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ABSTRACT: Zirconia-hydroxyapatite nanocomposites were prepared by sol-gel deposition of
zirconium oxide from a zirconium alkoxide in the presence of apatite colloidal suspension under
ultrasonication. The material porosity evolves from mainly microporous zirconia to mesoporous
hydroxyapatite, with decreasing surface area and increasing pore volume. XRD studies indicate that the
apatite phase is well-preserved within the composite materials. The homogeneous dispersion of apatite

colloids within the zirconia network was supported by TEM observations and nitrogen sorption
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measurements. 3'P solid-state NMR studies suggest that partial dissolution of apatite may have occured
during the preparation, leading to the adsorption of phosphate species on zirconia particles. This is
confirmed by XRD studies of nanocomposites after thermal treatment that demonstrate the preferred
formation of tetragonal over monoclinic ZrO> in the presence of hydroxyapatite. In order to investigate
the surface properties of these novel materials, the adsorption of Pb?*, Cr** and Cr,O7* was evaluated.
Metal cations were preferentially adsorbed on apatite-rich composites whereas Cr,07% shows a good
affinity for the zirconia-rich phases. Zirconia-apatite materials showed the most promising performance
in terms of recyclability. These nanocomposites that combine microporosity, mesoporosity and dual
sorption properties for these species appear as interesting materials for metal ion remediation and may

also find applications as biomaterials.

1. INTRODUCTION

Hydroxyapatite Caio(PO4)s(OH), is a mineral, mainly of biogenic origin, with a complex bulk and
surface reactivity, including cation-exchange, phosphate and hydroxyl substitution, Lewis and Bronsted
acid/base reactivity.!* Moreover, at the nanoscale, hydroxyapatite exhibits an hydrated amorphous
calcium phosphate (ACP) layer,> ! with high dissolution/exchange capacity.!!"!* Such a strong reactivity
has a major impact in vivo as it may be involved in the fixation of metal ions in bone with severe
pathological implications.!*!¢ In parallel, it is possible to take benefits of metal-apatite affinity in the
field of environmental remediation.!”!8
The association of hydroxyapatite with metal oxides for biomedical purposes has already been widely

2022 3lumina-,?3? titania->6-2® and zirconia-based?*-3!

described in the literature.!” In particular, silica-,
composites have been studied for the design of bioceramics mainly due to their enhanced chemical and
mechanical stability compared to the pure apatite phase. In contrast, very few studies considered the
application of such materials as sorbents.??>-* Such apatite-based composites are easily accessible in a
dense form starting from mixture of metal oxide and apatite micrometric or nanometric powders via

high pressure/temperature treatments®>*¢ or spark plasma sintering.3”-*® However, the access to porous

materials is of primary importance for the design of biomedical scaffold or for remediation purpose. In
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this situation, soft chemistry routes may be preferred but they face a real challenge due to various
conditions of formation and stability of the apatite and metal oxide phases. For instance, calcium ions
easily form stable phases with metal oxides, such as CaSiO4,* CaTiO3* or CaZrOs3*' whereas
phosphate ions have also a strong affinity for transition metal cations. Therefore several byproducts may
be formed when preparation is performed from ionic precursors. Another key parameter is related to the
different pH ranges of formation or stability. In particular, hydroxyapatite is easily converted into [3-
tricalcium phosphate phase if pH conditions are too acidic.!> Finally, colloidal approaches are limited
by the poor dispersion of apatite nanoparticles in solution that require surface modification to achieve
suitable stability.*>43

In this work, we describe a novel alternative sol-gel-based approach relying on the in sifu formation of
a metal oxide gel from a metal alkoxide, in the presence of pre-formed apatite nanoparticles. We
selected zirconia due to its high chemical and mechanical stability and wide applications in the field of
biomaterials.*¢ Alternative soft chemistry route were proposed either based on the precipitation of apatite
in the presence of pre-formed ZrO; colloids or on apatite-zirconia co-precipitation, but these approaches
were limited to low zirconia content.*’*® The reaction was performed under sonication to insure a good
dispersity of the apatite colloids prior gelation. These materials are micro- and mesoporous over a wide
range of composition, which make them promising materials for biomedical applications.!® In terms of
surface properties, they very interestingly combine the affinity of apatite for cationic species and that of
ZrO; for polyanions, making them the first materials to date with good binding properties for both Cr**

and Cr,O7* ions, a promising property for future developments in metal remediation processes.*’
p g property P p

