HAp-SB 
sample, studied before the lead decontamination experiments, the 
main obtained cartographies belong to the Ca, P, O and Na, that are the 
chemical elements that are found in the HAp-SB composition (Fig. 3e). 
On the other hand, for the PbHAp-SB powders recovered and analyzed 
after the lead decontamination experiments, in addition to the specific 
cartographies of the chemical elements found in the structure of the 
HAb-Sb sample, a specific cartography of adsorbed Pb was also obtained 
(Fig. 3f). Likewise, could be observed in all the obtained cartographies, a 
high homogeneity and a well distribution of these chemical elements in 
the studied nanopowders. 

The FTIR measurements were used in order to put in evidence the 
functional groups present in both HAp-SB and PbHAp-SB nanopowders 
and their results are revealed in Fig. 4a,c. In Fig. 4a are presented the 
typical FTIR spectra of HAp-SB nanopowder. The obtained FTIR spectra 
highlight the presence of the main peaks which belong to the vibration 
of phosphate and hydroxyl groups from the hydroxyapatite structure. 
The presence of the phosphate group in the HAp-SB sample is clearly 

proved by the maxima that are observed at 474 cm− 1, 561 cm− 1, 601 
cm− 1, 632 cm− 1, 961 cm− 1,1025 cm− 1, and 1089 cm− 1 [35–37]. 
Furthermore, the peak from 872 cm− 1 may be attributed to the HPO4

2−

group vibration in HAp structure [36]. Meanwhile, according to the 
studies conducted by Slosarczyk et al. [37] the maxima founded at 
around 870 cm− 1 are specific to the ν2 vibration of carbonate groups. 
Finally, the broad maxima that are found between 1400 and 1450 cm− 1 

are characteristics to B-type carbonate (ν3 CO3
2− ) vibration [35,37]. 

It was observed that the FTIR spectra obtained for the powders 
recovered after lead decontamination experiments (PbHAp-SB), is quite 
similar to the FTIR spectra of the initial powders (HAp-SB). However, a 
slight displacement and a broadening of the vibrational peaks can be 
noticed. In Table 1 are summarized the main peaks assignments and 
their position, for the obtained HAp-SB nanopowders. 

For a better accuracy, the FTIR second derivative spectra of HAp-SB 
and PbHAp-SB samples in the ν3, ν2, ν4 and ν1 phosphate peaks are 
shown in Fig. 4b, d. In the second derivative spectra of HAp-SB powders 
could be observed the presence of the maxima at around 961 cm− 1 

which is characteristic to the ν1 molecular vibration of the phosphate 
groups in the HAp structure. Also, was identified a broad peak at around 
474 cm− 1 which can be assigned to ν2 molecular vibration of the 
phosphate groups. More than that, between 500 cm− 1 and 700 cm− 1 are 
found bands that belong to ν4 phosphate vibration. In the 900–1200 
cm− 1 spectral domain can be identified the maxima that are character-
istic to ν1 and ν3 molecular vibration of phosphate groups. Furthermore, 
the very broad band observed at around 873 cm− 1 are related to the 
presence of the ν2 vibration of carbonate groups in the studied materials. 
The second derivative spectra obtained for the PbHAp-SB, suggest a 
decrease of the vibrational band intensity which may indicate a decrease 
in the crystallinity degree of the samples. The findings of our FTIR 

Fig. 3. 2D Scanning electron microscopy micrographs of HAp-SB (a) and PbHAp-SB (b) samples; EDX spectra obtained for the HAp-SB (c) and PbHAp-SB powders (d) 
and elemental cartographies of the HAp-SB powders (e) and PbHAp-SB powders (f). 
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studies are in good accord with the results reported by Sroka-Bartnicka 
et al. [38] in their work entitled “Structural transformation of synthetic 
hydroxyapatite under simulated in vivo conditions studied with ATR-F-
TIR14 spectroscopic imaging”. 

