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ABSTRACT

The synthesis, characterization and the reactivity of apatitic calcium phosphates (Ca-HA, chemical
formula Ca;0(PO4)s(OH); ) is reported. Calcium carbonate (CaCO3 ) and potassium dihydrogen orthophos-
phate (KH,PO4) were selected as economical starting materials for the synthesis of Ca-HA under
atmospheric conditions. Monocalcium phosphate monohydrate (MCPM), dicalcium phosphate dihydrate
(DCPD), and octacalcium phosphate pentahydrate (OCP) were identified as the main intermediates of the
synthesis reaction. The product obtained after 48 h of reaction contains mainly low-crystalline Ca-HA
and small amounts of other calcium phosphates such as octacalcium phosphate (OCP), B-type carbonate
apatite (CAP), as well as unreacted calcium carbonate. This Ca-HA was found to be active for the removal
of Zn?* from an aqueous solution. Its sorption capacity reached up to 120 mg of Zn?* per g of Ca-HA pow-
der after 24 h of reaction. The monitoring of soluble Zn, Ca and P during the sorption experiment allowed
characterizing the mechanism of Zn uptake. Dissolution—precipitation, ionic exchange and surface com-
plexation are the three main mechanisms involved in the sorption processes. The contribution of these

mechanisms is discussed in detail.
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1. Introduction

The low solubility of apatite minerals that are stable over geo-
logic time associated to the ability of these materials to bind
various metal ions promotes their use for environmental purpose.
Thus, calcium hydroxyapatite (Ca-HA, Ca1g(PO4)s(OH);) is used
for the removal of heavy metals from contaminated soils, waste-
water or fly ashes [1-4]. Many studies of the sorption of metals
by Ca-HA have been undertaken using Ca-HA particles in aque-
ous solutions contaminated with divalent metals like Zn%* [5,6],
Cd2* [6,7] and Pb%* [6,8]. These studies observed the ion exchange
between Ca on Ca-HA surface and metal ion during metal fixa-
tion, but suggested mechanisms including surface complexation,
dissolution-precipitation and co-precipitation can also be con-
sidered. The difficulty remains the relative contribution of each
process in removing metals. The implication of these mechanisms
in the case of Zn sorption is discussed in this research.

From a technico-economical point of view, the minimization
of costs (sorbent production, operational conditions, etc.) plays a
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crucial role for the viability of a given environmental process. The
use of inexpensive reagents, and associated with soft reaction con-
ditions for producing sorbents is a solution. The reuse of industrial
wastes as economical starting materials seems to match well with
this goal [9-12].

In the present work, the synthesis of Ca-HA solids has
been carried out by neutralization method at room tempera-
ture under atmospheric pressure, using calcium carbonate (calcite,
CaC03) powder and an aqueous solution of potassium dihydro-
gen orthophosphate (KH,PO,4). CaCOs is naturally available as the
cheapest calcium source. The Ca-HA based solid powder obtained
from this synthesis was thoroughly characterized by various meth-
ods, in particular for determining the Ca/P ratio at different surface
levels. Ca-HA powder was then used for the removal of Zn2*
from an aqueous solution. Zn was chosen as model trace metal
because it is one of the most concentrated and recurrent metals
which can be present in wastewater [13]. Zn plays an essential
role in biological function but can be toxic at high concentra-
tions [14]. The use of pure starting materials for the synthesis of
sorbent facilitates the analysis and characterization of the final
powder product, which allows correlating the relationship between
its composition and its sorption performance. The kinetics of Zn
sorption was studied and the mechanisms for Zn fixation were
unraveled.



2. Materials and methods
2.1. Ca-HA synthesis

Calcium carbonate powder (CaCOs3, 98%, Fisher Scientific) and
potassium dihydrogen orthophosphate (KH,PO4, 99%, Fisher Sci-
entific) were used for the synthesis of Ca-HA powder.

The reaction was carried out in a 1L glass reactor thermostated
at 25°C. An aqueous solution of KH,PO,4 at a concentration of
1.20mol L' was prepared. The calcite powder was progressively
added into the solution of KH,POy4. The final theoretical molar ratio
of Ca to P was 1.67, which is characteristic for the stoichiometric
phosphocalcic hydroxyapatite. This mixture was stirred for 48 h at
a speed of 350 rpm with a helical propeller. During the reaction,
the pH of the suspension was continuously measured with a Met-
tler Toledo MPC pH-meter and recorded using LabView software.
Samples withdrawn from the reaction mixture and final powder
were filtered on a 0.45 pm hydrophilic filter to separate liquid and
solid phases. The solid was washed several times with permuted
water, dried overnight at 105°C and then ground before further
analyses. The liquid phase was acidified with nitric acid to avoid all
secondary precipitation from calcium cations and orthophosphate
species present in the liquid phase [15].

