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Hydroxyapatite gel for the improved removal of Pb%* ions from aqueous
solution

Doan Pham Minh *, Ngoc Dung Tran, Ange Nzihou, Patrick Sharrock

Université de Toulouse, Mines Albi, CNRS, Centre RAPSODEE, Campus Jarlard, F-81013 Albi cedex 09, France

GRAPHICAL ABSTRACT

SEM images of Ca-HA particles: (A) Non-polished and before Pb?* sorption; (B) Polished and before Pb?*
sorption; (C) Non-polished and after Pb%* sorption; (D) Polished and after Pb?* sorption.
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ABSTRACT

Hydroxyapatite (Ca;o(PO4)s(OH),, Ca-HA) is a versatile material which can be used in several applica-
tions. This study investigated the reactivity of Ca-HA, obtained directly by the one-step synthesis from
calcium carbonate and orthophosphoric acid as low-cost initial reactants, in the removal of lead(Il) as
a model heavy metal. The sorption capacity of synthesized Ca-HA reached at least 750 mg g~', which
was much higher than that reported in the literature. This was explained by the favorable effect of the
carbonate anion presence in the apatitic structure. Classical stoichiometric lead hydroxyapatite was
formed, which was found on the surface of Ca-HA particles. Small amounts of lead oxide were also
detected, possibly due to a surface precipitation reaction of lead(Il). The crystalline structure of the initial
Ca-HA material was destroyed, in relation with the acidic conditions during the sorption experiment, as
well as the insertion of lead(1I) into this structure. lonic exchange, surface complexation and dissolution—
precipitation all occur and explain lead(II) fixation. The results obtained open a new pathway for the syn-
thesis of low-cost Ca-HA sorbents for environmental purposes.
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1. Introduction both municipal and industrial solid wastes by incineration tech-

nique is a major source of heavy metal emissions. Under high

Heavy metals cause serious environmental concerns because
of their sustained bio-toxicity. Heavy metals can be present in
the environment from different anthropic sources as well as from
natural geochemical processes. For example, the treatment of

* Corresponding author. Tel.: +33 563493258; fax: +33 563493043.
E-mail address: doan.phamminh@mines-albi.fr (D. Pham Minh).

incineration temperatures, heavy metals present in wastes are
partially or totally vaporized as a function of the nature of metals
and combustion conditions. Gases emitted from incinerators
require specific pollution control equipment adapted to high
temperatures and complexity in terms of composition and
physico-chemical properties [1,2]. In addition to anthropic
sources, heavy metal contamination can also arise from natural



geochemical processes, where significant heavy metal back-
ground levels can be found in large environment areas (soil,
sediment, groundwater, etc.) [3-8].

In the last decades, calcium hydroxyapatite (Ca-HA, chemical
formula: Ca;o(PO4)s(OH),) was largely studied as an effective
sorbent for the abatement of heavy metals under laboratory condi-
tions, particularly in liquid phase. Because of its interesting phys-
ico-chemical properties such as low water solubility, possibility
to high specific surface area, and its particular chemical structure
[9,10], Ca-HA can be used for the removal of several metallic cat-
ions from aqueous solutions, for example, Cu®* [11,12], Pb®* [13],
Zn* [12,14], Co?* [15], Cd?* and Ni?* [16] etc. For environmental
purposes, Ca-HA of low cost is required for the large scale viability
of treatment processes. However, the most common method for
Ca-HA synthesis is the so-called double decomposition where a
calcium salt (i.e. Ca(NOs),) reacts with an orthophosphate salt
(i.e. NH4H,PO4) under controlled pH and temperature, followed
by separation and eventually washing steps. In this case, large
amounts of NH4NO3; by-product are formed and its separation from
well-dispersed Ca-HA particles is not easy. Other methods such as
sol-gel synthesis [17], solid-solid reaction [18], and ultrasonic
spray freeze—drying [19] have been investigated but they also
present drawbacks, namely high energy cost and/or the generation
of aqueous wastes and difficulties for the separation and washing
step.