Fig. 5a showed the N2 adsorption-desorption isotherm of HAp-SB. 
The adsorption isotherm was of the type IV, showing an H3 hysteresis 
loop curve according to IUPAC15 [39]. According to previous studies 
[40], the H3 hysteresis loop revealed that the existing pores in HAp-SB 
were in the form of the wedge and/or slit shaped. According to the 
studies conducted on “adsorption properties” [41], type IV adsorption 
isotherms come from capillary condensation after multilayer adsorption 
in mesopores. Since the H3 hysteresis loop does not have a plateau at 
high P/P0 values, Rouquerol et al. [42] considered that this type IV 
hysteresis form could be a pseudo-type II. They associate this behavior (a 
pseudo-type II) with metastability of the adsorbed multilayer and 

delayed capillary condensation. Moreover, Rouquerol et al. [42] 
considered that the shape of the H3 loop is related to the nature of the 
adsorbent. The pore size distribution revealed that the pores were 
mainly mesoporous. The pore size distributions of HAp-SB presented in 
Fig. 8b were calculated with the Barret− Joyner− Halenda (BJH)16 

model from their desorption data. The average pore diameter and total 

Fig. 4. FTIR spectra characteristic for the HAp-SB (a) and PbHAp-SB (c) samples. Second derivative spectra obtained for the HAp-SB (b) and PbHAp-SB (d) samples.  

Table 1 
The IR vibrational peaks position for the HAp-SB nanopowders.  

Peak assignments IR vibrational peaks position (cm− 1) 

ν1 phosphate 961 
ν2 phosphate 474 
ν3 phosphate 1025, 1089 
ν4 phosphate 561, 601, 635 
ν2 carbonate 873 
ν3 carbonate 1400–1450  

Fig. 5. The N2 adsorption-desorption isotherms of the synthetized HAp-SB (a) 
and pore size distribution (b). 

14 Attenuated total reflectance: ATR.  
15 International Union of Pure and Applied Chemistry: IUPAC. 16 Barret− Joyner− Halenda model: BJH. 
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pore volume of HAp-SB sample were 12.24 nm 0.23 cm3/g, respectively. 
The Brunauer-Emmett-Teller (BET) surface area of HAp-SB sample was 
72.34 cm2/g. 

The adsorption capacity of HAp-SB nanoparticles of Pb2+ from 
contaminated water was investigated using the flame atomic absorption 
spectroscopy (AAS) technique. The experiments were performed in 
triplicate in normal atmospheric conditions. 

The efficiency of HAp-SB in retaining Pb2+from contaminated water 
was determined using an initial pH between range 2–7. The studies were 
performed using a contaminated solution having a concentration of Pb2+

equal to 50 mg/L. The results highlighted that the capacity of HAp-SB in 
the removal of Pb2+considerably increased when the value of the pH was 
raised from 2 to 4 and afterward it remained constant from 4.5 to 6. 
These results were in compliance with the literature [43–45]. There 
have been reported several possible reactions responsible for the 
removal of Pb2+ from contaminated solutions [43–46]. One possible 
mechanism has been depicted as the adsorption of Pb2+ on the HAp 
surface. This was reported to be quickly followed by a reaction of ion 
exchange between Pb2+ and Ca2+ from the HAp lattice. The ion ex-
change reactions could be described as:  

Pb2+
(a)+ ≡ Ca2+

(b) → ≡Pb2+
(b) + Ca2+

(a)                                                    (R1) 

in which, the subscripts (a) and (b) describe the solution and the hy-
droxyapatite phase. The reaction describes that the metal ion from the 
solution (Pb2+(a)) replaces a surface ion, (Ca2+) of the sorbent 
(≡Ca2+(b)). 