2. EXPERIMENTAL SECTION

2.1. Nanocomposite synthesis. The apatite powder (HAp) was prepared by neutralization of
Ca(OH), with NH4H2POj4 in water following a previously-described procedure.’® Addition of 0 to 3.268
g of the apatite powder to 12 mL of a 20 wt% Zr(OCH(CH3)2)4 solution in 1-propanol’! was performed

under sonication in a X-tra 35 kHz thermostated ultrasound bath (from Fisher Bioblock) at a working
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power of 160 W for 30 minutes. Then, ammonium hydroxide (30 wt% in water) was added dropwise
until pH 10.5 and sonication was left to proceed over 90 minutes. The resulting precipitates were
recovered by centrifugation, thoroughly washed with deionized water and dried overnight in an oven
operating at 120°C. Samples were named after the ZrO>:HAp weight ratio ZH (see Table 1). Further

thermal treatments were performed at 900°C.

Table 1. Apatite content (HAp), specific surface area (Sger), porous volume (Vp) and average pore
size (Dp) from BJH model and average micropore size (Dm) from HK model of pure phases (ZrO, HAp)

and nanocomposites

Sample HAp SBET Vp D, D
() (m*.g') (cm’.g') (nm) (nm)
ZrO; 0 293 0.19 1.2 0.84
ZH4 0.204 293 0.26 1.2 0.66
ZH?2 0.408 296 0.30 1.2 0.56
ZHI 0.817 267 0.32 1.8 0.54
ZH0.5 1.634 235 0.38 1.8 0.56
ZH0.25 3.268 218 0.39 1.8 0.46
HAp - 102 0.54 6.9 0.46

2.2. Characterizations. The behaviour of apatite colloids in solution was studied by Dynamic Light
Scattering (DLS) performed on a ZetaPlus equipment (Brookhaven Instruments Inc.). The crystalline
phases were identified using a powder X-ray diffractometer (XRD) (Philips PW131 diffractometer). The
N> adsorption-desorption isotherms for dried powders were obtained by multi-point N> gas sorption
experiments at 77 K using a Belsorb instrument. The specific surface areas were calculated according to
the Brunauer—Emmett-Teller (BET) method using adsorption data in the relative pressure range from

0.05 to 0.25. The average pore size was estimated using the Horvath-Kawazoe (HK) model in the
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microporous range while pore volume and pore size distribution were determined using the Barret—
Joyner—Halenda (BJH) approximation in the mesoporous range. Scanning electron microscopy (SEM)
was performed on gold-coated powders on a JEOL JSM-5510LV operating at 20 kV. Transmission
electron microscopy (TEM) was performed on a Tecnai Spirit G2 operating at 100 kV.

Solid-state MAS NMR studies were performed on an Avance III 700 Bruker spectrometer at a
frequency of 283.42 MHz for 3'P nucleus. Spectra were recorded using a 3.2 mm trigamma Bruker
probe (MAS frequency, 14 kHz). In the case of Cross-Polarization (CP MAS) and HPDec MAS
experiments, High Power Decoupling was applied during acquisition (spinal 64, vin=50 kHz). {'H}-3'P
HPDec MAS NMR spectra were recorded using 30° pulse, recycle delay of 10 s and NS, 128. {{H}-3'P
CP-MAS NMR experiments were carried out using 90° pulse, recycle delay of 3 s, a contact time tcp of
2 ms and NS, 280, except for time variation experiments where ¢cp varies from 0.1 ms to 10 ms and NS,
560. A line broadening (LB) of 10 Hz was applied for both {'H}-3'P HPDec MAS and CP MAS spectra
processing.

2.3. Metal-binding experiments. Metal ion solutions with concentrations ranging from 0 to 1000
mg.L! were prepared from Pb(I)NO3, Cr(NO3)3.9H>0 and K>Cr,O7 salts dissolved in distilled water at
pH 5, pH 4 and pH 3 (adjusted with HNO3), respectively, to assure full dissolution. This range of
concentration was selected to include commercial wastewaters content (10-20 mg.L')’? and was
extended to higher concentrations to determine full sorption isotherms. 0.2 g of the different materials
were added to 100 mL of these solutions and stirred at 25°C over 3 h (lead) or 6 h (chromium) to reach
sorption equilibrium. After centrifugation, the metal content of the supernatant was determined by ICP.

