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Apatitic calcium phosphates: Synthesis, characterization and reactivity in the
removal of lead(Il) from aqueous solution
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ABSTRACT

The synthesis of calcium hydroxyapatite (Ca-HA, chemical formula Ca;o(PO4)s(OH);) from calcium car-
bonate and orthophosphoric acid was investigated under atmospheric conditions to determine their suit-
ability as economical starting materials. The order in which reactants were added influenced only the
particle size distribution of the solid products. Calcium carbonate particles were rapidly dissolved in acid
medium of orthophosphoric acid. The divalent calcium formed was then precipitated with orthophos-
phate species to form small primary calcium phosphate particles (<1 um) which partially agglomerated
into larger particles with a particle size of up to 300 um. The dissolution of calcium carbonate was not
complete, even after a long reaction time of 72 h and large particles with core-shell structures were
formed from residual calcium carbonate particles (core) and calcium phosphate based compounds (shell).
Using different characterization techniques, the principal intermediates of the reaction could be identi-
fied including mono-calciumphosphate monohydrate (MCPM, Ca(H,PQ4);-H;0), dicalcium phosphate
dihydrate (DCPD, CaHPO4-2H,0), dicalcium phosphate anhydrous (DCPAs) and octacalcium bis(hydro-
genphosphate) tetrakis(phosphate) pentahydrate (OCP, Cag(HPO4),(PO4)4-5H,0). Their evolution during
the synthesis was followed. The final products obtained after 72 h of synthesis contained a mixture of
Ca-HA, OCP, B-type calcium carbonate-apatite (CAP, Ca;o(PO4)sCO3) with low crystallinity and some
small amounts of intermediates. The removal of Pb?* ions, used as a model pollutant, was performed with
the calcium phosphate sorbents in powder form or in suspension form. The highest sorption capacity was
found at 625 mg g~! for the sorbent in suspension form which resulted from the addition of calcium car-
bonate powder to the solution of orthophosphoric acid. From the identification of the composition of the
sorbents, the reaction pathway for the removal of lead(ll) is proposed.

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



1. Introduction

Ca-HA belongs to the family of apatites including different com-
pounds with similar structures. Much work has been done on the
synthesis of Ca-HA because of its many potential applications in
different fields such as medicine [1], gas sensors [2], material for
chromatography column [3-5], heterogeneous catalysis [6,7], the
removal of heavy metals from contaminated soils, or in the treat-
ment of wastewater and fly ashes [8,9]. In general, Ca-HA prepara-
tion consists of the reaction between a calcium source and an
orthophosphate source under basic pH conditions (atmospheric
or hydrothermal conditions). The most common starting materials
are calcium nitrate and calcium chloride as calcium sources, and
alkali or ammonium orthophosphate salts as orthophosphate
sources because of their high solubility in aqueous solutions [10-
12]. Using calcium nitrate and ammonium dihydrogen orthophos-
phate, Verwilghen et al. were successful in preparing high specific
surface area Ca-HA which was relatively stable over a long aging
time of up to 21 months [13]. A collagen/nano-Ca-HA scaffold
was synthesized using bovine achilles tendon collagen type I as a
template, calcium chloride and orthophosphoric acid/sodium
hydroxide mixture where prism needle-like nano-HA crystallites
precipitated on collagen fibrils [14]. However, a common feature
of the use of water soluble calcium and orthophosphate salts is
the need for a washing step, which could be arduous when nano-
metric particles are formed. In addition, this pathway results in
the non-used ions such as NOj,ClI",NHj;, K', and Na*, being
wasted. The synthesis of Ca-HA using calcium carbonate and
orthophosphoric acid is of strategic value, because of the low cost
and high availability of these materials in comparison with water
soluble calcium and orthophosphate salts. Although work has al-
ready been initiated with calcium carbonate and orthophosphoric
acid, calcium carbonate has usually been converted into active lime
or calcium hydroxide forms by thermal decomposition, a step
which increases the manufacturing cost [15,16].

The present study aims to investigate the direct synthesis of Ca-
HA from calcium carbonate powder and orthophosphoric acid at
ambient conditions and the reactivity of the resulting products in
the sorption of concentrated aqueous lead nitrate solution.