2.2. Characterization methods

The analysis by X-ray diffraction (XRD) was conducted
using a Philips X'Pert diffractometer with copper anti-cathode
(A=1.540560 A). The identification of crystalline phases was deter-
mined by comparing the patterns with JCPDS standards. Thermal
analysis was performed using SDT Q600 equipment (TA instru-
ments). About 20mg of solid were heated under air flux at
20°C/min in an alumina crucible in the temperature range of
30-1000°C. Fourier transformed infra-red spectroscopy (FTIR) was
performed using a SHIMADZU - 8400S spectrophotometer scan-
ning between 4000 and 500 cm~! in the reflexion mode. Scanning
electron microscopy (SEM) was performed with a Philips XL30
ESEM FEG equipped with an EDAX analyzer. X-ray photoelectron
spectroscopy (XPS) analysis was conducted with a VG ESCALB MK-
Il electron spectrometer using an Mg Ka X-ray source (1253.6eV).
The energy scale was internally calibrated by referencing the bind-
ing energy of the C1s peak at 284.6 eV for contaminated carbon. The
elemental analysis of phosphorus, calcium and potassiumin the lig-
uid phase was carried out with inductively coupled plasma atomic
emission spectroscopy (ICP-AES) on a HORIBA JobinYvonUltima 2.

The true density of the powder was measured by helium
pycnometry (MICROMERITICS Accupyc 1330). The particles size
distribution of Ca-HA powder was determined with a MALVERN
Laser Mastersizer Hydro 2000 in liquid medium. The specific sur-
face area of the particles was determined by nitrogen adsorption
using the BET method (MICROMERITICS Gemini Vacprep 061). The
adsorption-desorption isotherm was determined with a MICRO-
METRICS ASAP 2010 using nitrogen as gas adsorbate with the data
collection from relative pressure (P/P%) of 0.03-0.99.

2.3. Sorption study

Aqueous solution of zinc nitrate was prepared by dissolving
zinc nitrate (p.a. grade from Fisher Scientific) in permuted water
to obtain a 1500 ppm Zn(II) solution. The experiments of sorp-
tion kinetics were carried out in a stirred glass reactor containing
1000 mL of the prepared zinc nitrate solution. The experiment
started by addition of 8g of Ca-HA powder sorbent into the
reactor under constant stirring (350rpm) at room temperature
(ca. 25°C). The contact time chosen for all sorption experiments
was 24 h, which was considered to be sufficient to get apparent

equilibrium, as well as according to the literature [8,16]. Each
sorption experiment was followed by filtration of the suspension
through hydrophilic filter (0.45 pm), then the solid was washed,
dried at 105°C and then ground for further characterizations. The
concentration of released Ca, P, K and remaining Zn ions in the
equilibrium solution was quantified using the ICP-AES technique.
During the sorption, the pH of the solution was continuously
measured.

In order to calculate the amounts of metal ions sorbed by Ca-HA
per mass unit, the following expression was used:

Q=(C°- %) (%)

where Q is the amount of Zn2?* removed from the solution (mg of
Zn per g of sorbent), C° and C¢ are the concentrations (mgL~1) of
Zn%* in the initial zinc nitrate solution and at the sorption equilib-
rium, respectively, V(L) is the volume of the solution and M (g) the
amount of Ca-HA used.

3. Results and discussion
3.1. pH evolution during synthesis

The initial orthophosphate solution had acid pH value of 4.2.
When calcium carbonate was added, it reacted immediately with
the acid solution, liberating carbon dioxide gas. Fig. 1 shows the
evolution of recorded pH value during the first hour of reaction
where three zones could be distinguished:

- Zone A:
CaCO;5 + 2Ht — Ca%* +H,0 + CO, (1)
2H,P04%~ + 2Ht +CaC03 — Ca(H,P04),-H,0 + CO, (2)

The fast pH increase during the first minutes was due to the
acid attack on the calcium carbonate powder (Eq. (1)) where
free hydrated calcium cations (Ca?*) were formed and protons
were consumed. Then the first calcium phosphate compounds
were formed by reaction between orthophosphate species and the
calcium ions. At this early stage, monocalcium phosphate mono-
hydrate (MCPM, Ca(H,PO4),-H>0) was formed as the main calcium
phosphate (Eq. (2)), because H,PO42~ is the main species at the pH
of the solution in the zone A [10].

- Zone B:

Ca(H2P04)2‘H20 + C82++3H20 — 2[CaHPO42H20] + 2H* (3)

9
A B: C
8
-
7 ]
I 6
=%
5
End of CaCO,
introduction
4
3
0 10 20 30 40 50 60
Time, min

Fig. 1. pH evolution during the first 60 min of the reaction where calcium carbonate
powder was progressively added into the potassium dihydrogen orthophosphate
solution.