Our previous work was devoted to the elaboration of Ca-HA
from orthophosphoric acid (H3;PO4) and calcium carbonate (CaCO3)
as unconventional calcium source [20]. The results showed that
Ca-HA could be obtained by the addition of concentrated ortho-
phosphoric acid into a suspension of calcium carbonate at 80 °C,
under ambient pressure for about 24 h, conditions comparable to
those used for the traditional synthesis of Ca-HA from soluble cal-
cium salts. Carbon dioxide was the only by-product which left the
reaction mixture in gas form. A stable gel of finely-divided Ca-HA
particles in aqueous suspension was formed, which could be used
as-is, or solid Ca-HA powder could be recovered by a simple filtra-
tion or centrifugation step, without any rinsing.

In this work, we investigated the removal of soluble lead(Il) as a
model heavy metal from a synthetic aqueous solution using the
so-called green Ca-HA, obtained from the reaction of calcium car-
bonate and orthophosphoric acid, mentioned above. The results
obtained will help to evaluate the performance of the synthesized
Ca-HA compared to the literature data. The novelty of this study is
found in the use of Ca-HA under gel form which constitutes a new
approach for the design of wastewater treatment processes.

2. Materials and methods

Ca-HA was synthesized according to our previous study [20].
Briefly, orthophosphoric acid (85 wt.%, p.a. grade from Merck)
was pumped into an aqueous suspension of calcium carbonate
(CaC0s, dso of 13.20 um, >98% from Fisher Scientific) at 80 °C.
The reaction mixture was kept at atmospheric pressure under
350 rpm for 24 h. A white and stable gel of fine particles was
formed which contained up to 97 wt.% of Ca-HA and some traces
of carbonated apatite (CAP) [20]. The gel generated by this syn-
thetic procedure contained only trace amounts of soluble calcium
and orthophosphate species [20]. A third of this gel was kept at
ambient temperature in a closed glass bottle for further sorption
study. This part of the gel was designated “Gel_25" thereafter.
The second third of the gel was filtered on a 0.45 pm filter paper
and the powder was dried overnight at 105 °C. This powder was
designated “Powder_105". The last third of the gel was also filtered
but the powder was dried freely at room temperature (about 25 °C)
up to unchanged mass. Supplementary infra-red (FTIR) and

thermogravimetry (TG) analyses were used to follow water evapo-
ration at room temperature. The resulting powder was designated
“Powder_25".

Aqueous solution of lead nitrate was prepared by dissolving
lead nitrate (p.a. grade from Fisher Scientific) in permuted water
for obtaining 6000 ppm (or 28.96 mmol L~!) lead(II) solution. Sorp-
tion experiments were carried out in a 700 mL stirred glass reactor
containing 300 mL of the prepared lead nitrate solution. The exper-
iment started by addition of 2.4 g of powder sorbent into the reac-
tor under regular stirring (350 rpm) at room temperature (ca.
25 °C). When Gel_25 was used as sorbent, its water content was
previously determined in order to calculate the equivalent quan-
tity compared to powder sorbents. Samples were periodically
withdrawn from the reactor for the determination of the concen-
tration of soluble lead, calcium and phosphorus by inductively
coupled plasma atomic emission spectroscopy (ICP-AES). During
the reaction, the pH was continuously monitored using LabView
program. At the end of the sorption experiment, the solid phase
was recovered by filtration and dried overnight at 105 °C for fur-
ther characterizations.