2. Materials and methods

Ca-HA synthesis was carried out in a 2.3 L glass U-form reactor
(i.d: 10 cm, length: 30 cm) with a vertical stainless steel stirrer.
Calcium carbonate powder (98%, Fisher Scientific), orthophos-
phoric acid (85% wt in water, Merck) and lead nitrate (99%, Fisher
Scientific) were used as received. Two protocols were used for the
synthesis of Ca-HA by changing the addition order of reactants. In
the first synthesis (SYN-I), 800 mL of water and 2 mol of calcium
carbonate were introduced in the reactor under stirring
(400 rpm). When the pH of the suspension was stable, 1.2 mol of
orthophosphoric acid (volume 80 mL) were added into the calcium
carbonate suspension at the rate of 2 mL min~'. In the second syn-
thesis (SYN-II), 1.2 mol of orthophosphoric acid and 800 mL of
water were introduced in the reactor under stirring. Then 2 mol
of calcium carbonate (200 g) were added to the orthophosphoric
acid solution at the rate of 5 g min~'. The addition time of the reac-
tants was 40 min in both syntheses. The reaction was kept at ambi-
ent conditions (ca. 22 °C) for 72 h. During the reaction, the pH of
the suspension was measured continuously with a Mettler Toledo
MPC pH-meter and recorded using the LabView software. Samples
withdrawn from the reaction mixture were filtered on a 0.45 pm
filter paper to separate liquid and solid phases. The solid was
washed several times with permuted water and dried overnight
at 105 °C. The liquid phase was acidified with nitric acid to avoid

all secondary precipitation from calcium cations and orthophos-
phate species present in the liquid phase.

X-ray diffraction (XRD) analysis was carried out on a Phillips
Panalytical X'pert Pro MPD diffractometer. Simultaneous thermo-
gravimetry and differential scanning calorimetry (TGA-DSC) anal-
ysis was carried out in a TA Instruments SDTQ600 analyzer using
an air flow rate at 100 mL min~' and a heating rate of 5 °C min~'
from ambient to 1000 °C. The calcium carbonate contents were
calculated according to the corresponding weight loss observed
at 700 °C. The particle size distribution was measured by laser
scattering in a Mastersizer 2000 instrument in the range from
0.020 pm to 2000 pm. The specific surface area was measured by
nitrogen adsorption on a MICROMETRICS Gemini Vacprep 061
using the BET method. SEM-EDX measurement was performed
on a Philips XL30 ESEM apparatus. Total inorganic carbon was
measured using a Shimadzu TOC-Vcys analyzer. The elemental
analysis of phosphorus and calcium in the liquid phase was carried
out with inductively coupled plasma atomic emission spectroscopy
(ICP-AES) on a HORIBA Jobin Yvon Ultima 2.

An aqueous solution containing 6000 mg L~! of Pb®* ions was
prepared from lead nitrate and permuted water. This concentration
was chosen for kinetic sorption study. For the lead removal exper-
iment, 2.4 g of Ca-HA powder was introduced in a 0.7 L stirred
glass reactor containing 350 mL of the prepared lead nitrate solu-
tion. The experiment was carried out at the stirring speed of
350 rpm and at ambient temperature, ca. 22 °C. The pH of the solu-
tion was continuously measured throughout the experiment. The
concentrations of lead, calcium and phosphorus in solution during
the run were determined using the ICP-AES technique. The same
procedure was applied to the suspension of Ca-HA obtained after
72 h of synthesis without filtration and drying steps. In this case,
the quantity of the suspension was calculated to reach the same
equivalent weight of dried matter (2.4 g).

3. Results and discussions

3.1. TGA-DSC analysis and determination of the intermediates of the
reaction

Fig. 1 presents the TGA-DSC results obtained with the solid
products withdrawn at different reaction times.

The number and position of peaks in the derivative thermo-
gravimetry (DTG) curves were relatively similar in both syntheses.
The first weight loss at temperature lower than 100 °C was due to
the removal of physically adsorbed surface moisture. The second
weight loss at 110 °C, with higher intensity, was due to the dehy-
dration of mono-calciumphosphate monohydrate (MCPM, Ca(Ha.
PO,4);-H,0) which was the principal product described in the
synthesis from calcium carbonate and orthophosphoric acid in
water-acetone solvent [17]. MCPM was still present in the final
product after 72 h of reaction and its multi-step thermal decompo-
sition could also be the origin of the weak peak at 250 °C. The net
peak at 190 °C corresponded to the dehydration of dicalcium phos-
phate dihydrate (DCPD, CaHPO4-2H,0) which was another major
intermediate in Ca-HA synthesis [18-20]. DCPD was also present
in the final product of SYN-II but had almost disappeared in the fi-
nal product of SYN-I. The weight loss at 415 °C was attributed to
the condensation of dicalcium phosphate anhydrous (DCPAs)
which was formed from the dehydration of DCPD but could also
be present in the solid products as an intermediate [21]. The major
weight loss at 705 °C corresponded to the decomposition of the
calcium carbonate remaining in the solid products. Finally, a small
weight loss was recorded at about 790 °C in the solids obtained at
the end of reaction (48 h or 72 h of reaction) which could be due to
the decarbonation of carbonate apatite (type B) [22]. The latter
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Fig. 1. DTG curves (arbitrary unit) in TGA-DSC analysis of solid products.