The next evolution has been identified as the transformation of
MCPM into dicalcium phosphate dihydrate (DCPD, CaHPO4-2H,0),
as described by Eq. (3) [10]. This leads to the pH stabilization during
few minutes (Zone B, Fig. 1). This is explained by the equilibrium
between the consumption of protons (Egs. (1) and (2)) and protons
release (Eq. (3)).

- Zone C:

The pHincreased slightly indicating the slow evolution of MCPM
(Ca(HyPO4)2-H,0) and DCPD (CaHPO4-2H,0) into other calcium
orthophosphates [10]. At 48 h of reaction, the pH reached a value
of 8.

3.2. ICP-AES analysis

The liquid fraction (filtrate) from the filtration of samples with-
drawn from the medium during the synthesis was also analyzed by
ICP-AES for the determination of soluble calcium and phosphate
contents. Table 1 summarizes the results obtained.

For all the samples, low concentration of soluble calcium was
observed. So, most of calcium can be found in solid form, either
as calcium phosphates (CaP) or as undissolved calcium carbonate.
For phosphate species, the conversion of phosphorus (Xp) was stag-
nated at about 72%, after 24-48 h of reaction. This limit may be due
to the driving force induced by the presence of potassium ions (K*)
in solution, to counteract the ionic charge in aqueous phase [10].

Table 2 gives the results of elemental analysis of the solid prod-
uct obtained after 48 h of reaction. The bulk molar ratio of Ca to P
of the solid after 48 h of reaction was 2.38. But TG analysis (in the
next section) shows that this solid product contains about 30 wt.%
of CaCOs3 (Table 3). This means that among 355mgg~! of calcium
determined by ICP-AES, there were 120mgg~! of calcium under
remaining in calcite form. So there were maximum 235mgg-!
of calcium under calcium phosphates forms. Thus, the calculated
molar ratio of Ca to P of this solid was 1.58 for calcium phosphates.
This suggests the formation of calcium-deficient apatites, such as
octacalcium phosphate (OCP, CagH,(PO4)g-5H,0), as confirmed by

Table 1
Analysis of soluble phosphorus and calcium in the filtrate; Xp: conversion of initial
phosphorus into solid calcium phosphate products.

Reaction time, h [P], mmol/L Xp, % [Ca], mmol/L
0 1484 0 0
2 757 49 1.7
24 428 71 1.7
48 421 72 0.3
Table 2
Elemental composition of the solid powder obtained after 48 h of reaction.
Element K, Ca,mgg! Ca, P, Molar ratio
mmolg! mmolg~! mmolg! ofCatoP
Content by 0.46 + 0.01 355+ 2 8.87 £ 0.04 3.72 £ 0.02 2.38 + 0.01
ICP-AES
Table 3

Evolution of calcium carbonate content remaining in the solid product calculated
from the results of TG analysis.

Reaction CO,, wt% Content of CaCOs3
time, h remaining conversion
CaC0s, % (Xcacos ) %
0 43 100 0
2 21 49 51
24 13 30 70
48 13 30 70

% weight/°C, a. u.

i
0 200 400 600 800 1000
Temperature, °C

Fig. 2. Derivatives thermogravimetrics (DTG) curves of pure CaCO3 and Ca-HA pow-
ders after 2 h, 24 h and 48 h of reaction.
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Fig.3. XRD patterns of Ca-HA powder after 48 h of reaction, dried at 105 °C. Principal
diffractions of CaCOs3 (O); Ca-HA (4); OCP (m).

XRD analysis (Section 3.4). Despite the washing of the solid several
times with water, small amounts of potassium still remain in the
final solid product. The potassium might exist in carbonate form
(KHCO3), or might be inserted into the apatitic structure [17].

3.3. TG analysis

Fig. 2 shows TG results obtained for the initial calcium carbon-
ate and Ca-HA solids recovered at different reaction times. The
weight loss at the temperature below 100°C is attributed to the
elimination of physically absorbed surface moisture. Between 110
and 150°C, only the sample after 2 h of reaction shows a signifi-
cant weight loss. This one is attributed to the dehydration of MCPM
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Fig. 4. XRD patterns of Ca-HA powder after 48 h of reaction, which was calcined at
1000°C for 2 h. Principal diffractions of Ca-HA (4); CaO (O); Ca(OH); (+).
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Fig. 5. SEM micrographs of Ca-HA powder after 48 h of reaction and drying at 105 °C, (a) general morphology, (b) and (c) detailed morphology.