Isotherms were analyzed using the non-linear fitting of experimental points with the Langmuir
equation (eq. 1):

— q(:‘, maXKCe

1
1+KC, (1

q.



where ¢. is the amount of sorbed metal at equilibrium (mg.g!'), gemax is the maximum sorption
capacity (mg.g!), K is the equilibrium constant of the adsorption reaction and C. is the equilibrium
concentration of metals remaining in solution (mg.L")

Recycling experiments were performed from materials previously put in contact with 25 mg.L"!
solutions of Cr(NO3)3.9H>0 and K>Cr207 in acidic conditions, as decribed above (first adsorption step).
The resulting wet powders were placed in 100 mL of deionized water with pH adjusted to 9 and 11 (with
NaOH) overnight. After centrifugation, the supernatant was analyzed by ICP (first desorption step). The
recovered powders were dried overnight at 100°C and used for a second round of adsorption/desorption
steps. The desorption rate was calculated as the ratio of metal in the supernatant over the metal content
of the sorbent after adsorption. The second adorption rate was calculated as the ratio of metal on the

sorbent after the second adsorption experiment over the metal content of the sorbent after desorption.

3. RESULTS AND DISCUSSION

3.1. Preparation of the nanocomposites. In order to set up the synthesis protocol for ZrO>-HAp
nanocomposites, we first hypothesized that a co-precipitation of ZrO> and HAp from ionic and
molecular precursors would lead to the formation of zirconium phosphate or calcium zirconate as
byproducts. For this reason, we decided to start from HAp nanopowder dispersion and induce ZrO>
formation through a sol-gel process. However, bare HAp sols are prone to fast precipitation so we tried
to perform the zirconia gel formation under sonication.

In a first step, the dispersion and stability of apatite particles in the solvent of the zirconium alkoxide
precursor, i.e. 1-propanol, was studied by DLS. Solutions of apatite content varying from 0.1 mg.mL"! to
1 mg.mL"! were prepared and sonicated during 5 to 30 min. As shown in SI-1, large particle aggregates
were evidence for concentrations above 0.5 mg.mL! after 30 min and the settling time, as indicated by
the decay of the diffusion signal intensity, occurred within 5 minutes post-sonication. In contrast, for a
0.25 mg.mL"" after 30 min, the main population consisted of colloids ca. 100 nm in size and was stable

over 15 min.



The following issue of this process was to reach final HAp:ZrO; ratios in the 10-90 % range. A first
series of attempts were made by keeping a fixed HAp content and varying the zirconium alkoxide
concentration. However, it was observed that the presence of apatite colloids had a strong impact on the
formation of the zirconia network, slowing down the kinetics of gel formation from a few minutes to
several hours for the lowest zirconium alkoxide concentration. On this basis, the alkoxide concentration
was fixed, variable amounts of apatite powders were added and their dispersion/stability was studied
after 30 min of sonication. DLS analyses indicated that the presence of the zirconium alkoxide has a
significant impact on the apatite dispersion after sonication although moderately impacting its stability
(SI-1). For this reason sonication was maintained during the addition of the ammonium hydroxide
solution. It is worth noting that similar sonication conditions have been previously reported for the
preparation of yttrium-stabilized zirconia particles in ethanol.>?

Under these conditions, zirconia gel formation occurred instantly, suggesting that the apatite particles
are trapped within the ZrO; network. However, this gel was rapidly converted into a precipitate that
settled if sonication was interrupted at this stage. Taking into account that the sol-gel reactions involve
complex dissolution/reprecipitation, ripening and structural reorganization steps upon ageing, it was
found more appropriate to maintain sonication over a longer time period (i.e. 90 min).

Taking all these parameters into account, the reaction was performed as summarized in Scheme 1. The
apatite powder was added to the Zr(OCH(CH3)2)4 in 1-propanol solution under sonication for 30 min to
ensure the suitable dispersion of the particles. The mixture pH was then raised to pH 10.5 and sonication
was continued. A gel was formed within the first minutes after ammonia addition that was converted
into a particulate suspension. After 90 min sonication, a homogenous precipitate was recovered and

dried at 120°C.



HAp *')

sonicator

Zr(OPr), in n-PrOH

Scheme 1.  Overview of the synthetic route to zirconia-hydroxyapatite (HAp) nanocomposites

3.2. Nanocomposite characterization. In a first step, the resulting powders were analyzed by XRD
to check the influence of the synthetic procedure on the apatite structure and to identify the zirconium
phase. As shown in Figure 1, the apatite-free powder exhibits a broad diffraction peak centered at 20 =
31.5 © together with two overlapping large signals at ca. 50° and 60°. It can be suggested that this
corresponds to an amorphous precursor zirconium oxyhydroxide phase>* or to ZrO> nanoparticles with
very small coherence domains. As far as the initial HAp powder is concerned, its XRD diffractogram
corresponds well with the expected features of the hydroxyapatite structure from the JCPDS file (09-
0432). As the ZrO>:HAp ratio increases, the diffraction peaks corresponding to the HAp structure
become merged into the broad peaks of the zirconium phase. However, the most intense HAp peaks are
still visible for the ZH4 sample while no additional diffraction peaks appears, suggesting the

preservation of the apatite structure in all conditions.