could be formed when Ca-HA crystal growth has taken place in the
presence of carbonate anions or carbonic gas [23,24]. Suchanek
et al. attributed the weight loss in the temperature range ca.
570-950 °C to the decarbonation of carbonate apatite based prod-
ucts issued from the synthesis under similar conditions [25].

All weight losses mentioned above were endothermic. The cor-
responding DSC curves are not shown in this study.

3.2. Calcium carbonate and orthophosphoric acid conversion

From the TG curves, we could calculate the calcium carbonate
content in the solid products corresponding to its thermal decom-
position at 705 °C (Fig. 2).

In the synthesis of Ca-HA using calcium carbonate as a calcium
source, the dissolution of calcium carbonate is an important
parameter to consider. In contact with orthophosphoric acid, cal-
cium carbonate dissolved violently to liberate the carbonic gas dur-
ing the first few minutes of reaction when the pH of the suspension
was sufficiently acidic. With the increase of the pH, the reaction
slowed down. Furthermore, the calcium phosphate precipitates
formed by the reaction could limit or prevent the contact between
calcium carbonate and soluble orthophosphate species. Thus, a sig-
nificant dissolution of calcium carbonate occurred in the first hour
of reaction, about 72% in both syntheses. Then the reaction slowed
down considerably and despite a long reaction time of 72 h, the
conversion of calcium carbonate into calcium phosphates could
not exceed the limit of 89%.

The soluble calcium and phosphorus contents in the liquid
phase were also analyzed and are illustrated in Fig. 3.

Soluble calcium and phosphorus concentrations were similar in
both syntheses. Most initial soluble orthophosphate species could
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Fig. 2. Calcium carbonate content remaining in the solid product, calculated from
TG curves.

be totally precipitated during the first reaction period and the con-
centration of soluble phosphorus stabilized at ca. 1 mM. Thus the
conversion of soluble orthophosphates into solid calcium phos-
phates was nearly total. Soluble calcium concentration was higher
during the first hour which could be attributed to the presence of
calcium phosphates of higher solubility such as MCPM and DCPD.
Then its concentration decreased following the transformation of
these compounds as confirmed by the ATG-DSC analysis. In fact,
soluble calcium and orthophosphate species in the suspension
were controlled by the liquid-solid equilibriums of acidic calcium
phosphate precipitates formed during the synthesis. Similar results
were also found by Kim et al. in the synthesis of Ca-HA starting
from calcium hydroxide and orthophosphoric acid [19]. These re-
sults indicate that the washing step might be omitted to obtain so-
lid Ca-HA material.

3.3. XRD characterization

The solid powders obtained during the course of the syntheses
were analyzed by XRD (Fig. 4).

As expected, crystalline calcium carbonate remained at all reac-
tion times. DCPD and DCPA with the Ca/P molar ratio of 1/1 were
found as the two principal crystalline intermediates after 1 h of
the reaction. These intermediates were nearly totally transformed
into apatite phase products after 72 h of reaction. Three apatites
could be identified in the final product (72 h) which were all of
low crystallinity. Ca-HA appeared as the principal apatite, while
some amounts of octacalcium bis(hydrogenphosphate) tetra-
kis(phosphate) pentahydrate (OCP, Cag(HPO4),(PO4)4-5H,0) and
B-type calcium carbonate-apatite (CAP) were also observed. The
presence of B-type calcium carbonate-apatite was checked by in-
fra-red analysis with the presence of weak bimodal peak at
1450 cm™~! and 1415 cm™! (results not shown) [26]. In fact, ambi-
ent temperatures did not allow the formation of well crystallized
Ca-HA, as observed previously [27]. The OCP was formed because
the remaining unreacted calcium carbonate at the end of reaction
(about 11%, Fig. 2) led to calcium deficiency form stoichiometric
Ca-HA. In fact, the hydrolysis of DCPD - a major intermediate in
this synthesis - resulted in the formation of OCP, considered as a
precursor of Ca-HA [21]. In addition, the final pH of the suspension
was at about 6.8, a value favorable for the stability of OCP. As re-
gards the formation of CAP, the carbonic gas formed during the
acid attack on calcium carbonate produced bicarbonate and car-
bonate anions in solution responsible for the formation of carbon-
ate substituted Ca-HA [23,24,28]. The presence of CAP was in
agreement with the results of TG analysis mentioned above.
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To verify the presence of CAP in the solid products, a compari-
son of inorganic carbon contents analyzed by TG and TOC analyzer
is shown in Table 1. In all cases, the total inorganic carbon content
determined by the TOC analyzer was slightly higher than the inor-
ganic carbon content in calcium carbonate form derived from TG
curves. Therefore CAP was well formed under the reaction condi-
tions used.