Furthermore, a possible second mechanism that was reported in this 
case was the one of surface complexation. The possible reactions 
involved correlated with the pH value variation were identified as the 
following:  

≡CaOH2
+ ↔ ≡CaOH0 + H+ (R2)  

≡PO− + H+ ↔ POH0                                                                    (R3) 

In their studies regarding the “Removal of lead (II) from aqueous 
solutions using carbonate hydroxyapatite extracted from eggshell 
waste” Liao et al. [46] reported that the poor Pb2+ removal could be 
attributed to the fact that for a low pH value, the existing H+ causes an 
increase of the CaOH2

+ and POH0 populations that led to a net positive 
charge. A net positive charge is less favorable for the complexation of 
Pb2+ on the HAp surface than a net negative charge. 

Therefore, in this work, the pH value of 6 was considered to be the 
most favorable pH value to carry out the adsorption batch experiments 
and to determine the HAp-SB capacity of adsorption of lead ions from 
contaminated water. 

The capacity of HAp-SB nanoparticles in removing of Pb2+ ions from 
contaminated water was obtained using the results of the batch 
adsorption experiments and is depicted in Fig. 6 a. Fig. 6a presents the 
graphical representation of the percentage of removal efficiency (R%) 
function of the initial Pb2+concentration from the contaminated solu-
tions. The results highlighted that the value of R% regarding removal of 
Pb2+using HAp-SB nanoparticles was above 88%. Furthermore, the re-
sults also indicated that the R% value was influenced by the initial Pb2+

Fig. 6. The removal percentage of Pb2+ ions from contaminated aqueous solutions using HAp-SB nanoparticles (a); Graphical representation of the amount of Pb2+

ions adsorbed at equilibrium by HAp-SB nanoparticles (b) and Langmuir (c) and Freundlich (d) linear graphical representation of the equations for the adsorption of 
Pb2+ ions on HAp-SB nanoparticles. 
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concentration of the contaminated solution. The results attained for the 
removal efficiency (R%) emphasized that HAp-SB nanoparticles 
exhibited a strong affinity towards Pb2+ions displaying a removal effi-
ciency (R%) of approximately 92% when the initial Pb2+ concentration 
was over 50 mg/L. 

Information about the mechanism involved in the adsorption pro-
cesses of lead ions using HAp-SB nanoparticles were illustrated with the 
aid of Langmuir and Freundlich adsorption models [47,48]. Langmuir 
theoretic adsorption model was elaborated at first for the representation 
of activated carbon gas-solid adsorption. Afterward, the Langmuir 
theoretical model of adsorption was employed for the determination of 
adsorption efficiency of numerous materials [49]. The theoretical 
adsorption model elaborated by Langmuir define the theory in the case 
of a monolayer adsorption process and details an adsorption process 
specific to a finite and localized number of well-defined areas, that are 
identical and equivalent [49,50]. The fitting of the experimental data 
using the Langmuir model for the Pb2+ adsorption from contaminated 
water with the aid of HAp-SB nanoparticles is represented in Fig. 6b. 

The results gathered about the capability of HAp-SB nanoparticles in 
the removal of Pb2+ from contaminated water highlighted that HAp-SB 
nanoparticles exhibited a high affinity towards Pb2+ ions. The results 
obtained by fitting the data from the batch experiments showed that 
both for Langmuir and Freundlich isotherm models the obtained R2 

values were equal or above 0.99. This fact suggested that both models 
were a good fit for the adsorption of Pb2+onto HAp-SB nanoparticles. On 
the other hand, the results, highlighted that the Langmuir model (R2 =

0.995) better fitted the experimental data resulting from the batch 
adsorption experiments compared to the Freundlich model (R2 = 0.994). 
The adsorption kinetic parameters were also calculated using the linear 
form of the equations obtained for the adsorption of Pb2+ on HAp-SB 
nanoparticles, which are depicted in Fig. 6 c,d. 

