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The efficiency and mechanisms of cadmium sorption on two synthetic calcium
hydroxyapatites from aqueous solution were investigated. Both hydroxyapatites remove
cadmium from aqueous solutions with an efficiency higher than 99.5% at pH 5–6. The
mechanisms of cadmium sorption were studied using batch experiments, X-ray diffraction,
scanning electron microscopy and nuclear microprobe. Cadmium is incorporated into the
hydroxyapatite structure via diffusion and ion exchange. Once cadmium is sorbed,
cadmium-containing hydroxyapatites can be separated from the liquid phase by
flocculation. Thus hydroxyapatite can potentially be used for remediating contaminated
water and industrial wastes. The fact that cadmium is incorporated into the bulk of the
apatite is important in the context of the safe storage of used sorbent material. C© 1998
Kluwer Academic Publishers

1. Introduction
Cadmium is one of the major heavy toxic elements
which may be found in surface and underground wa-
ters. The main sources of contamination are industrial
wastes and phosphate fertilizers. Cadmium is a com-
mon impurity found in natural phosphates used for the
manufacture of fertilizers [1]. One of the main toxic
effects of cadmium is the interaction with the biolog-
ical apatites of bones, leading to a disease producing
effects similar to osteoporosis [2, 3]. When cadmium
is present in natural waters, its migration is controlled
by several equilibria between the liquid phase and solid
matter, including phosphate phases [4]. It is, therefore,
of major interest to study the interaction of cadmium
ions in aqueous solution with apatites and other insol-
uble phosphates.

Hydroxyapatite can be used to remediate cadmium-
contaminated waters and liquid wastes. It can also be
used as a barrier to minimize cadmium migration from
cadmium-containing solid wastes or from cadmium-
contaminated soils. Previous investigations indicate

∗Author to whom all correspondence should be addressed.

that calcium hydroxyapatites are able to sorb cadmium
and other toxic metal ions from aqueous solutions [3,
5–13]. The present studies were performed in order to
evaluate the potential interest of apatites and to study
the sorption mechanisms, for which several processes
have been proposed: superficial sorption, ion exchange,
precipitation.

In our previous studies [11, 13], we confirmed the
ability of apatites to immobilize cadmium from aqueous
solutions. Nearly 100% cadmium removal was found
for dilute solutions [13]. Using structural analysis, the
crystallographic sites of the apatite in which cadmium
is sorbed, could be localized [11]. However, the process
leading to the substitution of calcium sites by cadmium
is still not clear and only a small part of the available
sites can be substituted. More recently, using measure-
ments performed by a nuclear microprobe [14], it was
shown that cadmium is really incorporated into the bulk
of the apatite particles. A pH-dependent modification of
the apatite stoichiometry also takes place during sorp-
tion [15].

Two types of hydroxyapatites have been selected
for the present study. One apatite, with well-defined
and large particles, was used for the study of sorption
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mechanisms. The other, available in larger quantities
and at lower cost, but with small particles, was chosen
for liquid decontamination testing. The properties of
these two apatites are compared. In order to understand
the sorption mechanisms, we used a multidisciplinary
approach with several techniques such as batch sorp-
tion experiments, X-ray diffraction, scanning electron
microscopy and nuclear microprobe.

During the treatment of contaminated waters after the
sorption of cadmium on hydroxyapatite particles, the
subsequent solid–liquid separation process could face
technological problems, especially with a sorbent with
small particle size (average diameter 2.5µm). In order
to circumvent these problems, we have tested a floc-
culation technique. This technique has to be optimized
so that aggregates (flocs) of a certain size, strength and
density should be formed. Although several methods
are available for measuring the degree of flocculation
and selecting the optimal dosage of flocculants [16],
generally, the fundamental understanding of flocculant
reagent action under dynamic conditions is limited. In
a similar application, the flocculation behaviour of fine
bentonite particles used for the removal of Cd2+, Fe2+
and Cu2+ ions was examined by adding a cationic sur-
factant and a poly-acrylamide [17]. Flotation of cad-
mium as hydroxide, but in the absence of an inorganic
sorbent has been previously studied [18]. The investi-
gation of the possibility of flocculation of cadmium-
loaded ultra-fine particles of hydroxyapatites is pre-
sented in the present paper with selected preliminary
results.

2. Experimental procedure
2.1. Materials
Two commercial synthetic hydroxyapatites were used,
one from “Bio-Rad,” referenced DNA Grade Bio-Gel
HTP 130-0420, another from Merck, referenced 2196.
These solids are referred to here as BR and MK, respec-
tively. The BR powder was sieved under water flow and
particles of diameter ranging from 36–71µm were se-
lected. The MK apatite was not sieved. It was composed
of small particles of diameters less than 25µm with an
average at 2.5µm [13]. Specific surface area measure-
ments performed by the nitrogen BET method lead to
52 m2 g−1 for MK and 72 m2 g−1 for sieved BR.

