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HIGHLIGHTS
In this paper :
- hybrids hydroxyapatites incorporating organic aspartate and glutamate anions have
been prepared
- thanks to the use of a complete set of techniques, the efficiency of the incorporation
has been evidenced with a mechanism dependant on the nature of the organic anion
- sorption isotherms have been analyzed and have shown that the Pb?* sorption capacity

is increased for hybrid materials with a single active site



ABSTRACT

Calcium hydroxyapatite-aspartate (CaHAp-Asp) and calcium hydroxyapatite-glutamate
(CaHAp-Glu) hybrid materials were prepared by the dissolution of Tunisian Phosphate Rocks
in concentrated nitric acid and re-precipitation in basic solution in the presence of aspartic and
glutamic acids. Chemical analyses, X-Ray Powder Diffraction, Infrared spectroscopy, *C
MAS-NMR spectroscopy, ThermoGravimetry and Scanning Electron Microscopy were used
to characterize the materials and also the organic-inorganic interfaces. All techniques
converge to the formation of hybrid organic-inorganic compounds composed of
hydroxyapatite solids with organic anions incorporated at the surface. XRPD and SEM
observations showed that not only was the crystallinity significantly affected by the presence
of organic anions, but also the structural and morphological properties. The presence of
organic anions has been confirmed by IR and **C MS-NMR spectroscopies, and their amount
has been evaluated by TG and chemical analyses. The three CaHAp, CaHAp-Asp and
CaHAp-Glu materials were evaluated for Pb** sorption from aqueous solutions. Sorption
isotherms have been analyzed using Langmuir and Freundlich models showing that the Pb?*
sorption capacity is increased for CaHAp-Asp and CaHAp-Glu. The comparison of the two
models indicates a single active site corresponding to a homogeneous interface between Pb**

aqueous adsorbate and the solid adsorbent surface.

KEYWORDS: Hydroxyapatite, hybrid materials, carboxylic acids, lead sorption.



INTRODUCTION

Phosphorite, or phosphate rock, is a general term which refers to a non-detrital sedimentary
rock which contains high amounts of phosphate-bearing minerals. The phosphate is present as
hydroxyapatite (Caio(PO4)s(OH),), fluorapatite (Caio(POs4)sF2) and carbonated fluorapatite
(phosphate to carbonate substitution). Apatite minerals in igneous and metamorphic rocks
generally approach fluorapatite composition®. The principal phosphate mineral in sedimentary
phosphorites is carbonated fluorapatite®. Tunisian Phosphate Rock (TPR) is already used in
the manufacture of phosphoric acid and phosphate fertilizers®. The aim of this study is to
prepare apatitic material from TPR for an environmental application; i.e. for pollutant
remediation of industrial wastes containing Pb®** cations. The synthesis methods of
stoichiometric calcium apatite are numerous and widely studied. In our work, we applied the
preparation method described in the literature*> starting from natural TPR as precursors to
obtain single-phase hydroxyapatite samples. The optimized synthesis route allowed
hydroxyapatite (CaHAp) to be prepared from natural rock more quickly and in a manner that
is cheaper than with other methods, and the introduction of organic acids in the first step of
the synthesis led to functionalized hybrid hydroxyapatite. The applications of grafted
hydroxyapatite are based on their physicochemical properties and surface reactivity®. The
hydroxyapatite has a very reactive surface owing to the presence of two functional active
sites’. Furthermore, several studies have been carried out on the functionalization of the
apatite surface, such as the grafting of organic moieties (carboxylic acid, amino acid,
phosphonates...) onto the apatite surface®°. In another study, it was found that the organic
moieties can replace the hydroxyl group of the apatitic structure**™°. The apatite structure is
also characterized by the presence of channels that can also contribute to adsorption

mechanisms. The adsorption of heavy metals such as lead, cobalt, cadmium and copper has
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been widely studied by considering different materials, including apatite in recent years. Lead
is one of the most widespread heavy metals present in the environment. Pb?* is present in the
environment in the form of highly soluble minerals such as PbO, Pb(COs),, and PbSO,*". For
remediation of Pb contamination, phosphate minerals (especially apatites) were suggested'®%.
The apatites studied came from different origins; including synthetic hydroxyapatites, apatites
of biological origin such as bone meal and also natural phosphate rock®?%,