The Langmuir constants, adsorption capacity (qm) and equilibrium 
characteristic constant of the adsorbent (KL), determined from the AAS 
experimental data following the Langmuir adsorption model disclosed a 
value of 153.37 ± 4.14 mg (Pb)/g for qm and a value of 0.081 L/mg for 
the KL coefficient. Furthermore, the Freundlich model was also used to 
better apprehend the mechanisms responsible for the removal of Pb2+

ions from contaminated water by HAp-SB nanoparticles. Freundlich 
equation was first described by Herbert Freundlich in 1909 [51,52]. The 
theoretical model proposed by Herbert Freundlich depicts an empirical 
correlation among the adsorbed gas on the surface of the adsorbent and 
the value of the pressure. It could be used to describe the surface het-
erogeneity of adsorbents and give an exponential distribution of active 
sites and their energies. According to the model, the value of 1/n 
quantified from the Freundlich equation illustrates the linearity of 
adsorption or the degree of curvature of the isotherms for the tested 
concentrations of contaminant metal ions. The Freundlich adsorption 
model states that if the Freundlich constant, n, has a value equal to 1, it 
represents that the separation of the two phases does not depend on the 
concentration, and signifies that the adsorption partition of the chemical 
has been the same for all the tested concentrations (C-type isotherm). 
Often, the values of 1/n could be found in the interval 0.7–1.0. The 
values of 1/n depict that when the concentration of the metal ion that is 
investigated increases, the relative adsorption shows a decrease that 
corresponds to a L-type isotherm. These values indicate the saturation of 
adsorption sites available to the metal ion, resulting in a relatively low 
adsorption, while the 1/n values below 0.7 express highly curved iso-
therms. The 1/n values that are above 1 correspond to S-type isotherms. 
These types of isotherms are not commonly encountered but it has been 
reported to be often observed for low concentration ranges in the case of 
samples that have in their composition a polar functional group. This 
behavior was hypothesized to be attributed to the fact that, when at low 
concentrations, the compounds are in competition with the water mol-
ecules for the available adsorption sites [53]. The values that were 
calculated from the experimental data for the Langmuir and Freundlich 
parameters are presented in Table 2. 

The results obtained by fitting the experimental data using Freund-
lich isotherm model highlighted that the value for n which was calcu-
lated from the linearized Freundlich equation in the case of Pb2+ ions 
adsorption onto HAp-SB nanoparticles, was higher than 1. The results 
displayed the value of 1/n being lower than 1, which suggests a normal 
adsorption process in the case of lead ions adsorption on HAp-SB 
nanoparticles. The analysis of the data gathered from the batch 
adsorption experiments determined that the Langmuir isotherm model 
described better the adsorption of Pb2+ ions on the HAp-SB nano-
particles from aqueous solution as indicated by the high correlation 
coefficient (R2) of 0.995. More than that, the calculated value of RL was 
between 0 and 1, which indicates a favorable adsorption process for the 
presented experimental conditions. The Langmuir monolayer adsorp-
tion capacity (qm) value was found to be 153.37 mg/g indicating that the 
HAp-SB nanoparticles possess a high adsorption capacity for the Pb2+. In 
addition, the value of KL (0.081 L/mg) determined from the linearized 
Langmuir equation was relatively high suggesting a high surface energy 
in the process and therefore a high bonding between the metal ions and 
the HAp-SB nanoparticles. It was also observed that the Freundlich 
isotherm conformed to the experimental data having a correlation co-
efficient value, R2 = 0.994. The R2 value obtained from the linearized 
Freundlich model for HAp-SB nanoparticles implies having a multilayer 
structure in the adsorption process. This result is in agreement with gas 
adsorption-desorption studies that highlighted a multi-layer adsorption. 

The calculated n value was equal to 3.73 which indicated that the 
HAp-SB exhibited a heterogeneous surface satisfying the heterogeneity 
condition, 1 <n < 10. The determined value of 1/n was below one, 
indicating a chemisorption process, while the value of kf was found to be 
23.81, which indicated that there was a high uptake of Pb2+ on the 
adsorbents surface. 