Intensity (a.u.)

e

10 20 30 40 50 60
26 (°)

Figure 1. XRD diffractograms of ZrO2, HAp and nanocomposites after overnight drying at 120°C
8



The nanocomposites were then investigated by electron microscopy to check the homogeneity of
the samples and, more particularly, to study the dispersion of apatite colloids within the zirconia
network. On the basis of SEM, the powders of apatite-free Zr phase and initial apatite were almost
indiscernible, consisting of particle aggregates ranging from 100 nm to several microns (SI-2). As a
result, SEM images of nanocomposite powders did not bring clear information about the material
structure. In contrast, TEM images of pure phases were clearly distinct, as the ZrO; phase consists of
large aggregates of amorphous particles ca. 10 nm in size whereas the apatite phase is composed of rod-
like particles ca. 50 nm in length (Figure 2). The two morphologies are seen to co-exist in
nanocomposite structure and, at higher magnification, it is possible to visualize apatite rods buried

within the zirconia matrix (Fig. 2 and Fig. SI-3)

= i A
4 | . a

Figure 2. Selected TEM images of ZrO>, HAp and nanocomposites (scale bar = 100 nm, except for

ZH1 where scale bar = 20 nm and arrows indicate apatite nanorods buried in the zirconia matrix)



In a step forward, the porous features of the nanocomposites were investigated (Figure 3). ZrO and all
composite materials exhibit a type IV hysteresis indicating that the nanocomposites exhibit
mesoporosity.> (Fig. 3a and Fig. SI-4). The ZrO phase shows a significant microporosity and narrow
hysteresis. Low apatite content preserves the microporosity but some mesoporosity becomes more
evident, as indicated by the widening of the hysteresis. With higher apatite content, the microporosity
decreases and the mesoporosity increases. The isotherm of pure HAp appears as a limit case between
type IV and type V isotherms, suggesting a weak interaction between nitrogen gas and the apatite
surface.> Application of the BET and BJH models indicates that the ZrO, phase exhibits a large specific
surface area (ca. 300 m?.g™") and low porous volume (ca. 0.2 cm3.g!) whereas HAp has a lower specific
area (ca. 100 m?.g’!) but higher porous volume (ca. 0.55 cm?®.g™!) (Table 1). Introduction of small apatite
content within the Zr-phase does not modify the specific surface area but increases the porous volume.
For ZH1, the specific surface area decreases whereas the porous volume reaches a plateau for ZH2. The
composite obtained with the highest apatite content (80 w%) exhibit higher Sper and lower V), than the
pure apatite. BJH distribution indicates that ZrO; structure has a pore size range below 2 nm whereas
apatite introduction leads to the presence of a novel pore population centered at ca. 5 nm whose relative
contribution to the total porous volume increases with apatite content (Fig 3b). As a comparison, the
initial HAp powder exhibits a broad pore distribution centered at 9-10 nm. Indeed application of the
BJH model to these systems suffers from two limitations. First, it is not fully adapted when
microporosity is present. To overcome this problem, the sorption isotherms were also analyzed using the
HK model. This method gives access to the average pore size distributions in the microporous range Dy,
that are reported in Table 1. These data clearly indicate that micropores are present in the materials, with
size decreasing from ca. 0.85 nm to ca. 0.45 nm with increasing apatite content. Such a D,, value of ca.
0.45 nm is also found for pure HAp, suggesting that the apatite phase also exhibits some microporosity.
Another limitation of the BJH model is that it considers a network of cylindrical pores that may not
correspond to the structural complexity of the here-studied systems. To check this, we have used the

model developed by Innes that can be applied to a parallel plate morphology.>® As indicated in Table SI-
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5, the results are very similar to those obtained through the BJH model, therefore validating our analyses
of the materials in the mesoporous range. Overall, the incorporation of apatite particles introduce
mesopores within the mainly microporous network of the zirconium phase. Noticeably, the narrow pore
size distribution resulting from apatite particles suggest that they are homogeneously dispersed in the

ZrO; matrix, in agreement with TEM data.