The aim of the present study is the synthesis and physicochemical characterization of two
grafted hydroxyapatite samples: the calcium hydroxyapatite-aspartate (CaHAp-Asp) and the
calcium hydroxyapatite-glutamate (CaHAp-Glu) hybrid material prepared from TPR. The
chemical composition, structure and surface property of samples were investigated. The
removal of toxic Pb?* cations from solution was investigated on the two grafted
hydroxyapatite samples (CaHAp-Asp and CaHAp-Glu) and compared with an inorganic
hydroxyapatite sample (CaHAp). Adsorption isotherms were determined and modeled with
Freundlich and Langmuir equations. We identified the existence of a single active site that

fixed Pb?* aqueous cations at the hydroxyapatite surface, with a bonding energy that was

considerably increased in the presence of grafted organic anions at the interface.

1. EXPERIMENTAL SECTION
1.1. Preparation of pristine and grafted hydroxyapatites

The hydroxyapatite (CaHAp) obtained from the Tunisian Phosphate Rock (TPR) was
synthesized by a first dissolution of TPR in nitric acid®. The acid dissolution of the TPR is
realized by the addition of 20 mL of nitric acid (HNO3) (65 %) to 500 mL of distilled water

and 30 g of TPR. The reaction mixture was stirred for 3 hours at room temperature. Insoluble



minerals were then separated out by filtration. The filtrate obtained was then neutralized by
the addition of concentrated NH,OH solution (25%). The mixture was stirred for 3 hours at
90°C. The precipitate was then filtrated, washed with hot distilled water and dried at 110°C
for 24 hours.

Functionalized hydroxyapatite samples were synthesized using aspartic acid (C4H;NO,) and
glutamic acid (CsHgNO,). Organic acids were added simultaneously with nitric acid during
TPR dissolution considering the three following amounts: 1, 5 and 10 mmol. The prepared

samples are labeled as follows: (CaHAp-Aspy) and (CaHAp-Gluy) with x = 1, 5 and 10.

1.2 Characterization techniques

Ca concentration was determined by Atomic Absorption Spectroscopy using a Perkin-Elmer
3110 spectrophotometer. The phosphorus content was determined by the formation of
phosphovanado molybdic complex with yellow coloring by measurement of the optical
densities at 430 nm*°. The chemical analysis of carbon was determined by TOC-L Laboratory
Total Organic Carbon Analyzers. X-Ray Powder Diffraction analyses were carried out on an
X'Pert Pro PANalytical diffractometer using Cu Ko radiation (A=1.5418 A), with 0-0
geometry, equipped with an X'Celerator solid detector and a Ni filter. The 26 range was from
15° to 120° at a scanning speed of 0.0167°/minute. Refinements of the lattice and
microstructural parameters of hydroxyapatite were performed with the Rietveld method™
using the Fullprof program*2. Thermogravimetric analyses were carried out in airflow using a
TGA-DSC 1 Star system from Mettler-Toledo. Heating was performed in the range of 25°C
to 1000°C with a heating rate of 5°C/min. Fourier Transform Infrared spectra were recorded
using a Nicolet FT 5700 spectrophotometer equipped with a diamond ATR setup in the range

of 4000-400 cm™. Solid state *C NMR spectra were recorded on a 300 MHz Bruker
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spectrometer at 75.4 MHz, using a magic angle spinning (MAS) condition at 10 kHz and a 4
mm diameter size zirconia rotor. *3C spectra obtained via the proton-enhanced cross-
polarization method (CP) were referenced to the carbonyl of the glycine calibrated at 176.03
ppm. Recycling and Hartman-Hahn contact times were 5 s and 1250 s, respectively.
Spinal64 *H phase-decoupling was applied during **C channel acquisition. In order to obtain a
proper signal-to-noise ratio for the hybrid Zn phase, up to 5,000 scans were needed. The
morphology of samples was characterized using a scanning electron microscope (SEM) Zeiss
Supra 55 type VP in low voltage.

