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Abstract

Hypothesis

Hydroxyapatite and magnetite are two environmentally-friendly mineral phases that have
fruitful properties for remediation process. The formation of magnetic core@sorbent shell
nanostructures should provide efficient materials for toxic metal removal from aqueous
media. However the nanoscale confinement of hydroxyapatite may influence its reactivity.

Experiments

Fe;0,@Hydroxyapatite nanocomposites were prepared by surface-controlled precipitation of
hydroxyapatite layers from 10 nm to 150 nm in thickness on iron oxide spheres. The surface
reactivity of the core-shell particles towards selected inorganic ions of environmental
relevance (Pb(I1), Y(I11), Eu(lll), Sb(lI1)) was studied by batch sorption experiments, X-ray
diffraction and electron microscopy.

Findings

The reactivity of the hydroxyapatite coating varied from partial cation exchange to
dissolution/transformation of the shell. The nature and extent of the reactions depended
significantly on the hydroxyapatite layer structure but was not significantly influenced by the
magnetic core. These novel nanocomposites should be useful for environmental applications.
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1. Introduction

Hydroxyapatite Ca;o(PO4)s(OH); is a mineral phase of complex reactivity [1-3]. Such
a complexity makes it a versatile material, especially for application in the biomedical field
[4,5] and in remediation technologies [6,7]. The latter applications are related to its well-
known ability to immobilize divalent and tri-valent metal ions, either by partial cationic
exchange with calcium ions or via a dissolution/reprecipitation reaction [8-12]

Recently, the possibility to combine the properties of hydroxyapatite with other
inorganic phases within core-shell nanostructures has attracted great attention. For instance,
lanthanide-doped hydroxyapatite/silica  [13], hydroxyapatite/TiO, [14] and
hydroxyapatite/cobalt ferrite [15] core-shell nanoparticles have been studied for fluorescence
imaging, photocatalytic processes and drug delivery, respectively. The association of
hydroxyapatite with iron oxide particles provides a promising method to design sorbents that
combines large sorption capacities and easy recovery via magnetic separation [16,17]. Hence
several iron oxide-hydroxyapatite nanocomposites have been described in the literature [18-
24]. However, the surface reactivity of apatite nanocoatings towards metal ions has never
been studied, despite its primary importance for applications of these materials in remediation
processes.

With this purpose, we have prepared here core-shell Fe;O,@Hydroxyapatite spheres
with various coating thicknesses. These well-defined objects allowed the detailed study of the
surface reactivity towards metals that were selected for their environmental relevance as well
as for their different sizes, charge and reactivity: Pb(ll), a widespread metal pollutant [25]
whose interactions with hydroxyapatite has been widely studied [8-10], Y(I1I) and Eu(lll),
belonging to the rare-earth family that has recently attracted great attention in terms of
resource and environmental impact [26] and Sb(lll), a metal major concern worldwide [27].

A diversity of behaviors ranging from partial cation exchange to full transformation of the



hydroxyapatite structure was observed. The thickness of the coating was shown to impact on
its exchange capacity towards rare earth cations. The contribution of the iron oxide core to
the metal-particle interactions was only observed for Sb(lll) species. Taken together, these
data suggest that these novel core-shell nanoparticles have a high potentiality in

environmental applications.

2. Experimental section

2.1. Preparation of Fe;O,@Hydroxyapatite nanospheres

The synthesis of Fe;0,4 spheres was performed according to a previously described
procedure [28]. FeCls.6H,0 (4.275 g, 17.5 mmol) was dissolved in ethylene glycol (140 mL)
until a clear solution was obtained. Sodium acetate (12.6 g) and polyethylene glycol (3.5 g)
were then added and the mixture was vigorously stirred for 30 min. The solution was
transferred into teflon-lined stainless-steel autoclaves that were sealed and maintained at 200
°C for 10 h. After cooling, the recovered dark powder was washed several times with ethanol.
The hydroxyapatite coating procedure was adapted from previous reports and summarized in
Scheme 1 [15,29]. In a first step, 1 g of the iron oxide spheres was dispersed into 35 mL of a
1 M L-aspartic acid solution at 80 °C for 2 h, then washed with water (sample FeA). The
recovered particles were then dispersed in 100 mL of a 0.06 M (sample FeAH;) or 0.03 M
(sample FeAH,) NH4H,PO, solution. A 100 mL ethanol-water (50:50% v/v) solution 0.10 M
(FeAH;) or 0.05 M (FeAH,) in Ca(OH), was prepared in parallel and slowly added to the
particle suspension over a period of 24 h. The resulting powder was recovered by magnetic
separation, washed with deionized water and dried at 80 °C under vacuum overnight. A
reference hydroxyapatite sample HAp was prepared in the same conditions except for the