@) 0.12
e 350 (b) zro,
© 300 0.1 ZHa
S ZH1
5 20 0.08 |
£ 200 [a ZH0.25
> E 0.06 HA
= p
o 150 3 : :
> 0.04 increasing HAp content
2 100 U
2
3 50 0.02 |
©
< 0 \ \ \ 0 ‘
0 02 04,,06 08 1 1 10 100
0 Pore diameterD (nm)
Figure 3. (a) N2-sorption isotherms and (b) pore size distribution from BJH calculation for ZrO,,

HAp and selected nanocomposites

In a step further, it was important to investigate in more details the nature of the interface between
ZrO, and apatite crystals using 3'P MAS NMR techniques (Figure 4). The {'H}-*'P HPDec MAS
spectra of the pure apatite shows a main peak at 2.7 ppm, characteristic of the phosphorus atom of
phosphate groups in the apatite structure (Fig 4a).>!° A similar signal was obtained for all samples but
its intensity decreases with decreasing apatite content (i.e. increasing ZH). In addition, a broad signal of
low intensity was present in the 0-5 ppm region, in agreement with previous reports on phosphate
groups located in the amorphous calcium phosphate layer (ACP) associated with nanocrystalline
apatites.>!* Finally, for ZH4, additional signals were found in the (-20)-(-25) ppm region. Further
analysis of this ZH4 sample was performed by {'H}-3'P CP MAS experiments at increasing contact time
(Fig. 4b and SI-6). These experiments allow a better identification of the signals at -19.5 ppm, -20.5

ppm, -22.3 ppm and -24.7 ppm that have been reported to correspond to HoPO4~ and/or HPO4? adsorbed
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on zirconia surfaces or forming Zr(HPO4).xH>O phases.>’>° The 0-5 ppm broad region was more clearly
resolved with at least two peaks at ca. 0 and 3.5 ppm and an additional signal at — 4.2 ppm. Because
these signals were not clearly evidenced in the {'H}-*'P HPDec MAS spectra, they should correspond to
protonated phosphate species, in particular HPO4?>, that have also been identified in the ACP layer.>-!°
This attribution could be supported by studying the variations of the intensity of the different signals as a
function of contact time zcp (Fig. 4c and Fig. SI-7).% All signals except the 2.7 ppm one exhibit a fast
rise, indicating short P...H distances, as expected for H,PO4 and/or HPO4? species, followed by a T,
relaxation-induced decay. In contrast, the 2.7 ppm signal of bulk apatite PO4*- groups shows continuous
increase with tcp, as expected for large P...H distances (i.e. interaction with the hydroxyl group of the
HAp structure). Taken together, these data indicate that the ZH4 sample contains phosphate groups
belonging to the crystalline core and amorphous hydrated layer of HAp nanoparticles together with
H>PO4 and/or HPO4* groups interacting with Zr(IV) species. As no free phosphate group is present in
the initial apatite suspension, they should originate from the dissolution of the apatite colloids during the
material preparation process and become incorporated within, or are adsorbed on, the growing ZrO»
colloids. Note that the precipitation of a zirconium phosphate phase cannot be put aside on the sole basis
of the NMR data. One intriguing observation is that this phenomenon is only apparent for ZH4, i.e. for
the highest zirconium:apatite ratio. Although this observation is difficult to explain at this time, it can be
suggested that the zirconium species play an active role in the apatite dissolution process due to their

high affinity for phosphate species.
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Figure 4. (a) {'H}-3'P HPDec MAS spectra of HAp (with red lines indicating deconvolution) and
nanocomposites, (b) selected {'H}-3'P CP MAS spectra of ZH4 as a function of contact time #cp from

0.1 ms (top line) to 10 ms (bottom line, with red lines indicating deconvolution) and (c) evolution of the
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normalized intensity of selected signals as a function of #cp as obtained from (b). Titled x-axis for (a)

and (b) and plain lines on (c) are for eye guidance only.