-Ela:nlfe:tal analysis of Ca-HA powder obtained after 48 h of reaction by EDX analysis (depth of EDX analysis of 1 um).
Atomic %
C (o] P K Ca Molar ratio of Ca to P
Large particles (>30 pm) 29.5 + 3.7 440+ 7.0 9.6 +1.3 0.7 +£0.3 163 £ 2.7 1.7 £ 0.1 Average Ca/P
Small particles (<30 pm) 384+67 43938 45+ 05 02+0 13.0+3 29+05 2.1+0.7

(Ca(H,PO4),-H,0), which was still present after 2 h of reaction (Eq.
(4)). DCPD (or brushite, CaHPO4-2H,0) was the most important
intermediate after 2 h of reaction (Eq. (5)), as shown by its dehy-
dration between 155 and 230°C (~ 4%) to form monetite (DCPA,
CaHPO,):

Ca(H2PO4)2-H20 — Ca(H2P04)2+H20 (4)
CaHPO4-2H,0 — CaHPO, + 2H,0 (5)

The monetite is then thermally transformed into calcium
pyrophosphate (Ca;P,07) between 365 and 510 °C (~ 2%) following
Eq. (6).

2CaHPO4 — CayP,07 +H,0 (6)

For the samples after 24 h and 48 h of reaction, these intermedi-
ates were not significantly detected by TG analysis, indicating that
the synthesis reached equilibrium after 24-48 h of reaction.

For all the samples, the main weight loss observed between 550
and 830°C corresponds to the release of carbon dioxide gas (Eq. (7))
as the result of the decarbonation of remaining calcium carbonate
into quicklime (CaO).

CaCO3 — CaO + CO, (7)

Regarding the samples after 24 h and 48 h of reaction, a small
weight loss between 800 and 900 °C can be observed. This could be
attributed to the decarbonation of B-type carbonate apatite (CAP)
[15,18].

From the TG results above, we could calculate the calcium car-
bonate content remaining in the solid products corresponding to
its thermal decomposition between 550 and 830°C (Table 3).

After 2 h of reaction, a half of CaCO3 was converted into calcium
phosphates. This is explained by a strong acid attack of calcium
carbonate particles by phosphate solution at the beginning of the
reaction. Then the decomposition of CaCOs is slowed down because
of the increase of the pH to a neutral value (Fig. 1). A stable value
of CaCO3 content about 30% is obtained after 24-48 h of reaction
under the chosen operating conditions. In addition, the precipi-
tation of calcium phosphates during the reaction probably limits
the contact between the particles of calcium carbonate and solu-
ble phosphates, because of the formation of core-shell structure
wherein remaining calcium carbonate was found in the core [10].

From the results in Tables 1 and 3, it can be observed that the
conversions of both the reagents used (KH,PO4 and CaCO3) were
fairly close to each other. Other physico-chemical characterizations
will focus on the solid product obtained after 48 h of reaction in
order to evidence its different components.

3.4. XRD characterization

The diffractogram of Ca-HA powder obtained after 48 h of reac-
tion and dried at 105°C is presented in Fig. 3. Remaining calcite
could be clearly observed with its fine and intense peak at 29.4°.
This calcite is the crystal form of calcium carbonate (CaCO3) used for
Ca-HA synthesis. Different calcium phosphates were also observed.



Low crystallinity Ca-HA appeared as the main calcium phosphate
with its principal diffraction peak at 32°. This last one is a spread
out peak, which is typical of a poorly crystalline phase. The low
crystallinity of calcium phosphates based components is due to the
moderate reaction temperature of synthesis, ca. 25 °C. Higher tem-
peratures are required for the formation of well-crystallized Ca-HA
[19,20]. To highlight the presence of Ca-HA as the main calcium
phosphate, the synthesized solid was calcined at 1000°C for 2 h.
The XRD pattern of this calcined solid is presented in Fig. 4. Stoe-
chiometric hydroxyapatite was clearly observed. Lime (CaO) and
portlandite (Ca(OH),) were present as the results of the decarbon-
ation of the remaining calcite at 1000°C.

In addition to Ca-HA, B-type calcium-carbonate apatite (B-type
CAP, formed by the substitution of PO43~ groups by CO32~ groups)
seemed to be detected but at much lower amounts. The formation
of carbon dioxide from the dissolution of calcite, associated with
the increase of pH favored this substitution. This feature has been
highlighted by IR analysis in a previous study [10]. The presence of
CAP is in agreement with the TG analysis presented above. Octa-
calcium phosphate (OCP, CagH,(PO4)s-5H,0), was also formed in
small amounts, evidenced by its main peak at 4.7°. OCP is known as
an intermediate state during the formation of Ca-HA in an aqueous
solution [18].

3.5. SEM-EDX analysis

The Ca-HA powder obtained after 48 h of reaction was examined
by SEM and some examples are presented in Fig. 5. In parallel, EDX
analysis was also performed. For spot mode of analysis, a volume
of about 1 um3 was analyzed (1 um x 1 wm x 1 wm). In all cases,
EDX analysis showed the presence of Ca, P, O, K and C (Table 4).
Potassium was only found in trace amounts. Carbon came from the
remaining calcium carbonate, carbonic gas in air and CAP formed
during reaction. Ca, P, and O were the main elements of calcium
phosphates and/or calcium carbonate.