Specific surface area has been measured by gas sorption with a Quantachrome MP-Autosorbl
equipment at 77 K. At least seven points in the 0,05-0,3 p/po range were measured and used

for calculations.

1.3. Sorption experiments

Synthetic aqueous solutions of different concentrations of lead were prepared from lead
nitrate [Pb(NO3)2]. The adsorptions of lead ions on CaHAp, CaHAp-Aspio and CaHAp-Gluyg
were performed by contacting 0.2 g of the synthesized powder in 100 mL of the lead solution
at 25 °C (initial pH = 5). At the end of the adsorption test, powder was filtered from the
solution and the supernatant was analyzed for residual Pb®" concentration by Palintest
Scanning Analyze SA1100 with Precision Range 2-100 ug/l. Two replicates were used for
each Pb* sorption experiment and the results given were the average values. The adsorption
capacity of the inorganic and hybrid hydroxyapatite samples were calculated using the general

equation (1):*

g, = GGV &)

m



Where g, is the amount of Pb?* adsorbed on the sample surface, C, and C; are the
concentrations of metal cation (mmol/L) in the liquid phase initially and at time t, V is the

volume of the medium (L) and m is the amount of apatite (g).

2. RESULTS AND DISCUSSION

2.1. Physicochemical characterization of the samples
2.1.1. Quantification of grafting

The chemical compositions of CaHAp, CaHAp-Aspx and CaHAp-Gluy determined from
elemental analyses are summarized in Table 1. The CaHAp sample shows a Ca/P molar ratio
very close to the targeted stoichiometric value of 1.67. This Ca/P ratio increases continuously
with the amount of organic anion grafted for the hybrid samples both for glutamate and
aspartate (up to 1.73 for CaHAp-Gluye and 1.79 for CaHAp-Aspy), indicating a possible
depletion in phosphate anions. The presence of the organic anion in the precipitated material
is attested and quantified by the total carbon analysis, showing a regular increase of the
carbon amount together with the increase of the organic acid concentration. This is consistent
with the formation of an inorganic-organic hybrid apatitic material. The presence of carbon in
the pristine CaHAp sample can be attributed to atmospheric carbonation. Thus, an absolute
quantification of the organic anions in the hybrid samples is difficult, but can be estimated as
follows: approx. 0.13, 0.35 and 0.56 moles of aspartate anions per mole of Cajo(PO4)s(OH),

for CaHAp-Asp;, CaHAp-Asps and CaHAp-Asp;o samples respectively, and approx. 0.12,



0.28 and 0.34 moles of glutamate anions per mole of Cajo(PO4)s(OH), for CaHApP-Gluy,
CaHAp-Glus and CaHAp-Glu;o samples respectively.

The thermogravimetric curves (TG) of CaHAp and CaHAp-Aspx and CaHAp-Gluy are shown
in Figure 1. All samples present a first thermal event between room temperature and 250°C
due to water desorption. For the pure CaHAp sample, a second weight loss is observed
between 800°C and 900°C due to decarbonation (carbonate contamination)**. This weight loss
is correlated with the observed carbon content in this sample. For hybrid samples, a
supplementary event between 250°C and 500°C is characteristic of the organic anion
decomposition. Table 2 gathers the relative weight losses in the three temperatures ranges
25°C — 250°C, 250°C — 500°C and 500°C — 1000°C attributed to dehydration, organic anion

decomposition and decarbonation respectively.

Table 1. Chemical analysis (weight percent) of the different synthesized hydroxyapatites.