Elemental analysis was carried out by ICP-AES technique on a
HORIBA Jobin Yvon Ultima 2. X-ray diffraction (XRD) data were
collected on a Phillips Panalytical X'pert Pro MPD diffractometer.
Simultaneous thermogravimetry and differential scanning calo-
rimetry (TG-DSC) analysis was performed in a TA Instruments
SDTQ600 analyzer using an air flow rate at 100 mL min~! and a
heating rate of 5°Cmin~'. For each TG-DSC analysis, an exact
weight of about 30 mg of powder was used. IR characterization
was obtained on a Shimadzu FTIR 8400S spectrometer in the wave-
number range 4000-500 cm~'. Specific surface area of the solid
was determined by nitrogen adsorption using Micrometrics Gem-
ini Vacprep 061 apparatus and BET equation (Sggr). Particle size
distribution was measured by laser scattering in a Mastersizer
2000 (Malvern Instruments Ltd., Malvern, UK) in the range from
0.020 to 2000 pm. Scanning electron microscopy coupled with
energy dispersive spectroscopy (SEM-EDX) was performed on a
Philips XL30 ESEM apparatus (FEI Company). This apparatus is
equipped with a secondary electron detector (SE mode), and a
back-scattered electron (BSE) mode. SEM study was either directly
carried out on the external surface of powder particles using only
metallization as pre-treatment, or inside particles after embeding
and mechanical polishing steps. In the last case, the immobiliza-
tion of powder particles in a solid matrix of resin was carried out
with a Mecaprex resin and triethylenetetramine (TETA) as harden-
ing agent. Then, the samples were polished to fracture powder
particles without damage in order to look inside.

3. Results and discussion
3.1. Lead(II) sorption

The concentration evolution of consumed lead(Il) and released
calcium(II) as a function of sorption time is shown in Fig. 1, where
2.4 g of Ca-HA powder or an amount of Gel_25 equivalent to 2.4 g
of Ca-HA powder were set in contact with 300 mL of 6000 ppm lea-
d(Il). For these experiments, the sorbent concentration was
8.0gL . In all cases, lead(ll) removal took place in two stages.
The first stage occurred within about 60 min where about
4 mmol L' of lead(1l) were removed. Lead(Il) was then nearly to-
tally removed in the second sorption stage. For Gel_25 and Pow-
der_25 sorbents, the second stages finished before 300 min of
sorption. For Powder_105 sample, a longer sorption time was
required for the complete removal of lead(Il) from the synthetic
wastewater. In other words, the drying step at 105°C led to a
decrease in the reactivity of Ca-HA sorbent.
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Fig. 1. Consumed Pb (OJ) and released Ca (a) during the sorption of Pb using
different Ca-HA sorbents: (A) Ca-HA gel; (B) Ca-HA powder dried at the ambient
conditions; (C) Ca-HA powder dried at 105 °C; reaction time is in logarithm base 10
scale.

For all sorbents, the concentration of released calcium(Il) was
close to that of consumed lead(Il) throughout the reaction time.
This suggested an equimolar ionic exchange between lead(Il) and
calcium(Il) as observed previously with other Ca-HA materials
[21,22].

In order to better understand the fixation of lead(Il) on Ca-HA
sorbents, different physico-chemical characterizations were per-
formed on Powder_25, Powder_105 as well as the solid recovered
after sorption experiments, which are discussed in the next sec-
tions. On the other hand, Gel_25 was not characterized because
the physico-chemical techniques used did not allow the study of
a gel form.

3.2. XRD characterization

Fig. 2A presents XRD patterns of Powder_25 and Powder_105
which both were similar to each other. All peaks could be attrib-
uted to poorly crystallized Ca-HA phase (JCPDS standard No. 01-
072-1243), as indicated by their weak broad peaks [20].

Fig. 2B shows the XRD patterns of the solid recovered after
reaction with lead(II). All solids had higher crystallinity than the
initials, and showed similar patterns to each other. All peaks could
be attributed to lead hydroxyapatite (Pb;o(PO4)s(OH),, JCPDS
standard No. 01-087-2477) and eventually some trace of lead

oxide (PbO, JCPDS standard No. 01-078-1664 or 01-072-1551). Par-
ticularly, only trace amounts of poorly-crystalline Ca-HA were de-
tected although about two-thirds of the initial Ca-HA sorbent
might not participate in the sorption, taking into account the
amount of removed lead(Il). In fact, in these sorption experiments,
the initial quantity of lead(Il) in the synthetic wastewater was
8.69 mmol and the initial quantity of calcium(Il) present in the
sorbent of each sorption was about 24 mmol. Assuming equimolar
ionic exchange as suggested by the evolution of consumed lead(II)
and released calcium(ll) in Fig. 1, only a third of the calcium(IIl) ions
of the sorbents was replaced by lead(Il). The decrease of visible dif-
fractions of poorly-crystalline Ca-HA phase suggests that during
sorption experiment, a destructuring of the crystalline network
of the sorbents occurred. This was previously observed for the
removal of lead nitrate by Ca-HA at acidic pH [21], and was attrib-
uted to the changes of interatomic distances and bond angles by
the insertion of lead(ll) into the structure of Ca-HA [23]. It could
also be due to the loss of the broad diffraction signal for poorly
crystallized Ca-HA concealed under the strong lines of the more
crystalline lead hydroxyapatite.