Different morphologies were observed (Fig. 5a). The first pop-
ulation includes large spherical-like agglomerates consisting of
needle-like assembled particles (>30 wm), which seemed to be the
result of the agglomeration of smaller particles, as highlighted
in Fig. 5b and c. These morphologies would be characteristic of
hydroxyapatite phase [21,22]. EDX analysis of these large parti-
cles, repeated on more than 15 particles, showed the atomic ratio
of Ca to P equal to 1.7. This ratio is close to that of stoichiometric
hydroxyapatite (Table 4). The calculated standard deviation was
low (Table 4), which suggests that the surface of large particles
have a good homogeneity (for the depth of EDX analysis of 1 wm).

The second population consists in spherical-like particles
smaller than 30 wm. EDX analysis was also performed on these par-
ticles (Table 4). The result showed an average atomic ratio of Ca to
P of 2.9, with a high standard deviation. So the surface of these
particles was more heterogeneous in terms of chemical composi-
tion, compared to large particles. EDX beam might reach the core
of small particles, where are located the remaining calcium carbo-
nates [ 15]. Consequently, the atomic ratio of Ca to P is higher due to
the presence of CaCOs3. The average atomic ratio of Ca to P of both
populations was equal to 2.1.

3.6. XPS analysis

The XPS analysis was conducted on an elliptical surface of
400 pm x 200 pm with the depth of 10 nm. Taking into account the
size of the particles scanning by electron microscopy (average mean
diameter of particles, dsg of 24.2 um, Table 6 in the next section),
the atomic percentages calculated by semi-quantitative XPS analy-
sis corresponds to the average obtained on a powder bed. Therefore,
it is not possible to discriminate the composition of different

Table 5
Comparison of atomic ratio of Ca to P obtained by different methods for the solid
powder after 24 h of reaction.

Method Depth of analysis Molar ratio of
CatoP
ICP-AES Bulk analysis 24
SEM-EDX Around 1000 nm 2.1
XPS Around 10 nm 1.5
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Fig. 6. XPS spectrum of Ca-HA powder obtained after 48 h of reaction.
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Fig. 7. Peak deconvolution for the signal of Ca2p; 1: apatitic calcium phosphate; 2:
calcium carbonate.

morphologies of particles as done with SEM-EDX. Fig. 6 shows the
XPS spectrum of Ca-HA powder obtained after 48 h of reaction.
Oxygen (0O1s), calcium (Ca2p), phosphorus (P2p) and carbon
(C1s) were detected as the major elements. The atomic content
of these elements, determined by XPS analysis, were 13.1, 20.3,
50.5 and 16.1% for P2p, Ca2p, O1s and C1s, respectively. The peak
of the carbon C1s at 284.6 eV could be attributed to the remaining
calcium carbonate, to CAP, and to surface contamination. For Ca2p,
peak deconvolution between 344 and 354 eV shows the major con-
tribution of apatitic calcium phosphate (maximum of peak at 347.5
and 351 eV) for the first layers of surface (Fig. 7). Peaks correspond-
ing to calcium carbonate (maximum of peak at 346.8 and 350.4 eV)
had smaller intensity. On the other hand, the distinction of



Table 6
Physical properties of the solid powder obtained after 48 h of reaction.

Sger, m2 g1 True density, gcm—3 Porosity, %

148 24.2 2.74 11 61

dso, pm dpores, NM

different phosphocalcic phases present in the sample, i.e. Ca-HA,
OCP, DCPD,CAP, remains difficult [23].

Table 5 compares the atomic ratio of Ca to P determined by dif-
ferent methods. A decrease of the atomic ratio of Ca to P from the
core to the surface of the solid particles was observed. In fact, the
remaining calcium carbonate must be found in the core of parti-
cles, as previously evidenced by Pham Minh et al. [10]. In addition,
apatitic calcium phosphate contains usually hydrogenophosphate
groups (HPO42-) on its surface, when it was in contact with the
humidity in air. This surface would be similar to a mixture of phos-
phocalcic species including DCPD, DCPA and OCP, which have the
molar ratio of Ca to P smaller than 1.67 [24].

3.7. Physical characterizations

Physical characterizations of the solid powder obtained after
48 h of reaction are presented in Table 6. Despite the incomplete
conversion of the initial calcium carbonate, this solid powder had
a high specific surface area (Sggr) of 148 m? g~1. This specific sur-
face area could be explained by the presence of mesopores with
the average mean diameter of pores of 11 nm, obtained by nitro-
gen adsorption. The average mean diameter of particles obtained
by laser scattering was 24.2 pm, confirming the results of SEM anal-
ysis. Finally, this solid had the true density of 2.74 gcm=3, usually
found for a given calcium phosphate synthesized at moderate tem-
perature.