3.4. Particle size distribution

To better understand the formation of solid particles during the
reaction, the particle size distribution of the initial calcium carbon-
ate and of the solid products obtained at 72 h of reaction was
investigated. Both particle number (left) and particle volume
(right) data are presented (Fig. 5).

Initial calcium carbonate had narrow particle size distributions
of the Gaussian-like type which were in the range from 5 pm to
70 pum. Both final solid products had similar particle number distri-
butions (left-hand side) with 90% of particles having a size smaller

Table 1
Analysis of inorganic carbon in the solid products; IC™® - total inorganic carbon by

TOC analyzer; ICT®* - inorganic carbon in CaCO5 form by TG curves.
Reaction time (h) SYN-I SYN-II
ICTOtaI ICTGA IcTUta] lcTGA
1 344 343 32.7 325
24 251 235 29.7 29.4
48 19.6 19.3 28.1 28.1
72 13.6 133 153 13.9

Unit: mg of carbon per g of solid.
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than 0.918 um (dgo). The number of particles larger than 4 pm was
negligible. On the particle volume distributions of final products
(right-hand side), bimodal and trimodal peaks appeared in the final
products of SYN-I and SYN-II, respectively. In SYN-I, two groups of
particles in the range of approximately 0.3-1.5 um and 2-300 pm
could be distinguished. In SYN-II three groups of particles could be
observed including 0.3-1.5 pm, 4-12 pum and 12-300 pm groups.
The formation of these groups of particle sizes can be explained
by the order of addition of the reactants and by the agglomeration
phenomenon of primary particles. Thus, during the first minutes of
reaction, calcium carbonate was strongly dissolved by orthophos-
phoric acid. Calcium cations (Ca?*) formed by this acid attack were

then precipitated with orthophosphate anions leading to the for-
mation of small particles (particle sizes less than 1 pm) as shown
in the particle number distributions. These small particles are
considered as primary particles which partially agglomerate into
larger particles. Some of the initial calcium carbonate particles
were not totally dissolved and wrapped in calcium phosphate
shells, making larger particles of the core-shell type. In SYN-I, as
orthophosphoric acid was continuously added to the suspension
of calcium carbonate, all of it underwent the same acid attack
during the reaction resulting in the formation of regular primary
particles. Thus two particle populations including primary
particles and their agglomerates and core-shell structure particles



Fig. 7. SEM images of the final solid powders after 72 h of reaction.

were formed yielding a bimodal particle volume distribution. In
SYN-II, calcium carbonate powder was progressively added to the
solution of orthophosphoric acid. The acid attack on the calcium
carbonate particles was not the same during the course of this
addition, because of the rapid dissolution from pH values of 1 at
the beginning to slow reaction near pH 6 at the end of the calcium
carbonate addition (Fig. 6). Thus, calcium phosphate particles
formed during this synthesis were irregular and gave a trimodal
distribution of the particles.

3.5. SEM-EDX analysis

Textural and morphological properties and elemental qualita-
tive analysis of the final solid powders were studied using SEM
to further investigate the particle size differences. Fig. 7 illustrates
the general observation of particle sizes which changed in wide
range for both products. In SYN-I, no particles with sizes larger
than 200 um were observed. On the other hand, particles with
sizes up to 300 pm were found in SYN-I], in agreement with the re-
sults in Fig. 5.

To better understand the morphology, formation and composi-
tion of the large particles, the initial external surface (Fig. 8A) and
the interior of fractured particles were directly observed at higher
magnification (Fig. 8B and C).