3.3. FTIR analysis

FTIR spectra of the initial sorbents are presented in Fig. 3A. Only
a weak broad peak was observed at about 3570 cm~! in the wave-
number range of 4000—1700 cm™!, attributed to hydroxyl groups
(not presented). No evidence of the principal peak of calcite at
1389 cm™! was observed because of its complete decomposition
during the Ca-HA synthesis. On the other hand, a bi-modal peak
at 1450/1415 cm™! and single peaks at 1545, 880 and 870 cm™!
were observed, which are characteristic for vibrations of carbonate
groups, inserted in the apatitic structure [20]. Phosphate groups of
Ca-HA structure were clearly observed at about 1040, 960, 601 and
570 cm~! [24].

FTIR spectra of the solids after lead(Il) sorption are shown in
Fig. 3B. The reaction of lead(Il) with the apatitic structure of
Ca-HA led to some changes of IR vibrations of functional groups.
A decrease in the intensity of carbonate vibrations was observed,
which might be due to the partial decarbonation when Ca-HA sor-
bents were in contact with acidic solution of lead(II) nitrate (initial
pH of 5.1 at room temperature). The bi-modal peak at 1020/
970 cm™~! and peaks at 601 and 570 cm~! were characterized as
phosphate vibrations in lead(Il) substituted Ca-HA [25]. This con-
firmed again the presence of lead(Il) phosphate together with the
apatitic structure of Ca-HA as shown above by XRD results.

3.4. TG-DSC analysis

Thermal behavior of sorbents before and after sorption experi-
ment was investigated using TG-DSC technique. Both initial Pow-
der_25 and Powder_105 had similar TG profiles to each other
(Fig. 4A). The only difference between these two sorbents was
found as a higher weight loss of Powder_25 in the temperature
range of 25-105 °C, compared to that of Powder_105. This was
attributed to the location of free water in porous Ca-HA matrix,
which could not be removed by drying at room temperature. The
next weight loss in the temperature range of 105-650°C was
due to the dehydration of lattice molecular water [26]. From 650
to 1280 °C, the weight loss was attributed to the decarbonation
of CO%’ groups present in Ca-HA structure [27,28]. Finally, a small
net weight loss was observed at 1280-1315 °C and was attributed
to the loss of OH™ groups present in apatitic network and the for-
mation of oxyhydroxyapatite [28,29].

The solids recovered after lead(Il) sorption had practically the
same thermal behavior. The weight losses corresponding to the re-
moval of both surface moisture (25-105 °C) and lattice molecular
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Fig. 2. XRD patterns of the solid sorbents before lead(II) sorption experiments (A); and solids recovered from lead(II) sorption experiments and dried overnight at 105 °C (B).

(A)

Powder_105

Powder_25

Intensity (a. u.)

(B)

Powder_105 (Pb)

Powder_25 (Pb)

Intensity (a. u.)

Gel_25(Pb)

(o]
co,>

—
Phosphates /
/ Phosphale's“:-v Phosphgt:s
1700 15IOO 13]00 11I00 960 7(I)0 500 1700 1500 1300 1100 900 700 500

Wavelength, cm-!

Wavelength, cm™!

Fig. 3. FTIR spectra of the initial sorbents (A); and of the sorbents after lead(Il) sorption, dried overnight at 105 °C (B).

water (105-650 °C), and the decarbonation of CAP (650-1000 °C)
were proportionally smaller than those of the initial sorbents, be-
cause of the presence of lead(Il), heavier than calcium(ll), in the
apatitic structure. Particularly, a strong weight loss starting at
850 °C was observed and it did not yet end when the temperature
reached 1450 °C. At this temperature, the total weight loss was of
about 44%, much higher compared to that of the initial sorbent.
This could be due to evaporation of P,0s. This is of interest, for fur-
ther study, to understand the thermal behavior of lead-doped Ca-
HA, since it is used in high temperature processes, for example in
the catalytic reforming of refractory molecules such as methane
and butan-1-ol [25,30-32].