Weight percent (Wt %)
Sample Ca/P
Ca P C
CaHAp 37.48 17.18 0.09 1.69
CaHAp-Asp; 37.05 16.84 0.73 1.70
CaHAp-Asps 36.82 16.26 1.78 1.75
CaHAp-Aspio 35.63 15.42 2.78 1.79
CaHAp-Glu; 37.16 16.91 0.82 1.70
CaHAp-Glus 36.85 16.53 1.75 1.72
CaHAp-Gluyy 36.52 16.21 2.11 1.73

Table 2. Weight losses observed in thermogravimetric analysis

Water weight loss Organic molecule Carbonate weight loss
g weight loss g Total weight
Samples 25°C — 250°C 250°C _ 500°C | 00°C —1000°C loss (%wt)
(Yowt) Sw) (Yowt)
CaHAp 2.41 1.03 1.25 4.69
CaHAp-Asp; 5.58 2.37 1.25 4.69




CaHAp-Asps | 5.69 6.05 1.44 9.39
CaHAp-Aspy | 6.16 8.35 2.69 14.43
CaHAp-Glu; | 5.18 2.68 1.49 9.35

CaHAp-Glus | 4.76 5.62 2.29 12.67
CaHAp-Gluy, | 7.18 5.66 2.09 14.93
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Figure 1. Thermogravimetric curves for CaHAp sample compared to the curves of the
various CaHAp-Asp (a) and CaHAp-Glu (b) samples.
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The amount of grafted organic anions can be estimated with the relative weight loss of the
second event (subtracting the weight loss observed in this region for the purely inorganic
CaHAp sample; i.e. 1.03%). The TG curves also clearly indicate that hybrid materials were
over-hydrated compared to the inorganic hydroxyapatite sample. As for organic anions, the
amount of additional water molecules (certainly physisorbed at the CaHAp surface, together
with the organic anions) can be roughly estimated from weight loss observed between 25°C
and 250°C. Hybrid composition formulations can be deduced as presented below. These
obtained values are in good agreement with the previously indicated composition obtained
from chemical analyses:

Cai10(PO4)s(OH),-0.1Asp-1.7H,0 for CaHAp-Asps,
Cai0(PO4)s(OH),-0.4Asp-2.0H,0 for CaHAp-Asps,
Cay(PO4)s(OH),-0.6Asp-2.4H,0 for CaHAp-Aspao,

Calo(PO4)6(OH)2'O.lG|U'1.6H20 for C&HAp-G'Ul,
Cayo(PO4)s(OH),-0.3Glu-1.4H,0 for CaHAp-Glus,
Cayo(PO4)s(OH),-0.4Glu-2.9H,0 for CaHAp-Gluso.

2.1.2. Structural and morphological characterization

The X-ray powder diffraction patterns recorded for all the synthesized samples are shown in
Figure 2. All the patterns indicate that samples are all single-phase and are composed of
crystalline hydroxyapatite (ICSD card No. 99358). CaHAp presents a well crystallized
hydroxyapatite phase, as attested by the well resolved diffraction peaks. Nevertheless, the
observation of the width of the (002) and (310) diffraction peaks (see indications in Figure 2)
reveals an anisotropic coherent domain shape elongated along the hexagonal ¢ axis. The
microstructural parameters extracted from Rietveld analyses allow for the quantification of

this anisotropy with the ratio Doo2)/Ds10) (With Doz) being the crystallite size along the
12



hexagonal c¢ axis, and Dgig) the crystallite size in the basal (a,b) plane). Structural and
microstructural parameters refined from Rietveld refinement are gathered in Table 3. Clearly,
the crystallinity is affected by the presence of organic anions that induce a decrease of the
coherent domain size (for both anions) combined with an increase of the anisotropy (for

glutamate anion).
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Figure 2. X-ray powder diffraction patterns of: a) CaHAp modified with aspartic acid, b)
CaHAp modified with glutamic acid.

Despite the peak broadening due to a deterioration of the crystallinity, the crystal structure of
hydroxyapatite is well preserved whatever the amount of organic anions. Lattice parameters
increase slightly and continuously with the increasing amount of organic anions for both
aspartate and glutamate cases. In hybrid hydroxyapatites, the presence of organic ligands
deteriorates the crystallinity and slightly expends the unit cell. This behavior can be attributed
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to the incorporation of organic anions at the surface of small hydroxyapatite domains and/or
water incorporation in the structure.