absence of FeA in the NH,H,PO, solution.



2.2. Metal-surface interactions

Metal ion solutions with concentrations varying from 0 to 1000 mg.L™ were prepared from
Pb(NO3),.6H,0, Y(NO3)3.6H,0, Eu(NO3)3.6H,0 and KSbC4H,0;.0.5H,0 salts dissolved in
deionized water adjusted with HCI at pH 5, 6, 6 and 4, respectively, to ensure full dissolution.
Kinetics studies were performed in 500 mL glass flasks by adding 0.1 g of the FeAH1
powder to 200 mL of the metal solutions. Batch removal experiments were conducted in 200
mL glass flasks by adding 0.1 g of the different powders to 50 mL of the metal solutions. The
suspension was stirred at 200 rpm over 24 h at 25°C to reach sorption equilibrium. After
magnetic separation, the concentrations of Pb, Y, Eu, Sb in the aqueous phase and the
elemental composition of the sorbents (after dissolution in HCI) were determined by
inductively coupled plasma (ICP) spectrophotometry (Varian 710-ES). Each experiment was

replicated four times.

2.3. Powder characterization

Powder X-ray diffraction (XRD) was performed on a Philips PW131 diffractometer
using Cu Ka radiation. Particle size and charge were measured using dynamic light scattering
(DLS) and zeta potential (£) measurements using a Brookhaven zeta Plus apparatus.
Observation were performed by transmission electron microscopy (TEM) on a JEOL JEM-
2100F operating at 200 kV and scanning electron microscopy (FEG-SEM) on a Hitachi SU70
with energy-dispersive spectrometry (EDX) operating at 5 kV. The magnetic properties were
measured using a vibrating sample magnetometer (VSM) Lake Shore 7410 in an applied

magnetic field of + 20 kOe at room temperature.

3. Results and discussion



3.1. Preparation and characterization of Fe;0,@Hydroxyapatite spheres
The iron oxide spheres before and after hydroxyapatite coating were first observed by

SEM. The initial spheres have diameters ranging between 100 nm and 500 nm and consist of
aggregated nanoparticles, ca. 10-20 nm in diameter (Fig. 1 and Supporting Information).
After mineralization, a layer is deposited on their surface, with protruding rod-like crystals
being evidenced for FeAH;. TEM allows a more detailed observation of the mineral shell,
with crystals adopting a flat configuration on the iron oxide surface (thickness ca. 10 nm) for
FeAH; and a sunflower-like corona (thickness ca. 150 nm) for FeAH; (Fig. 2 and Supporting
Information). DLS analyses indicate that bare magnetite, L-aspartic acid-coated particles
(FeA) and FeAH, have a very similar size distribution (average size: 450 nm; s.d.: 30 nm))
whereas FeAH; particles are larger (average size: 570 nm; s.d.: 30 nm). Zeta potential C is -
20 £ 2 mV for Fe30,4 and decreases to -27 + 2 mV for FeA, confirming L-aspartic adsorption.
After mineralization, C rises to -21 mV £ 2 mV for FeAH; and FeAH,, as expected from the
negative charge of hydroxyapatite near neutral pH.

XRD patterns of the materials confirm that the spheres are composed of magnetite
Fes;04, as indicated by diffraction peaks at 260 = 30.2°, 35.5°, 43.2°, 53.1°, 57.1°, and 62.9°
from the (220), (311), (400), (422), (511) and (440) lattice planes (Fig. 3). These peaks are
retained in the composites, together with new peaks at 20 = 25.9°, 31.8°, 32.2°, 32.9°, 34.1°,
39.8°, 46.7 ° and 49.5° corresponding to the (002), (211), (112), (300), (202), (310), (222)
and (213) planes of hydroxyapatite Ca;o(PO4)s(OH)s.