All weight losses mentioned above were endothermic (DSC re-
sults not presented).

3.5. SEM analysis

The morphology and external surface texture of Powder_105 is
illustrated in Fig. 5. Particle sizes varied in a large range from hun-
dreds of nm to more than 100 pum (Fig. 5A and B). At higher mag-
nifications, it is evident that Ca-HA particles were formed by
agglomeration of smaller ones (Fig. 5C). At the external surface,
sheet or plate-like structure was then observed which is character-
istic for Ca-HA particles [33].

Fig. 6 presents SEM images of fractured Ca-HA particles. In most
of cases, hollow Ca-HA particles were observed. In addition to the
porosity due to this hollowness, pores of different sizes could be
also observed on the border of these hollow Ca-HA particles. This
porosity is favorable for the contact of lead(Il) cations with the
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Fig. 4. TG curves of the initial sorbents (A); and of the sorbents after lead(Il) sorption, dried overnight at 105 °C (B).

Fig. 6. SEM observation inside particles of Powder_105 before lead(Il) sorption.



Fig. 7. SEM observation on the external surface of Powder_105 after lead(II) sorption.

sorbent surface when pores are connected to the external surface SEM images of the external surface of Powder_105 after lead(II)
(open-porosity). Similar results were observed for Powder_25 sor- sorption are presented in Fig. 7. Particle sizes were apparently not
bent (results not presented). changed compared to those of Powder_105 before lead(II) sorption
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Fig. 8. SEM observation inside particles of Powder_105 after lead(Il) sorption; (A) yellow arrows: open macro-porosity; (B) red arrows: closed macro-porosity. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



(Fig. 5A and B). However, the textural structure at the surface of
particles was completely modified. Particles of sheet structure dis-
appeared and new needle-like particles were abundantly formed
(Fig. 7C and D). EDX analysis confirmed clearly the presence of lead
on the surface of the sorbent (not shown).

In order to better observe the immobilization of lead, SEM study
inside sorbent particles was carried out and the BSE images are
illustrated in Fig. 8. With higher atomic number compared to those
of other elements (calcium, phosphorus, oxygen), lead had the
highest contrast and its presence could be distinctly observed on
the surface of the sorbent, located either on the external surface
of particles or surface of pores. The embeding and polishing tech-
niques used for preparing SEM sample highlighted also the pres-
ence of both open macro-porosity (yellow arrows, Fig. 8A), where
lead could get into and be immobilized, and closed macro-porosity
(red arrows, Fig. 8B) where no trace of lead was observed. Several
EDX analyses were repeated which confirmed the observation of
BSE images, as illustrated in Fig. 8C.

Imaging of the main elements present in the used sorbent was
also performed in order to have a global observation on the distri-
bution of lead, calcium and phosphorus (Fig. 9). All images in Fig. 9
were set at the same scale. Fig. 9 A presents the BSE image from

which imaging of lead, calcium and phosphorus was built by EDX
analysis. Lead was present at high frequency on the external sur-
face of particles and at lower frequency inside open-pores
(Fig. 9B). On the other hand, calcium was principally observed in
the underlying layers where lead could not get into (Fig. 9D). This
indicated the substitution of calcium(II) by lead(II) at the accessible
surface of Ca-HA particles. Phosphorus was generally present over
entire sorbent particles (Fig. 9C). Image treatment shows clearly
that lead distribution surrounds phosphorus (Fig. 9E) but calcium
and phosphorus are superimposed (Fig. 9F). Similar SEM results
were observed for Powder_25 before and after lead(Il) sorption.
SEM images show that particle sizes and visible macro-porosity
of sorbents seemed unchanged after lead(Il) sorption. To confirm
this, particle size distribution and specific surface area were mea-
sured. On Fig. 104, the initial powder dried at 25 °C (Powder_25)
presents two populations of particles of 0.2-5 pm and 5-60 pm.
When the sorbent was dried at higher temperature (105 °C), the
3rd population appeared at 60-220 pm, which must be due to
the agglomeration of smaller particles under thermal effect as
shown in Fig. 5C. After lead(Il) sorption, particle size distributions
of Gaussian-type were observed for both sorbents, which were
found in the particle size ranges of 6-85 um and 7-65 pum for