3.8. Reactivity of the solid powder during Zn?* removal

This section communicates the results on the removal of Zn?*
from an aqueous solution using the solid powder obtained after
48 h of reaction. As mentioned above, the solid sorbent was filtered,
washed, dried at 105°C and then ground before sorption experi-
ment. The initial solid sorbent is thereafter called Ca-HA-P before
sorption experiment. The solid recovered after sorption experiment
is called Ca-HA-P-Zn.

3.8.1. Kinetic study
Fig. 8 shows the evolution of the concentration of the dif-
ferent elements present in solution as well as pH, for an initial
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Fig. 8. Evolution of pH and concentration of the soluble Zn, Ca, P, K in solution as a
function of contact time during batch sorption experiment. Sorption conditions: 1L
of 1500 ppm of Zn?*, 8 g of Ca-HA-P, room temperature.

concentration of Zn of 1500 mgL~!. The initial pH of zinc nitrate
solution was close to 4.9. It rapidly increased to 6 after only 2 min of
contact with calcium phosphate powder. This increase was proba-
bly induced by the buffering capacity of apatitic calcium phosphates
[25], and also of calcium carbonate remaining in the solid sorbent.
Then, the pH evolved slowly to the final value of 6.7 after 24 h of
reaction.

For the evolution of the concentration of the soluble elements
in the sorption medium, we observe that the kinetic of calcium
release to the liquid was equivalent to that of Zn removal from
the liquid. A rapid decrease of Zn concentration in the first min-
utes of sorption was observed. 30 and 43% of Zn were removed
after respectively 1 and 10 min of reaction. Then the sorption yield
slowed down strongly after 5 h of reaction time. This kinetic profile
is typical for the sorption of a given metal using Ca-HA based sor-
bentin batchreactor[7,26]. After 24 h of reaction, the concentration
of Znremaining in the solution was around 500 ppm, corresponding
to the removal yield of 66% of the Zn present and the sorption capac-
ity of 118 mg of Zn per g of sorbent. In parallel with Zn removal,
calcium was quickly released to the liquid phase during the first
minutes of reaction. Its concentration was 700 ppm after 180 min
of contact time and finally reached 800 ppm after 24 h of reaction.

Soluble phosphorus and potassium were found at much lower
concentrations. Soluble phosphorus did not exceed 1 ppm along the
sorption experiment. The low concentration of soluble phosphate
species is explained by the abundance of divalent cations (Ca2*
and Zn?*) in the reaction medium. The concentration of soluble
potassium varied between 3 and 6 ppm.

In order to evaluate the sorption rate of Zn%*, a pseudo-second
order kinetic model was applied to the results in Fig. 8 [27]. This
model is described as follows:

t 1 1
@ =% +t x @ (8)
where Q; and Q. is the amount of Zn sorbed on Ca-HA at any time t
and at equilibrium respectively (mgg=1), tis the contact time (min)
and h is the constant of sorption rate (gmg~! min—1).

The plot of t/Q; against the contact time t allows determining
the values of Q. and h (Table 7). The value of R? close to 1 indicates
that the experimental data of Zn sorption matches well with the
pseudo-second order kinetic model. The value of Q. obtained from
the model (123 mgg~1) is close to that from the sorption experi-
ment (118 mgg~1).

Table 8 compares the performance of the Ca-HA based sorbent
in this work with other Ca-HA reported in the literature for the
removal of Zn%*. Starting from CaCO3 and KH,PO,, Ca-HA sorbent

Table 7
Sorption capacity (Q.), rate constant (h) and correlation coefficients (R?) of synthe-
sized Ca-HA calculated from the pseudo-second order sorption kinetic model.

Q., mgg! h,gmg~! min~! R?

Ca-HA-P 123

6.2x 1074 0.9993

Table 8

Comparative sorption capacity (Q.) of the synthesized Ca-HA sorbent in this work
with other Ca-HA sorbents reported in the literature in the sorption of zinc(II) from
aqueous solution.

Ca-HA, gL! Zinc, mgL~! Q., mgg! Ref.

8 1500 123 This work
10 1500 102 (5]

1 523 77 [26]

2 378 33 [16]

5 654 23 (28]

34 39 6 (30]
25 500 12 [29]




in this work had higher Q. in comparison with Ca-HA made from
soluble calcium salt like Ca(NO3), [5,16,26,28], as well as from
phosphate rocks [29,30]. This may be explained by the low crys-
tallinity of the Ca-HA synthesized in this work, which improves
the physico-chemical properties of the sorbent (Table 6), i.e. high
specific surface area, high porosity and small particle size. The low
crystallinity of Ca-HA was due to the soft synthesis conditions of the
sorbent (at 25°C under atmospheric pressure), as well as the use
of calcium carbonate as the non-conventional calcium source. This
last one promotes the presence of gaps and impurities (CO32~ ion
insertion in Ca-HA structure), improving the sorption properties of
Ca-HA [31].