Table 3: Structural and microstructural parameters extracted from Rietveld refinements.

Lattice parameters Coherent domain size
Samples 3 .
a(A) c(A) V (A% Doz (R) | D@ioy (A) | Anisotropy
D(002)/D310)
CaHAp 9.412(1) 6.878(1) 527.7(2) 310 120 2.6
CaHAp-Asp; | 9.421(3) 6.881(3) 528.8(3) 220 70 3.1
CaHAp-Asps | 9.423(5) 6.886(5) 529.6(5) 180 60 3.0
CaHAp-Aspio | 9.458(2) 6.894(2) 534.1(3) 130 45 2.9
CaHAp-Glu; | 9.418(2) | 6.880(2) 528.5(2) 240 70 3.4
CaHAp-Glus | 9.421(5) 6.887(5) 529.6(5) 190 55 35
CaHAp-Gluyo | 9.436(8) 6.890(6) 531.4(8) 150 40 3.8

SEM micrographs of the three CaHAp, CaHAp-Aspio and CaHAp-Gluse samples are shown
in Figure 3. The morphology of the samples is strongly affected by the presence of organic
anions in agreement with microstructural parameters extracted from Rietveld refinements.
CaHAp powder is composed of largely anisotropic elongated crystals correlated with the
refined anisotropy of the average coherent domain size. Isolated crystals are not at all
observable for hybrid materials (when using the same magnification) based on the aspartate
anion, whereas some are still distinguishable, with difficulty, for glutamate-based hybrid
materials. The deterioration of the crystallinity determined from Rietveld refinement agrees
with these direct SEM observations.

SSA measured for the different samples show not significant effect of grafting on the SSA.
The SSA of starting raw material (phosphate rock) is quite low around 21 m?/g, the SSA of
the derived apatites is much higher (47 m?/g for the pure apatite and slightly lower for the
CaHAp-Glu 42 m?/g and the CaHAp-Asp 39 m?/g). These values of SSA are reasonably high
for providing good interactions of these materials with liquid phases. On the other hand the

similarity of valued obtained for the Glu and Asp means that this parameter will not influence
14




interpretation of sorption data and this will allow to assess the effect of the nature and

concentration of the carboxylic acid.
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Figure 3. SEM images of CaHAp, CaHAp-Asp1o and CaHAp-Gluyp.
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2.1.3. Grafting mechanism

The infrared spectra of pure and modified hydroxyapatite, in the presence of variable amounts
of glutamate or aspartate anions (displayed in Figure 4), present the vibration bands
characteristic of the (PO,)* group: v1 (960 cm™), v, (474 cm™), v3(1018 cm™, 1090 cm™), and
v4(600 cm™, 560 cm™). Characteristic vibration of hydroxyl ions is observed towards 3565
cm™ for CaHAp. The band observed at 1420 cm™ is attributed to the presence of carbonate
ions in the inorganic CaHAp sample®*>®. Hybrid hydroxyapatite samples prepared in the
presence of aspartic acid and glutamic acid present two new bands centered at 1413 cm™ and
1567 cm™, and centered at 1423 cm™ and 1576 cm™ for the glutamate and aspartate samples
respectively. This doublet is attributed to the symmetric and the asymmetric (vs and vas)
elongation of the carboxylate (COQ") function. Their intensities increase with the amount of
organic acid incorporated during the synthesis, indicating an increase in the amount®® of
grafted organic anions in agreement with chemical analyses (Table 1). For both organic
anions, the splitting between vy and v is about 155 cm™ but with a shift of about 10 cm™*
toward smaller wavenumbers for both v, and vs vibrations for the glutamate anion; potentially
indicating two different grafting strengths. Av values around 150 cm™ agree with the
unidentate character of the carboxylate function engaged in the hydrogen bond.* Different

possible grafting mechanisms are shown in Scheme 1.
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2.1.4. Solid-state NMR spectroscopy
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Figure 5. 3C CP-MAS NMR spectra of Ca;gHAp prepared from TPR without and with
Glutamic acid and Aspartic acid