In agreement with previous studies [54], the multilayer adsorption is 
the rule rather than the exception and the development of models is very 
difficult because a second layer cannot be seen without the 
adsorbent-adsorbate interaction. Rigorous theories are difficult to 
develop. A generally accepted model is that proposed by Brunauer, 
Emmett and Teller, commonly known as the BET theory [55]. Regarding 
multilayer adsorption, the BET model assumes approximately the same 
position as that of Langmuir. Thus, it was considered that the adsorption 
is localized, the surface is homogeneous and the lateral interaction is 
ignored. 

Moreover, the data highlighted that the adsorption of Pb2+ on HAp 
nanoparticles in normal atmospheric conditions and at pH 6 was high, as 
a result of the large between Pb2+ and HAp-SB nanoparticles. These 
results could be attributed to the fact that Pb2+ can be adsorbed on the 
surface of the hydroxyapatite through the substitution of Ca2+ with Pb2+

[56–58]. Over the years, a few possible reactions in the case of the 
removal of lead from contaminated water have been proposed. The most 
often encountered were reported to be surface adsorption, ion exchange 
or substitution, and precipitation [59]. Even though there have been 
numerous studies in this area and results regarding the role of phosphate 
minerals such as apatite, modified apatite and/or hydroxyapatite-based 
composites in controlling the behavior of lead ions concentrations in 
soils [60] or in contaminated wastewater [61–65], the actual mecha-
nisms involved in these processes are still poorly understood. In their 
studies about “Formation and stability of base metal phosphates in soils 
and sediments”, Nriagu et al. [66] proposed that this process involves a 
two-step reaction that is constituted by the sorption of lead on metal 
oxides, and of a subsequent reaction of the orthophosphate ions from the 

Table 2 
Langmuir and Freundlich isotherm parameters for Pb2+ adsorption onto HAp-SB 
nanoparticles.  

Sample Langmuir Freundlich 

HAp-SB R2 qm (mg/g) KL (L/mg) R2 n kf 

0.995 153.37 ± 4.14 0.081 0.994 3.73 23.81  
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solution that lead to the formation of lead phosphate as a solid. Until the 
present day, one of the most detailed reports regarding the use of cal-
cium apatite in lead ions removal are those performed by Suzuki et al. 
[63–65] that proposed that lead ions from the contaminated solution 
substitutes the calcium ions from the apatite structure on 1:1 basis. More 
recent studies conducted by Iconaru et al. [36] reported that the main 
mechanism in the adsorption of lead ions by hydroxyapatite nano-
particles was determined by the partial dissolution of the hydroxyapatite 
followed by the pyromorphite reprecipitation. Similar results have been 
reported by Xu et al. [67] the involved reaction mechanisms of the lead 
ions adsorption process onto hydroxyapatite were the dissolution of 
hydroxyapatite powders followed by the precipitation of lead apatite. 
Meanwhile, based on the substitution model proposed by Suzuki et al. 
[65], Takeuchi and Arai [68] proposed that the process involved in the 
removal of lead ions from contaminated water could be controlled 
kinetically with the aid of a liquid-film diffusion of Pb2+ and Ca2+ near 
the surface of HAp grains. Furthermore, McLean and Bledsoe [69] 
emphasized that the precipitation vs. the surface sorption could be 
influenced by the concentration of the metal ions. Their study also 
implied that the relevance of precipitation vs. surface sorption is 
correlated with both the metal ions concentrations and also with the 
amounts and activities of the surface sites [69]. The results obtained in 
our present study from the batch adsorption experiments as well as the 
combined results on solution and solid-phase physico-chemical analyses 

undoubtedly established that Pb2+ were removed from the contami-
nated water and that they precipitated in various forms of lead apatite 
minerals. Furthermore, the results obtained from the batch experiments 
and the data determined with the aid of the theoretical models devel-
oped by Langmuir and Freundlich suggested that HAp-SB nanoparticles 
had a strong affinity for the adsorption of Pb2+ ions from contaminated 
solutions. These results highlighted that HAp-SB nanoparticles could be 
excellent candidates for future advancement in the area of water 
remediation technologies. 