Fig. 9. Imaging of lead, calcium and phosphorus present in Powder_105 after lead(II) sorption; (A) BSE image; (B-D) imaging of lead, phosphorus and calcium, respectively;
(E) image treatment of phosphorus (yellow) and lead (blue); (F) image treatment of phosphorus (yellow) and calcium (green). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Particle size distribution of the initial powder sorbents (A); and of the sorbents after lead(II) sorption, dried overnight at 105 °C (B).

Powder_25 and Powder_105, respectively. This means that parti-
cles smaller than 5 pm or larger than 85 pum in the initial sorbents
were not observed after reaction. In all cases, these results were in
agreement with SEM results shown above.

Specific surface areas of sorbents before and after lead(Il) sorp-
tion were also measured. There was no significant change of the
specific surface area after sorption compared to the initial sorbents,
which were all close to ca. 40 m? g~ '. From ICP-AES results, the
amount of released calcium was practically equal to the amount
of consumed lead during sorption. The fixation of lead seemed to
not change particle sizes, as well as the visible macro-porosity of
the sorbent, as illustrated in Fig. 7 and Fig. 10. Thus, specific surface
area was unchanged after reaction.

3.6. Discussions

3.6.1. Sorption capacity and role of carbonate anions

Using an aqueous solution containing 6000 ppm of lead(Il) and
the concentration of sorbent of 8.0 gL}, lead(Il) was completely
immobilized on Ca-HA matrix as shown in Fig. 1. This means that
the quantity of lead(Il) potentially retained by one gram of sor-
bents can reach at least 750 mg. Table 1 compares this result with

those previously reported in the literature for lead(Il) sorption in
liquid phase.

Most literature studies reported the use of Ca-HA obtained by a
precipitation method with controlled pH from soluble calcium
salts. Depending on the experimental conditions of the sorption
process, in particular the pH, the sorbent concentration, the initial
concentration of lead(Il) and the sorption time, the sorption capac-
ity (Q.) reported varies in the range of 104-620 mg g~ . Synthetic
Ca-HA is generally found to be more active than commercial Ca-
HA. Under similar sorption conditions, we found that the sorbent
synthesized from CaCOs; and H3PO4, was much more active than
those starting from calcium soluble salts reported in the literature.
This higher activity may be due to the presence of carbonate anions
remaining in the apatitic structure of our sorbent, as shown by IR
results (Fig. 3). Supplementary TG-MS coupling showed that our
sorbents contained approximately 2.6 wt.% of carbonate. In fact,
the effect of carbonate anions on the reactivity of Ca-HA-based
materials for the removal of heavy metals has been studied by
Miyake et al. [37]. In this study, Ca-HA-based sorbents containing
various contents of carbonate anions were synthesized from
Ca(CH3C00), and Na,HPO, in the presence of NaHCOs as carbonate
source. Under the same experimental conditions, the removal of a
given amount of lead(Il) in an aqueous solution was completely

Table 1

Comparison of the present study with literature data.
Sorbent Starting materials for the synthesis of sorbent [Sorbent], g L! [Pb], mg L~! Q. mgg! Ref.
Gel_25 CaC0s, H3PO4 8.0 6000 750° This work
Powder_25 CaC0s, H3PO, 8.0 6000 750° This work
Powder_105 CaCOs, H3PO4 8.0 6000 750? This work
Ca-HA Ca(NO3),, NH4H,PO, 8.0 5200 620 [34]
Ca-HA Ca(OH),, H5PO," 8.0 5200 104 [34]
Ca-HA Ca(NOs3),, (NH4),HPO, 2.5 581-1770 470 [35]
Ca-HA Ca(NOs),, (NH,);HPO, 4.0 2072 144-426 [36]
Ca-HA CaCl,, H3PO4 Ca(NOs),, (NH,),HPO4 Ca(NO3),, KHPO4 10.0 1000-8000 330-450 [22]
Ca-HA Ca(NOs3),, (NH4),HPO, 0.2-4.0 100-400 430-700 [16]
CAP¢ Ca(CH5C00),, NayHPO,4, NaHCO; 0.25 2600 1823 [37]