The *C CP-MAS spectra of the pure hydroxyapatite CaHAp and of the two grafted
compounds (CaHAp-Aspi) and (CaHAp-Gluy) are shown in Figure 5. As expected, the
inorganic CaHAp sample did not present the '*C signal; indicating that carbonate
contamination is low, in agreement with chemical analyses (Table 1). The spectra of grafted
samples evidence the presence of organic anions in the samples by the presence of three
distinct *3C signals. Two intense and resolved peaks around 40 and 60 ppm, and a third less
intense and broadened signal at 180 ppm. The two resolved signals are attributed to the
carbon atom from CH, (~40 ppm, with multiple contributions in the case of glutamate anion
because of the presence of two CH, groups) and CH (~60 ppm) groups, whereas the

broadened signal corresponds to carbon atoms from the carboxylate function (COO)***. In
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the spectrum of the CaHAp-Aspio sample, the broadened signal from carboxylate is rather
symmetric, indicating that the two carboxylate functions are equivalent in the hybrid material;
i.e. indicating that the two carboxylate functions are involved, without distinction, in the
grafting mechanism. This broadened *3C signal is slightly more asymmetric in the case of
CaHAp-Glujy, indicating that for this hybrid one carboxylate function preferentially interacts
in the grafting mechanism. These two different situations may explain the difference in the

loading of the organic molecule.

2.2. Pb* sorption isotherms

2.2.1. Sorption kinetic

The adsorption of Pb®* by CaHAp, CaHAp-Aspie and CaHAp-Glu;p was measured over a
period of 4 hours for three initial Pb?* concentrations (1, 2 and 4 mmol/L). The initial pH of
the lead solution was pH=5. After contacting the powders with the solution the pH decreases
slightly around 4.2, the pH then increases up to 4.6 for HAp, 4.8 for HAp-Glu and 5 for HAp-
Asp upon time (see supplementary Figure S3).

Figure 6 presents the kinetic of adsorption for the three materials. The calculation of g, values

is explained in section 2.3. The presence of grafted organic anions improves the Pb®* sorption
in terms of quantities adsorbed and in terms of kinetic. For the two lower Pb*" concentrations
the same values of q, are reached for the inorganic CaHAp and the two hybrid
hydroxyapatites; i.e. ga ~ 0.5 mmol/g for [Pb*] = 1 mmol/L and g, ~ 1.0 mmol/g for [Pb*] =
2 mmol/L. For the more concentrated solution with [Pb?*] = 4 mmol/L, the ga value obtained
is higher for the two hybrid materials: approx. 2.0 mmol/g for CaHAp-Aspio and CaHAp-
Gluso (Which almost corresponds to 100% of Pb** removal) compared to about 1.8 mmol/g for
CaHAp (see Table 4). The sorption kinetic is also improved by the presence of the grafted

organic anions. The equilibrium is reached only after 120 minutes for the CaHAp sample,
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whereas it is already reached at 15 minutes for both the CaHAp-Aspip and CaHAp-Gluyg

samples.
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Figure 6. Adsorption kinetic of Pb** onto CaHAp (®), CaHAp-Aspi1o (x) , and CaHAP-Gluio
(O) for various inital concentrations 1 mmol (a), 2mmol (b) and 4mmol (c).