ICP analysis of the dissolved powders (Table 1) indicates that the experimental Ca/P
molar ratio is 1.63 £ 0.05 and 1.70 + 0.05 for FeAH; and FeAH,, respectively, close to the
stoichiometric ratio (1.67) of HAp. Furthermore, the Fe/P molar ratio is 2.15 + 0.05 for

FeAH; and 4.15 + 0.05 for FeAH,, in reasonable agreement with the calculated Fe/P molar



ratios from the synthesis, i.e. 2 and 4 respectively. As the analyzed powder was recovered by
magnetic separation, it implies that hydroxyapatite precipitation occurred almost completely
on the surface of Fe;O4 particles.

The magnetic properties of the pure magnetite and FeAH; composite were recorded at
room temperature. As shown in Fig. 4, the two curves present extremely low coercivity and
remanence, meaning that the powders exhibit a superparamagnetic behavior. This is expected
for the 10 nm-large magnetite nanoparticles forming the spheres [28], and the hydroxyapatite
shell has no effect on this behavior. The FeAH; has a saturation magnetization (Ms) of 43.9
emu.g™, which is ca. 49 % of that of pure magnetite (89.9 emu.g™*) [30], in agreement with

the composition of this sample, i.e. with a Fe;04,:HAp weight ratio of 1:1.

3.2. Surface reactivity of Fe;0,@Hydroxyapatite nanospheres

To investigate the surface properties of the apatite layer in detail, four inorganic species of
environmental relevance and exhibiting various chemical properties were selected. Samples
were designated as Pb-, Y-, Eu-, and Sh- groups.

In a first step, interactions between metal ions and the composite FeAH; powder were
investigated via kinetics studies. Two different behaviors were observed depending on the
considered inorganic species. For Y and Eu, a fast reduction in the metal content of the
solution was observed within ca. 2 h and a plateau as reached after 6-7 h (Fig. 5a). For Pb
and Sb, the depletion process was also very fast in the first hour of contact and then
proceeded more slowly but continuously over a 24 h (Fig. 5b). This trend was particularly
evident for antimony. These first results suggest that the reaction responsible for metal
removal from solution in the case of Pb and Sb is not a simple adsorption processes.

To investigate further the metal-composite interactions, the removal ability of the different

materials was studied as a function of metal concentration after a 24 h contact time. The



removal of lead ion from aqueous solutions was first studied. As shown in Fig. 6a, a very
efficient depletion in Pb(I1) was observed for HAp, FeAH; and FeAH, followed by a plateau
at 1.20 + 0.01 mmol.g?, 1.55 + 0.01 mmol.g™ and 1.30 + 0.01 mmol.g™, respectively.
Noticeably, the pure magnetite spheres did not show any significant effect on lead depletion.
As shown in Fig. 7a, after contact with the Pb(ll) solution, new peaks are present in the XRD
patterns of both Pb-FeAH; and HAp, that could be attributed to the formation of
hydroxypyromorphite Pb;o(PO4)s(OH),. In parallel, SEM imaging demonstrates the presence
of micron-size acicular crystals associated with the composite particles, that were also
observed in the Pb-HAp sample (Fig. 8a,b). EDX analysis of these crystals shows high P and
Pb content and only traces of Ca (Supporting Information), in agreement with the
precipitation of hydroxypyromorphite Pb;o(PO4)s(OH)s.