The ultrasound studies were carried out both on water contaminated 
with lead and on the water obtained after the removal of lead. The 
recorded signals. A direct image of the recorded signals is shown on 
Fig. 7a–b. From right to left are plotted as waterflow all 1000 signals 
covering 5000 s of process evolution. It is visible a rapid change of 
signals amplitudes and time delays. A more visible evolution is shown in 
Fig. 7c–d. Regarding the contaminated water, the initial signal is very 
weak, but increases to an amplitude close to that in the reference liquid 
(double distilled water) A/Aref = 1 after 120 s. The process is not uni-
form and for about 10 min, the maximal amplitude oscillates around the 
relative unit value. This evolution can be explained by the formation of 
clusters which in some conditions settle faster than the remaining par-
ticles in suspension. During the initial 120 s, the ultrasonic waves exhibit 
an increase in velocity from 1491.5 m/s to 1494.8 m/s. The velocity is 
increasing for higher suspension average bulk modulus and diminishes 

Fig. 7. Time evolution of the recorded signals, from left to right over 5000 s for contaminated (a) and decontaminated (b) water. Recorded signals amplitudes during 
the experiment for contaminated (c) and decontaminated (d) water. 

S.A. Predoi et al.                                                                                                                                                                                                                                



Ceramics International xxx (xxxx) xxx

10

with the average mass density. One can attribute the measured evolution 
to a reduction of the average mass density as the larger solid particles are 
sedimented. In the case of decontaminated water, a very slow increase in 
the amplitude of the measured signal was observed, which indicated a 
slow sedimentation of the particles remaining in suspension. 

The frequency spectra of all the signals recorded for contaminated 
and decontaminated water are shown in Fig. 8a–d. For comparison is 
also plotted the spectrum of the same signal, but through the reference 
liquid (in dotted blue line). For contaminated water, the initial rapid 
evolution is represented by the weak amplitudes spectra at the lower 
part of Fig. 8. As the suspension becomes stable, the spectra are 
approaching that of distilled water, but with significant differences. At 
frequencies which lower than the central frequency of the transducers 
(24.5 MHz as obtained for the measured signal in the reference liquid), 
the amplitudes are clearly higher in the contaminated water sample. 
This remark is valid also for higher frequencies. Only in the interval 
23.5–27 MHz the amplitudes in the contaminated water sample are 
lower than those in the reference liquid. This proves a higher attenua-
tion of the suspension in this frequency range, proven by the time 
averaged attenuation plot shown on Fig. 8c. Compared against the 
standard attenuation in the reference liquid (red dotted line) the 
attenuation is considerably larger for the contaminated water sample. At 
25 MHz the attenuation surpasses 30 nepper/m whereas for water it is 
only 14 nepper/m. 

The slow evolution of signals for the decontaminated water sample is 
represented by the concentration of the 1000 spectral curves near the 
spectrum of the reference liquid (double-distilled water). At frequencies 
which lower than the central frequency of the transducers (24.5 MHz as 
obtained for the measured signal in the reference liquid), the amplitudes 
are slightly lower in the decontaminated water sample. Above the cen-
tral frequency, the spectra are much tighter, indicating a close resem-
blance to the reference liquid. The time averaged attenuation plot is 
shown on Fig. 8d. Compared against the standard attenuation in the 
reference liquid (red dotted line) the attenuation is slightly larger for the 
decontaminated water sample in the lower and higher frequency ranges. 
In the frequency range 25–32 MHz, the attenuation is below the atten-
uation in the reference liquid, indicating some residual nanoparticles in 
suspension. 