2 At least.

> Commercial Ca-HA.
¢ Ca-HA containing 16 wt.% of carbonate.



achieved after 14 days, 4 h and 2 h when Ca-HA-based sorbents
containing 0, 0.6 and 16 wt.% of carbonate were used. A very high
sorption capacity of 1823 mg g~! was also obtained when Ca-HA
containing 16 wt.% of carbonate was used (Table 1). The effect of
carbonate anions is assigned to the change in apatitic structure
when carbonate anions replace orthophosphate anions for the
formation of B-type carbonated apatite. For each carbonate group
inserted in place of a PO?{ group, a HPOf{ group is required for
the charge balance in the apatitic structure. This leads to a destabi-
lization of apatitic structure which favors the immobilization of
lead(Il) [37]. Carbonated apatite (CAP) may also be less stable un-
der acidic conditions and carbonate groups may be leached. When
CAP containing high carbonate content (16 wt.%) was used, a small
amount of lead carbonate could be detected by XRD and IR analysis
[37].

3.6.2. About the mechanism for lead(ll) fixation

Much work has been carried out on the fixation of lead(II) using
apatitic sorbents and different mechanisms have been developed.
The first one calls for the dissolution of Ca-HA followed by precip-
itation of lead hydroxyapatite or co-precipitation of lead-doped Ca-
HA [22,38,39]. In our case, the precipitation of lead is supported by
the formation of Pb;o(PO4)s(OH), as shown by XRD results. How-
ever, no XRD evidence of lead-doped Ca-HA exists in the analysis
of samples derived at room temperature. SEM images (Fig. 8 and
9) enhanced this hypothesis. The layer thickness of lead-rich phase
was estimated at um scale, as a result of the precipitation step.
However, because the size and the visible macro-porosity and
the specific surface area of sorbent particles were practically sim-
ilar before and after lead(Il) removal, complete dissolution of Ca-
HA particles did not occur, as confirmed by BSE images. So, a disso-
lution-precipitation mechanism could occur partly at the surface
of sorbent particles.

The second mechanism consists of the ionic exchange between
calcium(Il) and lead(Il) [21,34,37]. Most authors announced this
mechanism based on the molar ratio of released calcium(II) to re-
moved lead(II) close to unity. Suzuki et al. [21] indicated a long ex-
change time under room conditions for the fixation of lead(Il) by
this way. Thus, the results in Fig. 1 demonstrate the possibility of
ionic exchange. However, it should be emphasized that ionic ex-
change is not a sorption but an exchange reaction where lead dis-
places calcium and the end product is different from the starting
one. Thus, it cannot contribute to a sorption isotherm.

In addition to these two mechanisms, lead(Il) fixation at the
beginning of the reaction may occur by a fast surface complexation
of lead(Il) on =POH sites [22,35,40,41]. This is supported by the
continuous monitoring of pH during sorption (Fig. 11), wherein

the pH decreased during the first 30 s according to Eq. (1). This
pH decrease might also be explained by the presence of calcium
phosphates having molar ratios of Ca/P smaller than 1.67, such
as octocalcium phosphate pentahydrate (Cag(HPO4),(P04)4-5H;0),
brushite (CaHPO4-2H,0), monetite (CaHPO,), or hydrated Ca-HA
surfaces containing such hydrogenphosphate species, according
to Egs. (2)-(4).