The results obtained from the NMR data suggested that the apatite structure was well-preserved within
the nanocomposite materials. It was also important to identify any effect of the presence of apatite on the
zirconia phase. With this purpose, selected samples were heated up to 900°C and studied by XRD
(Figure 5). For the apatite sample, peak narrowing is observed and no other calcium phosphate phase
differing from HAp (JCPDS 09-0432) is appearing. For the pure ZrO,, all peaks can be attributed to the
monoclinic m-ZrO> phase are apparent (JCPDS 37-1484). In contrast, for ZHI materials, main
diffractions peaks belong to the tetragonal #-ZrO, phase (JCPDS-17-0923), although the presence of m-
ZrO in small amounts cannot be put aside due to possible overlap with peaks of the HAp phase.
Noticeably, no diffraction peak corresponding to zirconium phosphate phases could be identified.
Moreover, the formation of #-ZrO; is in agreement with previous reports showing that phosphate ions
could influence the crystallization of ZrO; from zirconium hydroxide.®® Coming back to our previous
hypothesis based on NMR data, these experiments suggest that released phosphates are incorporated

within the growing ZrO: colloids during the sol-gel reaction.

Intensity (a.u.)
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Figure 5. XRD diffractograms of HAp, ZH1 and ZrO; after thermal treatment at 900°C. h, t and m
corresponds to diffraction peaks from hydroxyapatite, -ZrO, and m-ZrO», respectively, as obtained from

corresponding JCPDS files.

3.3. Metal ion sorption experiments. To investigate in details the surface properties of composite
phases, three species were selected, Pb(II), Cr(Ill) and Cr2(VI)O7>" not only due to their environmental
relevance’! but to evaluate their relative affinities towards apatite and zirconia. Indeed, apatites are well-
known adsorbents of metal cations.!” This is due to a combination of high affinity of surface phosphate
groups for cations, possible exchange with calcium ions and precipitation of metal phosphate as a result

ILI7"In parallel, studies devoted to metal cations sorption on

of the surface dissolution of apatite.
hydrated zirconia showed that the binding process mainly involved hydroxyl groups of the inorganic
phase.! For inorganic anions, binding to Ca(Il) and Zr(IV) centers could be expected.

In a first step, the adsorption of Pb(Il) ions was studied. Sorption isotherms are shown on Figure 6,
indicating that the maximum loading decreases with apatite content from 330 mg.g”! for HAp down to
50 mg.g™! for ZrO,. The fact such a decrease varies inversely with Sper confirms that the apatite content
is the key factor determining the sorption capacity. It is also worth noting that ZH0.25 has a maximum
capacity twice lower than pure apatite despite the fact that it contains only 20 % ZrO,. Attempts were
made to fit the experimental data with Langmuir model. For the pure HAP and ZH(.25, the experimental
capacity could be suitably reproduced but low R? values (0.96) were obtained. For ZH4, a suitable fitting
of the experimental data (R? = 0.998) was achieved. For pure ZrO», the Langmuir model was not
adapted (R? = 0.832). Parameters obtained from selected simulations are gathered in Table 2 and
corresponding curves are shown on Fig. 7. These results can be understood taking into account (1) the

well-known precipitation of hydroxypyromorphite Pbio(PO4)s(OH): at the surface of apatite,®> and (2)

the low acidity of Pb" therefore presenting limited affinity for the hydroxyl groups of the Zr-phase.
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Figure 6. Pb?" sorption isotherms on selected materials. Plain lines correspond to the simulation of

experimental data using the Langmuir model.

The opposite trend was observed for Cro(VI)O7%, with the highest sorption capacity being achieved
for ZrOx (ca. 110 mg.g™") and lowest capacity for pure HAp (ca. 18 mg.g™") (Figure 7) . All data are well-
fitted by the Langmuir equation (R? > 0.98) (Table 2 and Fig. 7). It must be pointed out that the sorption
capacity does not seem to depend directly on the specific surface area as a minor increase in sorption
capacity, from 18 mg.g™! to 27 mg.g”!, is observed from HAp to ZH0.25 despite an increase in Sger from
ca. 100 m?.g"! to 200 m?.g"'. Therefore, our data reflect the low affinity of apatite for Cro(VI)O7* due to

electrostatic repulsion with the phosphate and hydroxyl groups and the attractive electrostatic interaction

between ZrO; and polyanions.5?
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Figure 7. Cr207% sorption isotherms on pure phases and nanocomposites. Plain lines correspond to

the simulation of experimental data using the Langmuir model.