Another contaminated water suspension characteristic is the spectral 
stability, representing the amplitude of the frequency component of 
each spectrum, as function of time (Fig. 8e). During the initial period of 
10 min spectral amplitudes have irregular evolutions due to cluster 
formation and sedimentation, for every plotted frequency. The weaker 
amplitude at 25 MHz remains stable up to the end of the experiment, but 
all the others present a sudden reduction after 4400 s. This reduction can 
be attributed to a loss of stability of the suspended nanoparticles, some 
being settled on the transducers. The tips of the transducers are of 
conical frustum shape and it is possible that some accumulated particles 

Fig. 8. Spectral amplitudes of all 1000 signals for contaminated (a) and decontaminated (b) water. Time averaged attenuation for the investigated frequency range 
for contaminated (c) and decontaminated (d) water and the relative spectral amplitudes vs. time for contaminated (e) and decontaminated (f) water. 
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fell in front of the ultrasonic beam. The contaminated water sample 
becomes stable after 10 min, when the majority of larger particles and 
clusters of particles have settled on the bottom of the container. The 
signal amplitude has then a small variation and the stability parameter S 
= 4.76e− 05. The spectral stability of decontaminated water was pre-
sented in Fig. 8f. All spectral amplitudes are slowly increasing in time, in 
the order of 5%. After about 1000 s of monitoring, a perturbation in the 
spectral evolution occurred. The lower frequencies (15-22 MHz) have a 
temporary decrease of amplitude, whereas the higher frequencies are of 
temporary increased amplitude. This process of short duration (~200s) 
process can be associated to the formation of clusters of nanoparticles, 
which settle more rapidly passing in front of the transducers. The 

decontaminated water sample is relatively stable, the stability param-
eter S = dA

Adt = 1.6e− 05, in which A is the signal amplitude, with a bar 
above indicating averaging. This is relatively stable sample with average 
properties close to those of the reference liquid. The stability becomes 
very good after about 1 h of monitoring. 

The biocompatibility of HAp-SB nanoparticles (Fig. 9) as well as the 
cytotoxicity of the HAp-SB nanoparticles (Fig. 9) used in the removal of 
Pb2+ from contaminated water were investigated using HeLa cell line. 
To achieve this, the cytotoxicity of HAp-SB nanoparticles as well as lead- 
contaminated solution and decontaminated solutions using HAp-SB 
nanoparticles was studied. During the biological assays, HeLa cells 
were incubated for 24 h with HAp-SB nanoparticles, lead-contaminated 

Fig. 9. MTT assay of the cell viability of HeLa cells incubated with HAp-SB nanoparticles, Pb2+ contaminated solution, and decontaminated solution using HAp-SB 
nanoparticles. A HeLa free cell culture was used as control and the optical visualization of the morphology of the HeLa cells used as control (a); incubated with HAp- 
SB nanoparticles (b), incubated with Pb2+ contaminated solutions (c), and incubated with solutions decontaminated using HAp-SB nanoparticles (d). 
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solution having a Pb2+ concentration of 100 mg/L, (Pb100),17 and also 
with the decontaminated solution using HAp-SB nanoparticles (PbHAp- 
SB) and their viability was investigated by MTT assay. The results of the 
MTT biological studies, showing the viability of the HeLa after a 24 h 
incubation with HAp-SB nanoparticles, lead-contaminated solutions and 
with the decontaminated solutions using HAp-SB nanoparticles are 
depicted in Fig. 9. 

The MTT studies showed that HAp-SB nanoparticles did not display a 
significant toxicity on the HeLa cells viability while the lead- 
contaminated solution presented strong harmful effects towards HeLa 
cells after 24 h of contact. Furthermore, the results evidenced that the 
HeLa cell viability decreased to a value below 1% after being incubated 
with the Pb100 solution. The MTT assays conducted on the aqueous 
decontaminated solutions using HAp-SB nanoparticles are also pre-
sented in Fig. 9. The data emphasized that the decontaminated solution 
did not induce any significant effects on the rate of the HeLa culture’s 
cell viability after 24 h of incubation. More than that, the MTT results 
demonstrated that in the case of the decontaminated solution, the cell 
viability was approximately 90%. The cell viability values resulting from 
the MTT studies highlighted that HAp-SB nanoparticles could be 
considered in the development of novel materials with good biocom-
patible properties. In addition, the data also suggested that these types of 
materials could be successfully used in for the removal of Pb2+ from 
contaminated water. Lead is well known for being a naturally occurring 
element that is non-biodegradable and possesses great toxicity [70–72]. 
The toxicity of lead and its harmful effects on different types of organs 
like the nervous system, the red blood cells, the hematopoietic system, 
the endocrine system, the reproductive system, and kidneys, was re-
ported for even small concentrations [70–72]. 