Fig. 8A illustrates the external surface of a large particle com-
posed of several primary particles, mainly of plate-like morphol-
ogy. This type is characteristic of DCPD particles [29]. This
observation confirmed the formation of large particles by agglom-
eration of primary particles. EDX analysis of the surface of these
particles showed the usual Ca/P molar ratio close to 1/1 of DCPD.

Fig. 8B and C shows images obtained from the inside of the par-
ticles resulting from sharp splitting with sterile surgical blades (N°
11, Alframed, France). Fig. 8B illustrates the cut surface of a big par-
ticle formed from agglomeration of primary particles. EDX analysis
on this cut surface showed in all cases the presence of calcium
phosphate based products with a Ca/P molar ratio higher than 1/
1 in most cases. Fig. 8C shows the cut surface of a core-shell type

particle in which calcium carbonate was found in the core (in the
interior of the black ellipse) and calcium phosphate based products
were found in the shell (in the exterior of the black ellipse), as
shown in Fig. 8D and E. At higher enlargement (2 pm scale), the
boundary between the core and shell of the particle could be ob-
served (Fig. 8C, hand-right). Thus large particles could be formed
by the agglomeration of primary particles (Fig. 8B) or by the direct
growth of calcium phosphates on the surface of remaining calcium
carbonate (Fig. 8C). These large particles were found for both SYN-I
and SYN-II powders.

3.6. Reactivity in the removal of lead(Il) in aqueous solutions

The final products of our syntheses in powder and suspension
forms were tested for the removal of dissolved lead(Il) ions. The
usual Ca-HA synthetic procedure includes a filtration, washing
and drying step for the elimination of residual ions from initial
reactants such as nitrate, chloride, potassium, ammonium, sodium.
This results in the formation of Ca-HA as a powder. Thus the re-
moval of heavy metals is usually performed with the solid powder.
However, in the present study, there were no residual counter-ions
remaining from calcium carbonate and orthophosphoric acid as
initial reactants. Soluble calcium and phosphorus contents in the
liquid phase were very low, as shown in Fig. 3. Thus it was interest-
ing to compare the reactivity of the as-synthesized products in
fresh suspension form (named SYN-I suspension or SYN-II suspen-
sion) and the powder form (named SYN-I powder or SYN-II pow-
der) for the removal of lead(Il) as a model pollutant.

Fig. 9 presents the influence of contact time on the evolutions of
removed lead(Il) and released calcium(II) for the sorbents in pow-
der form (A and B) or fresh suspension form (C and D). The initial
lead nitrate aqueous solution was prepared at 6000 mgL~' or
28.95 mmol L~! Pb?* which had the initial acid pH of 5.1 at ambi-
ent temperature. The removal of lead(Il) took place in two sepa-
rated steps as observed in previous studies [30,31]. The first step
was rapid and quantitatively significant, due to the initial abun-
dance of active sites on the surface of the sorbents. The second step
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Fig. 8. SEM images of big particles; (A): observation on initial external surface; (B and C): observation on cut surface; (D and E): examples of EDX analysis of core and shell cut
surface, respectively.

was slower and quantitatively less significant. Both SYN-I and SYN- removal of lead(Il) with ca. 35% of lead(II) elimination after 5 h of
I powders having the same specific surface area of 44 m? g~! and contact time, after which the sorption rate considerably decreased.
particle number distribution possessed similar reactivity for the Both SYN-I and SYN-II suspensions were found to be much more
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active than SYN-I and SYN-II powders produced by the same syn-
thesis. The extent of lead(Il) removal was 44.6% for SYN-I suspen-
sion (Fig. 9C) and 66.0% for SYN-II suspension (Fig. 9D) after 5 h of
contact time where the sorption continued. The higher reactivity of
SYN-I and SYN-II suspensions cannot be due to the presence of sol-
uble orthophosphate species in the liquid phase, given their very
low concentrations. In fact, from the concentration of soluble phos-
phorus in liquid phase (Fig. 3) and the volume of fresh suspension
used in sorption experiments (ca. 10 mL), the total quantity of sol-
uble orthophosphate species could be calculated as not exceeding
0.009 mmol and was much smaller than the quantity of removed
lead(II). Probably the overnight drying step at 105 °C had some ef-
fects on the physico-chemical properties of the materials, such as
the specific surface area, size, porosity or the presence of functional
groups at the surface of particles. Further characterizations of the
suspension should help to better understand their reactivity in
the sorption process.