3.8.2. Discussion on sorption mechanism

According to the literature, several sorption mechanisms
were proposed to occur simultaneously and/or succes-
sively. lonic exchange, surface complexation reaction and
dissolution-precipitation are the three main mechanisms invoked
in the sorption process of Zn by Ca-HA based materials [16,32,33].

The dissolution—-precipitation mechanism consists in two suc-
cessive steps, the first one is the dissolution of Ca-HA in an acid
medium (Eq.(9)), followed by the precipitation of Zn phosphate (Eq.
(10)). H,PO4~ is expected as the main soluble phosphate species
in the solution, taking into account the pH profile of the reac-
tion medium (4.9-6.7) [10]. However, the low concentration of
the soluble phosphate species (Fig. 8) suggests that this mecha-
nism is only marginal, as usually observed in the literature [26].
In addition, XRD analysis did not show the formation of apatitic
calcium-zinc-phosphate solid solution (data not shown).

Ca10(PO4)5(OH)2 + 14H*
< 10Ca2t + 6H,P0,4~ + Cat +2H,0 (9)

XZn%* 4+ 10Ca%* + 6H,P0,4~ + 2H,0
< (Zny, Cajg_x)(PO4)g(OH); +xCat + 8H* (10)

In the case of Zn removal at high initial concentration, the for-
mation of hopeite (hydrated Zn phosphate, Zn3(PO4),-4H,0) might
also take place, as illustrated in Eq. (11) [33-35]. TG analysis of the
solid recovered after sorption experiment (Ca-HA-P-Zn) evidenced
the presence of hopeite (Fig. 9). The weight loss between 125
and 200°C (around 1 wt.%) was attributed to the first dehydration
of hopeite, followed by its second dehydration between 200 and
340°C (around 2 wt.%) to form anhydrous hopeite [36]. Taking into
account the pH profile of the sorption medium, we suppose that
the dissolution-precipitation mechanism might have occurred at
the beginning of the sorption experiment, when the pH was low-
est, which is favorable for the dissolution step. Fig. 9 evidenced
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Fig. 9. Derivatives thermogravimetric (DTG) curves of Ca-HA-P and Ca-HA-P-Zn.
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Fig. 10. Evolution of removed Zn?* and released Ca?* in batch sorption experiment.
Sorption conditions: 1L of 1500 ppm of Zn?*, 8 g of Ca-HA-P, room temperature.

also the participation of CAP to the removal of Zn?*. The decarbon-
ation of B-type CAP at 800-900 °C disappeared from the TG curve
of Ca-HA-P-Zn. In fact, the insertion of carbonate groups into the
apatite structure increases the solubility of Ca-HA and promotes the
presence of gaps in the apatitic structure [18]. Thus, a preferential
dissolution of these carbonates groups may be assumed, releasing
phosphate groups to the benefit of zinc phosphate precipitation.
B-type CAP has been found to be more active for metal removal
compared to Ca-HA [31].

3Zn2+ + 2H,PO,~ +4H,0 < Zn3(PO4)y-4H,0 + 4H* (11)

The ion-exchange mechanism can be described by Eq. (12) [32].
The equimolar ion exchange is expected, and there is no release
of protons in solution. However, this mechanism could not occur
alone, because of the difference in the concentration of the released
calcium and that of the removed Zn (Fig. 10). In Fig. 10, we observe
that the molar concentration of the released calcium was always
higher than that of the removed Zn. In addition, ion-exchange
mechanism did not involve the release or consumption of pro-
tons, but the pH profile of the sorption medium changed along the
sorption experiment (Fig. 8).

XZn?** + Ca1o(PO4)s(OH),
< (10—x)Ca** +(Zny, Cajo_x)(PO4)s(OH), (12)

The surface complexation mechanism has been proposed by
several authors in the literature [8,37]. According to Wu et al.
[38], for a pH between 4.8 and 6, the main surface groups of an
apatitic calcium phosphate are =POH and =CaOH,". So the surface
complexation mechanism can be described by Egs. (13) and (14).
As shown in Fig. 11, a drop in pH profile during the first seconds
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Fig. 11. pH evolution during the first 5min of sorption experiment. Sorption con-
ditions: 1L of 1500 ppm of Zn?*, 8 g of Ca-HA-P, room temperature.