2[=POH] + Pb** — [=PO"],Pb + 2H" (1)

Cag(HPO,),(PO,), - 5H,0 + 10Pb*" — Pbyo(PO,),(OH), + 8Ca**
+2H" 4+ 5H,0 2)

6/CaHPOy - 2H,0] + 10Pb>* — Pbyp(PO4)g(OH), +6Ca>* +8H' +10H,0
3)

6CaHPO, + 2H,0 + 10Pb>" — Pbo(PO,)s(OH), + 6Ca®* + 8H*
(4)

After this first short decrease, the pH increased slightly up to
about 10 min, then decreased strongly between 10 and
140-180 min of contact. This might correspond to the dissolution
(pH increase)-precipitation (pH decrease) phenomenon, but also
to a surface precipitation of lead(II). After the first min of contact,
particles of sorbents were covered by some amounts of lead(Il) at
the surface, which might have some catalytic nucleating effect
for the surface precipitation of free lead(Il) cations, present in the
reaction mixture at high concentration (Eq. (5)) [42]. This hypoth-
esis was enhanced by the detection of lead oxide at small amounts
by XRD analysis.

Pb*>" 4+ 20H™ — PbO + H,0 (5)

Finally, the pH increased progressively up to 24 h of reaction,
because of the buffering capacity of Ca-HA, and according to the
surface property of lead-doped Ca-HA which has the point of zero
charge (pHpzc) in the range of 5-6 [43].

In summary, different reactions are involved for the removal of
lead(Il) using such Ca-HA sorbents. The molar ratio of released cal-
cium(II) to removed lead(Il) close to unity and the decrease of pH
at the beginning of the reaction suggest the preliminary fast
surface complexation mechanism, leading to ionic proton-Pb%*
exchange. However, the destruction of the crystalline structure of
Ca-HA particles, the formation of a lead-rich layer including
Pb1o(PO4)s(OH),, and trace amounts of PbO on the surface of
sorbent particles with layer thickness at pm scale suggest that
dissolution-precipitation occurs simultaneously, particularly
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Fig. 11. pH evolution during lead(Il) sorption using different Ca-HA.



under acidic initial conditions when Ca-HA is not very stable as so-
lid phase.

3.6.3. Effect of drying temperature

The sorption results in Fig. 1 show that the drying step at 105 °C
led to lower reactivity of the sorbent compared to drying at 25 °C.
Firstly, this effect could be attributed to the formation of large Ca-
HA particles of 60-220 pm (Fig. 10A). The removal of water at
105 °C might also lead to a lower permeability of Ca-HA. These
all can perturb the diffusion of lead(Il) into pores and/or lattices
of Ca-HA for fixation. The inhibition by thermal treatment of the
reactivity of Ca-HA for lead(Il) removal was also observed by Sug-
iyama et al. [36] and Hadioui et al. [44].

4. Conclusions

Calcium hydroxyapatite (Ca-HA) obtained by the one-step syn-
thesis method from calcium carbonate and orthophosphoric acid
as economical starting materials at moderate conditions (80 °C,
atmospheric pressure) was found to be very efficient for the re-
moval of lead(Il) as model heavy metal from an aqueous solution.
No counter-ions were present in the final suspension of Ca-HA
which could be directly used in gel form for lead(Il) removal. In
addition, the presence of carbonate anions in the apatitic structure
favored the removal of lead(II) which explains the higher sorption
capacity of Ca-HA synthesized in this study compared to literature
data. Ca-HA particles in suspension form or dried at ambient con-
ditions were found to be more active than Ca-HA particles dried at
105 °C which reveals the importance of the non-stoichiometric hy-
drated surface composition. Lead(Il) was mostly immobilized on
the surface of sorbent particles (external surface and pore surface)
as highlighted by SEM study.

Further study will focus on the improvement of the sorption
capacity of Ca-HA. A reflux of carbonic gas formed from the decar-
bonation of calcium carbonate to the reaction mixture may in-
crease the carbonate content in Ca-HA sorbent, since it favors the
fixation of lead(Il). Synthesis conditions will be improved for
obtaining smaller particles, which should further improve the
fixation of lead(II).

It is also interesting to investigate the thermal behavior of
lead-doped hydroxyapatite since it can be used in different high-
temperature processes, such as in heterogeneous catalysis.
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