The sorption of Cr** followed a trend similar to Pb?* in terms of maximum capacity that decreases
with decreasing apatite content of the samples (Figure 8). As mentioned earlier, such variations are not
directly related to the specific area of the sorbent, as a calculations of maximum capacity per surface
unit indicate values of 0.04 mg.m2, 0.20 mg.m, 0.30 mg.m?, 0.40 mg.m* and 2.55 mg.m for ZrO,,
ZH4, ZHI, ZH0.25 and HAp, respectively. However, a first observation is that for ZrO, the maximum
capacity is lower than Pb?* in weight content (ca. 15 mg.g! compared to ca. 60 mg.g") but similar in
mole content (0.29 mmole.g! value). Similar calculations indicate a higher molar content of Cr**
compared to Pb*" for ZH4 (1.25 mmole.g!' vs 0.57 mmole.g™!') and ZH0.25 (1.75 mmole.g! vs 0.85
mmole.g™!). This calculation cannot be performed for pure HAp because a maximum could not be
reached for initial Cr** concentration of 500 mg.L!. Langmuir equation showed reasonable fitting
parameters with a strong variation of K with the ZrO>:HAp ratio. Our data can be interpreted as the
result of the high affinity of HAp for Cr**, as previously suggested in the literature,* and more limited
sorption of this cation on ZrO;. Note that attempts made to use chromium solutions at higher

concentrations (i.e. 1 g.L'") led to poorly reproducible data, that may originate from the increase of pH

17



usually observed during metal adsorption on apatite,% that may have led to the precipitation of

chromium hydroxide phases.
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Figure 8. Cr’* sorption isotherms on pure phases and nanocomposites. Plain lines correspond to the
g p pure p p p

simulation of experimental data using the Langmuir model.

Table 2. Maximum capacity (gemar) and Langmuir constant (K) obtained from the modeling of the
metal sorption isotherms using Langmuir equation. R’ correspond to the correlation coefficient as

obtained from non-linear fitting

Pb* Cr0O7% Cr*

(e,max K R2 (e,max K R2 (e,max K R2

(mg.g™) (mg.g™") (mg.g™")
Zr0; 50 “ 0832 115 0.04 0984 10 2 0.645
ZH4 120 4 0998 100 0.04 0983 60 0.1  0.831
ZHI  nd nd nd 45 0.02 0987 80 10 0.925
ZH0.25 175 8 0965 25 0.02 0985 90 15 0.987
HAp 335 8 0962 15 0.02 0.98 260 0.01 0.972

anon significant value; nd = not determined
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It is worth noting that the overall accurate fitting of sorption data by the Langmuir model for the three
metal ions is rather surprising as this model is adapted to homogeneous surfaces. Attempts were made to
use a Freundlich-type model that is usually applied for sorption data on heterogeneous surfaces.5®
However, in most cases, corresponding curves hardly fitted experimental data (see SI-8) and extracted
parameters were often non significant, although we do not have a clear explanation for this at this time.

The strength of the metal-composite interactions was also studied via desorption experiments.
Because sorption data were obtained in acidic conditions, and based on the literature,®’ desorption was
performed in alkaline conditions, i.e. pH 9 and 11. However, in these conditions, Cr3" species precipitate
as Cr(OH); so that only low recovery rate (2 % <) were obtained. In the case of Cr(VI) species, the
desorption rate increases from pH 9 to pH 11 and, at fixed pH, from HAp to ZrO; with intermediate
values for ZH1 (Figure 9a). Taking into account that the point of zero charge (pzc) of zirconia lies in the
6-7 pH range, the easy recovery from ZrO> phase can be understood on the basis of the change of
surface charge from positive in the acidic conditions of sorption to negative in alkaline condition,

resulting in repulsive electrostatic interactions with the anionic Cr(VI) species. In the case of HAp, the
desorption rate was low (5-10 %), suggesting strong interactions with the apatite phase. The most
plausible explanation is that CrOs> species, that are the main form of Cr(VI) species at low

concentration and high pH, can substitute PO4> ions in the apatite structure, as previously

demonstrated.®®

(&) 1st desorption ~ (b) 2nd adsorption
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Figure 9. Recycling of HAp, ZHI and ZrO; materials as sorbents for Cr(VI) species: (a) first
desorption rate, (b) second adsorption rate and (c) second desorption rate. Desorption was made at pH 9

(white) and pH 11 (dark).