Fig. 12. Imaging of Ca-HA-P-Zn powder drying at 105 °C obtained by SEM-EDX analysis; (a) calcium, (b) phosphorus, (c) oxygen, (d) zinc. (Electronic version is required for

a good observation of these images.)

of sorption experiment was observed. The surface complexation
mechanism allowed explaining this drop of pH (Eqgs. (13) and (14)).

=POH + Zn?* < =POZn*t +H"* (13)
=CaOH,* +Zn?t < =CaOHZn?** +H* (14)

In summary, all three mechanisms discussed above might take
place during Zn%* removal by Ca-HA starting with acid aqueous
solutions. However, the pH profile and the concentration of soluble
phosphate species allow confirming that dissolution-precipitation
mechanism could happen marginally at the beginning of the
sorption, wherein the pH was still sufficiently acid. The surface
complexation must also start at the beginning of the reaction, lead-
ing to the decrease of pH during the first seconds of reaction.
The surface complexation explains the non-equimolar exchange
between Zn2* and CaZ*, observed in Fig. 10, according to Eqgs. (13)
and (14). Of course, the eventual acid attack on the remaining cal-
cite particles, leading to the release of Ca2* to the solution, explains
also the higher concentration of the released Ca2* compared to the
concentration of the removed Zn2*. The ion-exchange mechanism
might also occur, in parallel with other processes because of the
driving force of the sorption medium. The driving force is the dif-
ference in solubility between Ca-HA and Zn-doped Ca-HA newly
formed (Ca-HA-P-Zn) [18,39,40]. In our case, the solubility prod-
uct K of the initial Ca-HA and of the final solid recovered from
the sorption experiment (Ca-HA-P-Zn) was measured. Ca-HA-P-Zn
had lower solubility (Ks: 5.43 x 10~99) than that of the initial Ca-HA
(Ks: 1.78 x 10~94), This favors the ion-exchange between Zn2* from
the solution with Ca?* from apatitic matrix. This ion-exchange is

expected for a slow sorption kinetic. However, we cannot conclude
thata solid solution was formed, as no differences in cell parameters
were detected. An amorphous surface deposit of zinc phosphate
could explain the result of ion exchange. About the formation of
hopeite, the acid pH might cause the local dissolution of the phos-
phocalcic hydroxyapatite (Ca%*, PO43~, OH-). This promotes the
formation of heterogeneous precipitate, i.e. hopeite, under acid pH
and with high initial concentration of Zn.

Regarding now the localization of Zn, fixed by the Ca-HA sorbent.
Fig. 12 shows the imaging of the main elements present in the used
sorbent. As expected, calcium was well located in the core of parti-
cles (Fig. 12A), probably in form of CaCOs. In fact, phosphorus was
usually not present in the core of particles (Fig. 12B). Oxygen was
present in the entire particles because oxygen is the component of
both the remaining calcium carbonate and the calcium/zinc phos-
phates. Finally, Zn was only found on the surface of particles. This
last confirms that the fixation of Zn by Ca-HA based particles was
governed by surface processes, as discussed above.

4. Conclusions

Ca-HA based sorbent has been synthesized from calcium car-
bonate (calcite, CaCO3) and potassium dihydrogen orthophosphate
(KH,PO4) at moderate conditions. Apatitic Ca-HA based sorbent
of low crystallinity was formed. The intermediates of the syn-
thesis reaction have been identified as mainly MCPM, DCPD and
OCP. The characterization of the final product showed the pres-
ence of apatitic compounds including Ca-HA, B-type CAP, OCP, and
unreacted calcium carbonate as the main components. Remaining



calcium carbonate was found in the core of particles. The elemen-
tal analysis of the sorbent by three different methods (ICP-AES,
SEM-EDX, and XPS) evidenced the decrease of the molar ratio of
Ca to P from the core to the surface of particles. The average size of
the final solid sorbent was 24.2 pm. Two populations of particles
were observed. The first one was composed of particles smaller
than 30 wm. The second one included big agglomerates of tens of
pm. Under soft synthesis conditions, the final solid sorbent had
high specific surface area (148 m2 g~1), associated with mesopores
(average mean diameter of 11 nm).

This solid sorbent had high reactivity for the removal of Zn%*
from an aqueous solution, with the sorption capacity (Q.) of 118 mg
of Zn2* per g of sorbent. This high performance is explained by the
high specific surface area and porosity, the low crystallinity of the
sorbent, and the presence of gaps and impurities (CO32~ ions) in
the apatitic structure of the sorbent. The mechanisms of Zn uptake
were also discussed, which were surface processes.

This study demonstrated a simple route for the production of
Ca-HA based sorbent from economical starting materials. The high
performance of this synthesized sorbent in the sorption of Zn opens
new prospects on the valorization of carbonate and phosphate
industrial wastes for environmental purposes and for wastewater
remediation in particular.
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