Table 4. Adsorption capacities for CaHAp, CaHAp-Aspso and CaHAp-Gluyo ([Pb*]o = 4 mmol/L
and t = 3h)

Adsorbents g (mmol/g) | Pb** (%)
CaHAp 1.806 90.30
CaHAp-Aspio 1.985 99.20
CaHAp-Gluyg 1,992 99.60

2.2.2. Adsorption isotherm

Having determined the appropriate equilibration time for sorption, adsorption isotherms can
now be determined. Measurements were performed at T = 25°C and pH = 5 with a 3-hour
equilibration time. Figure 7 illustrates the effect of the initial concentration on the Pb?* ions’
adsorption in aqueous solution. Adsorption isotherms evidence the improvement of sorption
properties for hybrid material, as already mentioned. A higher amount of Pb®* removal is
achieved with CaHAp-Aspip and CaHAp-Glu,o, and saturation is also achieved for a lower
initial Pb** concentration, indicating a higher efficiency of surface sites for hybrid
hydroxyapatites. The three adsorption isotherms are of L-type according to the classification
of Gilles et al.*2. This suggests that the sorption process does not only involve ion-exchange
reactions, but can also occur through surface dissolution, surface adsorption and
precipitation®®. The presence of structural channels could also contribute to cationic fixation.

The measured sorption isotherms have been modeled by the two Freundlich and Langmuir
models. The Freundlich adsorption isotherm model is the earliest known relationship
describing the sorption equilibrium according to equation (2)* where g is the adsorbed

quantity on the solid phase (mmol/g), C. is the equilibrium concentration in the liquid phase
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(mmol/g), K¢ (mg/g) and n; are isotherm parameters characteristic of adsorption capacity and

45,46

absorption intensity™™, respectively. Linearization of eq. (2) leads to eq. (3), which was used

for the fitting procedure (Figure S1).
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Figure 7. Adsorption isotherms (Circles) of Pb** onto CaHAp (a), CaHAp-Asp1 (b) and
CaHAp-Glujyy (c) samples together with Langmuir fits (continuous lines) and Freundlich fits
(dotted lines).

9a =K/Ce% ’ )

Ln(g,)=Ln(K,)+ %an(Ce) 3)

The Freundlich adsorption isotherm describes the adsorption characteristics for a
heterogeneous surface. A linear regression has been used to fit Freundlich isotherm
parameters using equation (3) (Figure 7 (squares)). The refined parameters are summarized in
Table 5. The three sorbents present similar 1/n; values around 0.35 indicating a normal
adsorption mechanism (1/n; < 1) with similar surface heterogeneity for the mineral
hydroxyapatite CaHAp and for the two hybrid hydroxyapatites. The K; parameter indicates
the adsorption capacity of the system studied. This value is smaller for CaHAp (1.77 mg/g)
than for the hybrid systems (around 3.5 mg/g) in agreement with the higher adsorbed amount
for CaHAp-Asp;o and CaHApP-Gluyy.

The Langmuir isotherm is widely used to model the adsorption of heavy metals in aqueous
solution on a solid surface. It describes quantitatively the formation of a monolayer of
adsorbate on the outer surface of the adsorbent. The Langmuir model represents the
equilibrium distribution of metal ions between the solid and the liquid phases, assuming that
the surface contains a finite number of identical sites (homogeneous surface with uniform
energies of adsorption). The Langmuir model is described by equation (4), and its
linearization leads to equation (5)*':

KlCe

—g e 4
; q’"1+KzCe (4)

q
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C 1 C
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Qa Klqm qm

where gq is the equilibrium adsorption capacity of adsorbent (mmol/g), C. is the equilibrium
concentration of the metal ions (mmol/L), qn is the maximum amount of metal ions adsorbed
(mmol/g), and K; is the Langmuir constant that refers to the bonding energy of the adsorption
mechanism (L/mmol). The K; and qn, values can be determined by least square linear
regression of eq. (5) (Figure S2). The experimental data fits very well with the Langmuir
model (Figure 7 (triangles)). The refined parameters (Table 5) indicate the improvement
brought about by organic anions. The qn value is increased from 1.32 mmol/g for the
inorganic CaHAp system to about 1.43 mmol/g for the two hybrid systems. On the other
hand, the K, value increases considerably from about 10 L/mmol for CaHAp to about 50
L/mmol for the hybrid systems. The best adsorption results were obtained for the CaHAp-
Aspy System that presents the highest bonding energy between Pb?* and the hybrid
hydroxyapatite surface.