In order to investigate the rate of lead(Il) removal, the data in
Fig. 9 were analyzed using a pseudo-second order equation [32].
This equation was developed for the kinetic sorption over a long
contact time and was found to provide very good correlation for

ASYN-I (P)
BSYN-Il (P)
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Time, min

Fig. 10. Pseudo-second order sorption kinetic (Eq. (1)) of Pb?* onto Ca-HA in
powder form (P) and fresh suspension form (S).

different studied systems such as the sorption of soluble cad-
mium(Il) onto dry reed leaves, copper(Il) and lead(II) onto bottom
ash, phosphate using both un-rinsed and rinsed tamarind nut shell
activated carbon [32]. This equation is described as follows:

t/Qr=1/h+tx1/Q. (M

where Q; is the amount of soluted sorbate on the surface of the sor-
bent at any time t (mgg™'); Q. is the amount of soluted sorbate
sorbed at equilibrium (mg g™!); t is the contact time (min); and h
is the constant of sorption rate (g mg~! min™!).

Fig. 10 illustrates the plots of t/Q; against the contact time t. In
all cases we obtained linear plots with good coefficients of deter-
mination R? (Table 2). The linearity of these plots means that the
pseudo-second order kinetic model is followed in the sorption of
lead onto the synthesized Ca-HA based materials. Table 2 reports
the values of Q. and h obtained from the plots in Fig. 10. SYN-II
suspension was the most active for the removal of lead(Il) with
the derived sorption capacity of 625 mg g~ .

The removal of lead(Il) took place simultaneously with the re-
lease of calcium(Il), as shown in Fig. 9. The molar concentration
of released calcium(Il) was smaller than the molar concentration
of removed lead(Il) indicating that the reaction mechanism was
not the exactly equimolar exchange which is usually observed
for the removal of metals by Ca-HA materials [33]. In fact, the
sorbents used in the present study contained a mixture of calcium
phosphates including Ca-HA, OCP, CAP, DCPD, DCPA, MCPM and
non-dissolved calcium carbonate. The sorption of metals on

Table 2
Sorption capacity (Q.) and rate constant (h) of synthesized Ca-HA calculated from the
pseudo-second order sorption kinetic model; (P): powder; (S): suspension.

Ca-HA used Q. (mgg™) h(gmg 'min") R?

SYN-I (P) 322 33 0.9984
SYN-II (P) 312 34 0.9985
SYN-I (S) 400 21 0.9897
SYN-II (S) 625 18 0.9821
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Fig. 11. pH evolution during the first min of contact time in the removal of lead(II);
Pb-free: pH evolution in Pb-free conditions using SYN-II solid.

Ca-HA sorbents results generally in an equimolar exchange
[30,33,34] as given in the following equation:

Cam(PO4)6(OH)2 +pr2+ — Calo_prx(P04)6(0H)2 + XC(':[ZJr (2)

In this study, calcium phosphate based products such as OCP,
DCPD and DCPA with a Ca/P molar ratio smaller than 1.67 probably
participated in the sorption process. As example, a mixture of
DCPD and MgHPO,4-2H,0 has been found to be active in the
removal of lead(Il) [35]. The reaction of lead(Il) and these calcium
phosphates results in the formation of apatitic products with
increased M/P molar ratio (M is Pb or Ca) which explains the lower
concentration of released calcium(ll) compared with that of
removed lead(Il). In the ideal case where lead hydroxyapatite is
formed, the following equations may be proposed for OCP, DCPD
and DCPA, respectively:

Cag(HPO4), (POy), - 5Ho0 + 10Pb>* — Pbyo (PO4)s (OH), +8Ca>* +2H" +5H,0
3)

6[CaHPO, - 2H,0] + 10Pb** — Pbyo(PO4), (OH), +6Ca** +8H* -+ 10H,0
(4)

6CaHPO, + 2H,0 + 10Pb*" — Pbyg(PO,)g(OH), + 6Ca®" + 8H*
(5)

According to these equations, the number of released calcium
cations is smaller than the number of removed lead cations in each
case and is also accompanied by the release of protons. In fact, we
observed a strong decrease in pH in the first contact time as shown
in Fig. 11. Thereafter the pH increased at a slower rate. Note that in
Pb-free conditions, the pH rapidly increased when SYN-II solid was
added to water having the initial pH adjusted at 5 with HNOs, and
no pH drop was observed in this case (Pb-free curve, Fig. 11). This
was also observed for SYN-I solid. Thus, the pH drop in lead(Il)
sorption was only due to the release of proton according to Egs.
(3)-(5).