To investigate further these phenomena, an additional adsorption/desorption cycle was performed.
Despite their lower initial desorption rate, materials treated at pH 9 showed better preservation of
sorption capacity (25-40 % compared to initial sorption capacity) compared to those treated at pH 11
(Fig. 9b). In these conditions, HAp and ZHI show sorption capacities higher than desorption rates,
suggesting that the alkaline treatment enhances the affinity of the apatite phase for Cr(VI) species. The
opposite situation is observed for ZrO,. The fact that these trends are even more pronounced at pH 11
confirms that they are mainly related to the alkaline conditions. Another indication is provided by the
results of a second desorption step that shows similar Cr(VI) release values compared to the first
desorption experiments (Fig. 9c). This suggests irreversible modifications of the material surface
reactivity after the first alkaline treatment. Although apatite is known to be stable in alkaline conditions,
high pH favors the carbonatation of the apatitic structure,®® resulting in a shift of the pZc of apatite
towards more basic pH,”® that should favor the electrostatic adsorption of anionic Cr(VI) species in
acidic conditions. Zirconia is also known to be very stable in basic media but, considering the conditions
of the sol-gel procedure, it can be suggested that the alkaline treatment enhances the condensation state
of the hydrated zirconium oxide particles, therefore decreasing the number of surface Zr-OH groups
available for adsorption of Cr(IV) anionic species.

In the context of metal ion depollution, these data indicate that pure HAp is the most favorable if Pb>*
and/or Cr’" are present whereas ZrO> is more adapted if Cr.O7* is present. However, in case of
Pb(II)/Cr(VI) or Cr(IlI)/Cr(VI) mixtures, nanocomposites can be advantageous, especially the ZH4 (i.e.
higher ZrO» content) material that combines a high specific surface area with good affinity for Cr(VI)
while maintaining Pb(Il) and Cr(III) maximum capacities that do not differ too importantly from ZH0.25

(i.e. higher HAp content). Note that the presence of phosphate groups associated with the zirconia phase,

20



as indicated by NMR and XRD data, may contribute to the affinity of ZH4 for metal cations. Such an
affinity for both Cr** and Cr,07% is of large interest because, in remediation processes, the highly toxic
Cr(VI) ions are often converted via oxidation reaction into less detrimental Cr(IIl) ions.**7172 1t is
therefore advantageous that the sorbent phase exhibits a combined affinity for both species to avoid
release of Cr’" after conversion. In addition, our adsorption/desorption experiments also indicate that

nanocomposites ZH1 represent an interesting compromise in terms of recyclability for Cr(VI) species.

4. CONCLUSIONS

It was possible to prepare zirconia-hydroxyapatite nanocomposites by taking into account the
various constraints inherent to this biphasic system, such as colloidal dispersion of HAp nanoparticles
and pH conditions compatible with both ZrO, gel formation and HAp stability. In particular, it was
possible to avoid the formation of calcium zirconate phase often reported in the literature. Zirconium
phosphate phases were apparently not precipitated during the process but Zr-O-P bonds could be
evidenced, leading to the stabilization of the #-ZrO; phase upon heating. Resulting materials, obtained by
soft chemistry approaches, show very promising properties in terms of surface affinity for both cationic
and anionic metallic species. Their dual porosity in the microporous and mesoporous range may also be
of significant interest in the field of biomaterials. In parallel, it should be possible to substitute the
zirconium alkoxide by a wide range of alternative sol-gel precursors, opening the route to the design of a

novel class of apatite-based nanocomposites.
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SI-1. DLS studies of apatite suspension (left hand column, particle size distribution after 30

min utrasonication; right hand column : intensity variation) for (a,b) 0.5 mg.mL-1
suspension in 1-propanol, (c,d) 0.25 mg.mL-! suspension in 1-propanol and (d,e) 0.25
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SI-2. SEM images for all samples (scale bar = 1 um)



SI-3. TEM images for all samples (scale bar = 20 nm)
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SI-4. Individual Nj-sorption isotherms for all samples



Table SI-5.  Porous volume (V,) and average pore size (D,) from Innes' model of pure phases

(ZrO,, HAp) and nanocomposites

Sample V, D,
(cm’.g") (nm)
Zr0; 0.18 1.6
ZH4 0.25 1.6
ZH? 0.29 1.6
ZHI 0.30 1.7
ZH0.5 0.34 1.7
ZH0.25 0.36 2.1
HAp 0.53 8.0

1. Innes, W. B. Anal. Chem. 1957, 29, 1069-1073.
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The plain curves correspond to the fitting of exprimental data using a Freundlich-type model :

q9. « Coﬂ
Qe, max 1 + a. C()ﬂ

with g, the amount of adsorbed metal at equilibrium for an initial concentration Cy and ¢, .y = ¢, When Cy; —

(i.e. adsorption capacity). a and 3 are two constants related to the adsorbent-adsorbate interactions (from Otake, Y. ;
Kalili, N. ; Chang, T. H. ; Furuya, E. Separ. Purif. Technol. 2004, 39, 67-72)

SI-8. Result of metal sorption data fitting using a Freundlich-type model
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