Clearly the Langmuir model better represents the experimental data for the three materials
(with or without grafted organic anions at the hydroxyapatite surface). This indicates a
homogeneous surface with one kind of active site for Pb*" remediation. The homogeneity is
valuable for the three solids, but sites are more active in the presence of grafted aspartate and
glutamate anions. The bonding energy is higher in the case of the aspartate anion, certainly in
relation with its more efficient grafting process. Indeed the CaHAp-Asp;o sample contains 0.6
organic anions per Caig(PO4)s(OH),, whereas CaHAp-Gluy, sample contains 0.4 glutamate
anion per Cajo(PO4)s(OH),. These preliminary results should be completed by more detailed

analyses including selectivity experiments as well as trace experiments.
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Table 5. Freundlich and Langmuir constants and correlation coefficients for the adsorption of
Pb?* on CaHAp, CaHAp-Aspyo and CaHApP-Gluyg.

Freundlich Langmuir
Adsorbent Ks Om K,
1/ng R? R?
(mg/g) (mmol/g) (L/mmol)
CaHAp 1.766 0.370 0,862 1.316 9.500 0.992
CaHAp-Aspio 3.707 0.350 0.893 1.449 51.750 0.998

CaHAp-Gluso 3.126 0.330 0.920 1.426 44.020 0.998

3. CONCLUSION

Single-phase hydroxyapatite samples have been synthesized from natural Tunisian Phosphate
Rock (TPR), using a dissolution-reprecipitation method. The introduction of organic acids
(aspartic and glutamic acids) led to the precipitation in basic pH of hybrid hydroxyapatite
samples with the organic anions (aspartate and glutamate anions) grafted at the
hydroxyapatite surface. The crystallinity of hydroxyapatite is affected by the presence of an
organic-inorganic interface for both hybrid materials. Rietveld refinements of XRPD patterns
evidence an increase in lattice parameters with a concomitant decrease of average coherent
domain size. Nevertheless, the apatitic structure of the material is preserved. SEM
observations also demonstrate the crystallinity deterioration for the hybrid hydroxyapatite
samples as compared to the purely inorganic hydroxyapatite sample. The amount of aspartate

anions incorporated at the inorganic surface is higher than for the glutamate anion; about 0.6
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aspartate anions to 0.4 glutamate anions per Caig(PO4)s(OH), motif. Chemical analyses and
TGAs converge to these quantitative estimations, and the TGAs also indicate the presence of
large amounts of physisorbed water molecules at the organic-inorganic interface (about 2
molecules of water per Cajo(PO4)s(OH), motif). The incorporation mechanism seems to be
different for the two organic anions studied according to **C NMR and FTIR spectroscopies,
with the two carboxylate functions involved for aspartate contrary to glutamate. The prepared
materials have been tested for aqueous Pb** remediation. The Pb®* sorption is improved for
hybrid hydroxyapatite in comparison with the inorganic hydroxyapatite: the sorption capacity
and the adsorption kinetic are both increased. Modeling of the sorption isotherms, considering
Freundlich and Langmuir equations, have shown that samples present a homogeneous surface
with one single active site for Pb?* remediation. The bonding energy at this site is
considerably increased in the presence of grafted organic anions. The best result is obtained
for the aspartate hybrid hydroxyapatite, probably because of the higher amount of grafted

organic anions and/or because of the different grafting mechanism.
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Figure S1. Freundlich isotherm plots for the adsorption of Pb%* ions on CaHAp (a), CaHAp-
Asp (b) and CaHAp-Gluyg (c) solids.
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Figure S2. Langmuir isotherm plots for the adsorption of Pb®* ions on CaHAp (a),
CaHAp-Aspio (b) and CaHApP-Gluyg (c) solids.



5,2

4,4
—8—Asp —8—Glu

4,2

150 200 250

100
t{min)

Figure S3. Evolution of pH upon contacting powders with Pb2+ solution (pH=5)
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