The reaction mechanism can be explained as follows: firstly, the
reaction of lead(Il) with calcium phosphate products having the
Ca/P molar ratio lower than 1.67, as given in Egs. (3)-(5), took
place and led to the decrease in the pH. As mentioned above in
the SEM-EDX analysis results (Fig. 8), the Ca/P molar ratio at the
surface of particles was usually found to be close to 1/1, indicating
the availability of calcium phosphate products such as DCPD and
DCPA which favored the reactions in Eqgs. (4) and (5). According
to Egs. (3)-(5), the pH decreased through the liberation of protons.
The surface complexation of lead(Il) with the =POH sites present at
the surface of Ca-HA particles could also be responsible for the de-
crease in the pH [30,36]. The duration of the pH decrease was short
and varied in the range from 1 to 2 min. After this decrease, the pH
increased continuously, due to the dissolution in an acid medium
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Fig. 12. DTG curves of the sorbents in solid powder form before and after lead(II)
sorption process.

of the calcium carbonate remaining in the sorbent. This dissolution
occurred with the consumption of protons and therefore the pH in-
creased moderately. The increase in pH with the reaction time
might also be due to the progressive formation of apatitic com-
pounds which have pHy,. higher than that of the DCPD or DCPA lo-
cated on the surface of particles.

To check the hypothesis of the dissolution of remaining calcium
carbonate and the evolution of DCPD and DCPA during the sorption
process, the solids recovered after sorption were analyzed by TGA-
DSC (Fig. 12).

As expected, with both SYN-I and SYN-II powders the weight
losses due to MCPM (110 °C), DCPD (190 °C), DCPA (415 °C) and
CaC0s (705 °C) were clearly reduced after lead(Il) sorption indicat-
ing their consumption during the sorption process. In addition, the
solid powders after sorption had a new peak at 280 °C, due to a
new product of the reaction between lead(Il) and SYN-I and SYN-
II powders. This study could not be done with SYN-I and SYN-II
suspensions because we could not correctly analyze SYN-I and
SYN-II suspensions by the TGA-DSC technique.

Taking into account the increase in weight of the solids recov-
ered after sorption which was due to the replacement of cal-
cium(Il) by lead(ll), the amount of MCPM, DCPD, DCPA and
CaCOs present in the SYN-I and SYN-II powders before and after
sorption could be calculated. The results are presented in Table 3.
The total quantity of DCPD and DCPA and about half the MCPM
were transformed into other calcium phosphates and a large part
of residual calcium carbonate was dissolved.

From Eqgs. (3)-(5), the gap between released calcium(Il) and re-
moved lead(Il) concentrations depends on the quantity of OCP,
DCPD and DCPA present in the used sorbents. Considering that
OCP content in SYN-I and SYN-II was negligible, the gap between
released calcium(Il) and removed lead(Il) concentrations using
SYN-I powder (Fig. 9A) was smaller than that using SYN-II powder
(Fig. 9B), which can be explained by the higher contents of DCPD
and DCPA in SYN-II (Table 3). This gap was much bigger in the
cases of SYN-I and SYN-II suspensions, which suggests that OCP,

Table 3
Contents of calcium phosphates with Ca/P molar ratio of 0.5-1/1 and residual calcium
carbonate in the sorbents before and after the sorption process.

Solid MCPM (%) DCPD (%) DCPA (%) CaCOs (%)
SYN-I before sorption 2 03 0 11.6
SYN-I after sorption 0.8 0 0 2.6
SYN-II before sorption 1.6 2.5 2.0 11.1
SYN-II after sorption 0.6 0 0 43




Table 4

Comparison of the synthesized Ca-HA in this work with other sorbents reported in the literature in the sorption of lead(Il) from aqueous solution.