As already well-documented in the literature [8,31], this reaction can occur in a two-
step process involving the surface dissolution of hydroxyapatite that releases phosphate and

hydroxyl ions (Eq. 1), followed by hydroxypyromorphite precipitation (Eg. 2):

Cayo(PO4)s(OH), + 3 H,0 = 10 Ca®* + 6 HPO,* + 8 OH™ (1)

10 Pb?* + 6 HPO,® + 8 OH™ = Pb1g(PO4)s(OH), +3 H,0  (2)

The occurrence of this reaction is supported by the fact that the final (Ca+Pb)/P molar
ratio, as obtained by ICP, do not significantly vary from the initial Ca/P ratios in the HAp and
composite structures (Table 1). In addition the (Ca+Pb)/Fe ratio is similar to the initial Ca/Fe
ratio, indicating that the precipitation process is occurring at the magnetic sphere surface
without perturbation of the core material. It is interesting to calculate the lead removal

capacity of the materials per g of hydroxyapatite. The obtained values are 1.2, 3.6 and 3.9



mmol.g™* for HAp, FeAH; and FeAH,, respectively, suggesting a larger surface reactivity of
the hydroxyapatite coatings in the composites compared to the HAp powder.

The isotherms of Y(III) removal showed a similar trend as Pb(Il) ones, i.e. large
depletion at low yttrium amount followed by a plateau (Fig. 6b). The maximum removal is
obtained with HAp (1.88 + 0.01 mmol.g™). The composites show close reactivity (1.05 +
0.01 mmol.g-*and 0.89 + 0.01 mmol.g™"). However, no new peak was evidenced on the XRD
pattern after adsorption (Fig. 7b), and no additional precipitation was observed by SEM (Fig.
8c and Supporting Information). The ICP data indicates a (Ca+Y)/P molar ratio of ca. 1.5
(Table 1) indicating that the underlying process is not limited to Y (I1I) adsorption, that would
lead to an increase of this ratio compared to the initial Ca:P value, but rather suggests an

ionic exchange between Ca(ll) and Y(I11) (eq. 4):

Cayo(PO4)s(OH), + X Y3 = Caio-312x Yx(PO4)s(OH)2 + (3/2)x Ca*

(4)

Taking into account that the magnetite particles alone did not exhibit any Y(III)
sorption capacity, the removal capacity per g of HAp can also be calculated from the plateau
of the isotherms. This leads to 1.9 mmol.g-*, 2.1 mmol.g-* and 2.6 mmol.g-*for HAp, FeAH;
and FeAH,. In this situation, the exchange capacity of the hydroxyapatite structure is not
significantly modified within the FeAH; composite but increases for FeAH,.

A similar ion exchange is expected to occur in the presence of Eu(lll) (eq. 5):

Calo(PO4)6(OH)2 + X EU3+ = Calo_(g/z)xEUX(PO4)5(OH)g + (3/2)X Ca2+ (5)



Eu(lI) removal was observed in solution for HAp and the two composites (Fig. 6c),
but not for Fe;0,. No additional peak was identified on the corresponding XRD patterns (Fig.
7b) and no additional phase was observed by SEM (Supplementary Information). Removal
efficiency was 1.25 + 0.01, 0.85 + 0.01 and 1.10 + 0.01 mmol.g™ for HAp, FeAH; and
FeAH,, respectively, corresponding to removal capacities per g of hydroxyapatite of ca. 1.2,
1.7 and 3.3 mmol.g™. This confirms the results obtained with Y(I11) suggesting that the thin
hydroxyapatite coating of FeAH; is more suitable for rare-earth incorporation than the thicker
coating of FeAH3, both of which being more reactive than the HAp powder.

A different situation was met when the different powders were added to the Sb(lll)
solutions. Antimony removal was observed for all materials, including Fe;O4 spheres, but the
process was more progressive than for the previous metallic species (Fig. 6d). HAp and
FeAH; showed similar efficiency whereas FeAH, had a distinctly lower removal ability.
XRD data indicate that the magnetite structure was not modified by the presence of Sb(lll)
species (Fig. 7a), suggesting that the antimony-iron oxide interaction corresponds to surface
adsorption. In contrast, the characteristic peaks of the hydroxyapatite structure disappeared
almost entirely for HAp and FeAH; and new peaks corresponding to Sb,O3 (senarmontite
phase) were present. An additional peak at 26 = 11.5° was attributed to CaHPO, although it
is not possible to firmly confirm this attribution. In parallel, ICP indicates a very significant
increase of the (Ca+Sbh)/P molar ratio and, more remarkably, of the Fe/P molar ratio
indicating a complete modification of the mineral phase composition and confirming the
disappearance of the hydroxyapatite coating (Table 1). Accordingly, SEM imaging indicate
the presence of large crystalline particles, up to 20 um in length, coated with spherical
particles whose size corresponds to the magnetite spheres (Fig. 8e,f and Supplementary