Complementary information about the biological properties of HAp- 
SB nanoparticles and lead-contaminated and decontaminated solutions 
was obtained by evaluating the morphology of HeLa cells after 24 h of 
incubation with the samples by microscopic visualization. The HeLa 
cell’s morphology after 24 h of exposure to HAp-SB nanoparticles, lead- 
contaminated solutions at a concentration of 100 mg/L and with 
decontaminated solutions using HAp-SB nanoparticles are presented in 
Fig. 9 a-d. The optical microscopic observation of the morphological 
changes that occurred in HeLa cells after 24 h of contact with the 
investigated samples were in good agreement with the data obtained 
from the quantitative MTT studies and suggested that HAp-SB nano-
particles did not provoke any significant morphological changes in the 
HeLa cells after 24 of incubation. The optical observation emphasized 
that the HeLa cell’s morphological features were not visible modified 
after being exposed for 24 h to the decontaminated solution using HAp- 
SB nanoparticles. On the other hand, the images obtained with the aid of 
the optical microscopy depicted that the morphological features of the 
HeLa cells exposed that were exposed to the lead-contaminated aqueous 
solution were fundamentally changed indicating that the presence of 
lead ions exhibited a considerable toxic effect on the HeLa cells after 24 
h of incubation. More than that, the microscopic images showed that the 
HeLa cells incubated with the lead-contaminated solutions exhibited a 
distinctive apoptotic appearance and a considerable cell number 
reduction. The results obtained from the visual observation of the cells 
are in concordance with the results of the MTT studies and with previ-
ously reported studies that reported the harmful effects and high toxicity 
of lead ions [70–78]. The preliminary results obtained in this study 
regarding the biocompatibility of HAp-SB nanoparticles as well as the 
promising data obtained in the case of the removal of Pb2+ from aqueous 
solutions using HAp-SB nanoparticles determined that these nano-
particles could be suitable in the future development of novel environ-
mental remediation technologies. 

4. Conclusions 

This study was aimed on the recovery of Pb2+ ions from the 
contaminated aqueous solution using a new composite based on hy-
droxyapatite coated with sodium bicarbonate (HAp-SB) obtained by co- 
precipitation. The results of XRD studies reveal that the HAp-SB before 
decontamination preserves the hexagonal structure with lattice param-
eters characteristic to pure hydroxyapatite. After lead ions removal, the 
peaks of the XRD spectrum of the resulting powder (PbHAp-SB) were 
slightly shifted to higher diffraction angles compared to HAp-SB, and 
additional peaks were identified. EDS and XPS spectra of powder after 
lead removal highlighted the presence of lead. Furthermore, the 
experimental results of the XPS and EDS studies underline the purity of 
the analyzed samples. The efficiency HAp-SB nanoparticles in the 
removal of lead ions was determined using the data obtained from the 
batch adsorption experiments and ultrasound measurements. The re-
sults of the FTIR studies reveal the presence of the principal peaks that 
belongs to the molecular vibration of the phosphate groups in the HAp 
structure. Moreover, the results of the MTT studies showed that HAp-SB 
nanoparticles have the potential to be considered in the development of 
new materials with improved biocompatible properties that may be 
successfully used in the removal of lead ions from contaminated solu-
tions. All the results obtained in this study show that the HAp-SB powder 
obtained by the co-precipitation method is effective for removing Pb2+

ions from the contaminated solution. 
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