Sorbent Concentration of sorbent (g L") Pb precursor Concentration of lead (mg L") Q. (mgg™) Ref.
Ca-HA 6.86 Pb(NO3), 6000 322-625 This work
Ca-HA 2.5 Pb(NOs), 581-1770 ~468 [36]
Ca-HA 10 Pb(NO3), 1000-8000 330-450 [30]
Activated carbon 4 Pb(NOs3), 21-2072 110 [37]
Activated carbon 1 Unknown 10-90 9-66 [38]
XC-72 carbon 0.05-0.65 Pb(NO3), 60 125 [39]
Bio-char 10 Pb(NO3), 100 <15 [40]
Resin 6 Unknown 207.2 ~200 [41]
Resin 0.05 Pb(NO3), 500-1500 ~250 [42]
Sediment 20 Pb(NO3), 50-1600 ~21 [43]
Soil 5-10 Pb(NO3), 10-400 0.5-8 [44]

DCPD and DCPA might be present at higher contents in suspension
form than in powder form. A forthcoming study on the quantifica-
tion of OCP, DCPD and DCPA of SYN-I and SYN-II suspensions
should be interesting.

Lead(II) is usually used as a model pollutant for the evaluation
of retention capacity of sorbents. It is interesting now to compare
the synthesized products with the materials reported in the litera-
ture for the removal of lead(Il). Some data were shown in Table 4.

Ca-HA based solids synthesized from calcium carbonate in this
work had the similar Q. for lead(II) removal in comparison with Ca-
HA obtained from soluble calcium salt (Ca(NOs);) [30,36]. In com-
parison with the classical sorbents such as activated carbons or ion
exchange resins, Ca-HA showed much higher Q.. Other sorbents
like sediment or soil were also used for the immobilization of lea-
d(II) which showed low Q.. This demonstrates the interest of the
use of Ca-HA based materials for the environmental purposes.

4. Conclusion

The synthesis of Ca-HA using orthophosphoric acid and calcium
carbonate as economical starting materials was investigated under
atmospheric conditions. The addition order of reactants (SYN-I:
adding orthophosphoric acid in the suspension of calcium carbon-
ate and SYN-II: adding calcium carbonate powder in the solution of
orthophosphoric acid) influenced only the particle size distribution
of the solid powders obtained. Calcium carbonate particles were
first dissolved in acid medium into divalent calcium(II) which
was then precipitated by orthophosphate species to form primary
calcium phosphate particles smaller than 1 pm. Because of the in-
crease in the pH, some of the initial calcium carbonate particles
were not totally dissolved and formed large particles with a
core-shell structure. The agglomeration of primary calcium phos-
phate particles also led to the formation of larger particles with
sizes of up to 300 pm.

The reaction of calcium carbonate powder and orthophosphates
species in aqueous medium was a multi-step process with the for-
mation of different intermediates. MCPM, DCPD and DCPA were
found as significant intermediates of the reaction. The final solid
products after 72 h of synthesis contained a mixture of low crystal-
line apatite compounds including Ca-HA, OCP and CAP, small
amounts of intermediates and non-dissolved calcium carbonate.
In both syntheses, initial orthophosphate species were nearly to-
tally precipitated and only small quantity of soluble calcium(II)
and phosphorus were found in the liquid phase.

For the first time, the synthesized products under both powder
and suspension forms were compared in the removal of lead(II) ni-
trate aqueous solution as a model pollutant. Both powder products
originating from SYN-I and SYN-II showed similar sorption reactiv-
ity indicating that the addition order for reactants had no influence
on the sorption reactivity which reached near-equilibrium after 5 h

of contact time. When the sorbents were directly used in suspen-
sion form without the filtration and drying steps, higher sorption
capacity was obtained and the sorbents had not reached the
sorption equilibrium even after 5h of contact time. The lead(Il)
sorption process involved the classical complexation of lead(Il)
with the =POH sites on the surface of Ca-HA accompanied by the
reaction of lead(Il) with the non-apatitic calcium phosphates
(MCPM, DCPD, DCPA) or calcium-deficient apatite (OCP), which
was responsible for the strong decrease in pH at the beginning of
the sorption and the non-equimolar exchange phenomenon. This
first step was rapid, thanks to the availability of active sites on
the surface of the sorbents. In the second step, the removal of
lead(Il) slowed down and was accompanied by the continuous
moderate increase in pH which was due to the dissolution of resid-
ual calcium carbonate present in the sorbents and the consump-
tion of intermediates of lower pHp,. such as MCPM, DCPD, and
DCPA. The suspension issued from the synthesis SYN-II, where cal-
cium carbonate powder was added to the solution of orthophos-
phoric acid, was the most active in the removal of lead(Il), with a
sorption capacity of 625 mg g~!. This demonstrates an interesting
simple route for the production of Ca-HA based materials from
economical starting materials and the use of these materials in
the treatment of heavy metals in wastewater.
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