Information)
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The Sb(lll) has a strong tendency to hydrolyze, resulting in the formation of ShO",
Sb(OH)3 and Sh(OH)4 [32]. These are the predominant Sb species in the solution over the
pH range used in our experiments. Based on the literature [33], it is possible to propose that

after hydroxyapatite dissolution (eq. 6), the following reaction occurs:

3 Ca** + 3 HPO,* + 4 ShO* + 4 OH- = 3 Ca(HPO,) + 2 Sh,03 + 2 H,0 (6)

Combined with eq. 1, one obtains the following reaction (eq. 7):

Calo(PO4)6(OH)2 + X ShO™ + x/4 H,O = x/2 Sh,O; + 3x/4 C&(HPOA,) + (1-

X/8)Ca1g(PO4)s(OH), + x/2 Ca** (7)

In the case of HAp, the maximum removal is 4.00 + 0.02 mmol.g™. For FeAH; and
FeAH,, the maximum removal efficiency is 4.00 = 0.02 mmol.g'1 and 1.00 + 0.02 mmol.g'1
but this value may include Sh(lll) sorption on iron oxide. However, magnetite particles alone
remove 0.33 + 0.02 mmol.g" of antimony species. Therefore Sb removal by the
hydroxyapatite layer should be ca. 7.6 mmol and 2.6 mmol per g. These values can be
converted into Sh/Cayo(PO,4)s(OH), molar ratios that correspond to x values in eq. 7. This
leads to x = 4, 7.6 and 2.5 for HAp, FeAH; and FeAH; respectively. Noticeably, eq. 7
indicates that hydroxyapatite is completely converted into Sb,O3 and Ca(HPQO,) for x = 8.
Therefore it is expected that the hydroxyapatite coating of FeAH; is almost fully converted
into Ca(HPO,) in the presence of Sh(lll), in agreement with the XRD data and SEM images.

Overall three different situations are met. For lead ions, a surface reaction takes place
where dissolution of hydroxyapatite occurs and the released hydroxyl and phosphate ions

interact with Pb®" to precipitate hydroxypyromorphite. In this situation, FeAH; and FeAH,

11



behave similarly and are more reactive than HAp. This can be related to the lowest
crystallinity of the hydroxyapatite coatings compared to bulk HAp, that makes them more
prone to dissolution. For the two rare-earth (RE) ions, a substitution of calcium ions by
Eu(llT) and Y(I11) in the apatite structure is evidenced. In this situation HAp and FeAH; show
similar behavior whereas FeAH, shows higher substitution rate. This reaction should involve
both RE ion diffusion to the surface of the hydroxyapatite crystals and their solid-state
substitution. The former should be sensitive to the accessibility of the mineral surface. It can
therefore be suggested that the dense organization of hydroxyapatite crystals on the iron
oxide particles observed for FeAH; by TEM limits the ionic diffusion through the whole
coating thickness whereas RE*" have easy access to the whole hydroxyapatite surface in the
flat coating of FeAH,. This hypothesis is strengthened by the fact that the difference between
the two composites is more particularly significant for Eu(lll) ions, that have a larger ionic

radius than Y(III).

Finally, in the case of Sb(lll), the surface dissolution of hydroxyapatite leads to OH"
release that induces the precipitation of Sh,O3; and the acidification of the medium. In this
condition, CaHPO, is the most stable calcium phosphate phase. In the case of FeAH1, this
reaction proceeds until almost entire coating dissolution. The lowest conversion is observed
for FeAH, and HAp represents an intermediate situation. Whereas the difference between
FeAH; and HAp can also be related to faster dissolution due lower crystallinity, the poor
reactivity of FeAH, is more difficult to understand. One possible explanation is that the
precipitation phenomenon, as observed by SEM, reduces the accessibility of the particle
surface. In parallel it must be noticed that this is the only situation where the metal species
also interact with the iron oxide surface so that some competition may exist between SbO™-

Fes304 and SbO*-HAp interactions.
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4. Conclusions

The association of iron oxide and hydroxyapatite at the nanoscale leads to magnetically-
recoverable core-shell particles exhibiting strong affinity for several metallic species. The
ability of these particles to remove toxic species from aqueous solutions is equivalent if not
greater than the hydroxyapatite alone, as an effect of the lower crystallinity and higher
surface accessibility of the calcium phosphate coating. In only one situation (i.e. SbO™) did
the iron oxide core was involved in the nanocomposite reactivity. Hence the ability to
combine magnetic and sorbent materials within single objects appears as a promising route to
design efficient colloidal systems for remediation. In particular, the formation of
hydroxyapatite nanocoatings on large iron oxide beads is advantageous compared to
hydroxyapatite nanoparticles as it limits aggregation phenomena that decrease the accessible
reactive surface [34] and it also provides a product that is more easily and safely handled
[35]. In addition, compared to previous reports, the dimensions of the two phases can be
easily tuned [16,20-22]. Indeed, these nanocomposite powders should now be evaluated with
more realistic contaminated waters, not only to evaluate their potential for application but

also to investigate further the complexity of the hydroxyapatite nanolayers reactivity.
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Appendix A. Supplementary material
Supplementary data associated with this article can be found, in the online version, at

http://dx.doi.org/10.1016/XXXX.
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Table 1. Molar ratio of various elements in the different samples before and after contact

with metal ions (M = Pb, Y, Eu or Sb) as determined by ICP analyses. Values are given with

a+ 0.05 error.

[Ca+M]:P Fe: [Ca+ M]: Fe
HAp 1.67 - -
Pb-HAp  1.68 - -
Y-HAp 1.46 - -
Eu-HAp  1.52 - -
Sb-HAp  4.68 - -
FeAH; 1.63 2.15 0.75
Pb-FeAH; 1.71 221 0.74
Y-FeAH; 1.46 1.97 0.74
Eu-FeAH; 1.66 2.27 0.73
Sb-FeAH; 7.22 5.37 1.34
FeAH, 1.71 4.15 041
Pb-FeAH, 1.73 4.27 041
Y-FeAH, 1.50 4.03 0.39
Eu-FeAH, 1.60 4.02 0.39
Sb-FeAH, 2.98 6.10 0.49
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Scheme 1. Synthetic pathway to Fe;O,@Hydroxyapatite spheres

Fig. 1. SEM images of (a) as-synthesized iron oxide particles, (b) FeAH, and (c,d) FeAH;

(scale bar = 500 nm except for (d) = 200 nm)

Fig. 2. TEM images of (a) HAp, (b) FesO4, (c) FeAH, and (d) FeAH; (scale bar = 100 nm

except for (b) = 200 nm)

Fig. 3. XRD patterns of Fe3O, spheres, FeAH,, FeAH; and HAp. Characteristic diffraction

peaks of (0) Fe30y, (o) Caig(PO4)s(OH)s.

Fig. 4. Magnetization curves at 298 K of Fe304 and FeAH;.

Fig. 5. Kinetics of metal removal (ge) from aqueous solutions in mmol of (a) Y(IIl) and

Eu(l1l) and (b) Pb(I1) and Sh(l1) per g of FeAH;.

Fig. 6. Metal removal (ge) from aqueous solutions in mmol of (a) Pb(ll), (b) Y(IlI), (c)

Eu(l1) and (d) Sb(l11) per g of HAp, FeAHy, FeAH, and Fe30,.

Fig. 7. XRD patterns of powders after contact with (a) Pb(Il), Sb(lI1) and (b) Y (I11), Eu(ll)
Characteristic diffraction peaks of (o) Fe304, (o) Caio(PO4)s(OH)2, (@) Pb1g(PO4)s(OH),, (#)

senarmontite Sh,03, (¢) CaHPO,4. The XRD of HAp was added on (b) for sake of clarity.

Fig. 8. SEM (except (d), TEM) images of (a) Pb-HAp, (b) Pb-FeAH,, (c) Y-FeAH,, (d) Eu-

FeAHy, (e) Sb-HAp and (f) Sb-FeAH;
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