Under an optical microscope, the BR apatite appears
to be formed of transparent platelets. Under a scanning
electron microscope, BR particles appear as hexagonal-
shaped and flat platelets: the mean length along the
diagonals is 50µm and the thickness about 5µm. Ob-
servation at high resolution showed that the surface is
irregular and that these particles are probably porous.
MK is formed of particles of ill-defined shape, and with
very disturbed and porous surfaces. The higher BET
area of the BR apatite is probably explained by the
porosity of its particles.

X-ray diffraction shows both apatites to be well
crystallized.

2.2. Chemical analysis
The chemical composition of the starting hydroxyap-
atites and of the aqueous solutions during the sorption

experiments was determined by inductively coupled
plasma atomic emission spectrometry (ICP/AES), with
a Thermo-Jarell-Ash Atomscan 25 sequential spectro-
meter.

2.3. X-ray diffraction
The crystal structures were determined from the diffrac-
tion line intensities collected on a step scan diffractome-
ter fitted with a curved monochromator in the diffracted
beam, a scintillation counter and a pulse-height anal-
yser. CoKα has been used with a scanning step of
0.05◦ 2θ in the range 15◦ < 2θ < 120◦. Structure refine-
ment was performed as already described [11] using the
AFFINE [19] computer code.

2.4. Sorption experiments
The amount of cadmium retained in the solid as a func-
tion of time was determined for both apatites by batch
experiments. A cadmium solution was prepared by dis-
solving cadmium nitrate in water. pH was adjusted to
5 by addition of nitric acid. Batches of 50 mg hydrox-
yapatite were introduced into 25 ml fractions of the
cadmium solution. The initial cadmium to apatite ratio
was 4 mol mol−1. The apatite suspensions were shaken
at 20 ◦C for times varying from 1 min to 10 d and
pH measured again. After shaking, pH values were in
the 5.8–6.1 range. The solutions were then filtered on
a 0.2 µm porosity filter and analysed for cadmium,
calcium, sodium and phosphorus by ICP/AES. The
remaining concentrations of phosphorus, calcium and
sodium in the solid and the concentration of sorbed cad-
mium, were calculated from these analyses. The solids
were characterized by X-ray diffraction.

A series of experiments was also performed under the
same conditions but with the cadmium solution alone
in order to control possible adsorption or precipitation
effects.

2.5. Nuclear microprobe analysis
Measurements were performed using the nuclear mi-
croprobe facility [20] of Pierre Sue Laboratory at
Saclay, France. The proton beam was focused down
to a diameter of approximately 5µm which is small
compared to the flat surface of the BR apatite particles,
on which the beam was directed. Several energies were
used: 0.5, 0.7, 0.9 and 2 MeV with intensities limited to
0.3 nA. Two types of spectra were collected simultane-
ously: X-rays were collected using a Si(Li) detector for
PIXE (proton induced X-ray emission) and backscat-
tered protons were collected using a surface barrier de-
tector at 140◦ for Rutherford back-scattering spectrom-
etry (RBS). Experimental methods and data processing
have been described previously [14]. Interactive pro-
cessing of PIXE and RBS data allowed us to calculate
the distribution of cadmium in the solid.

2.6. Flocculation
Solutions of cadmium with a concentration of 20 mg l−1

(1.8 10−4 mol l−1) were used, together with 0.5 g l−1

MK apatite and 0.05 g l−1 alum (Al2(SO4)3), as floc-
culating agent. Both demineralized and tap water were
tested. The pH of the solution was modified by additions
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of sodium hydroxide or nitric acid solutions, the natural
pH being around 6–7. In parallel with flocculation ex-
periments, samples for residual turbidity measurements
were taken (using a ratio/XR Turbidimeter from Hach),
expressed as nephelometric turbidity units (NTU).

A light scattering instrument with a flow-through de-
tector (PDA 2000, Rank Brothers Ltd, UK) connected
to a recorder, was used to monitor the dynamics of floc-
culation. The flocculation vessel had a content of 3 l and
the apatite dispersion was driven by a peristaltic pump
at a flow-rate of 34 ml min−1 at room temperature;
after the measurement with the detector, the liquid was
not recycled into the vessel. It is more convenient to
divide the RMS value by the steady state direct cur-
rent (d.c.) value of the transmitted light to obtain the
dimentionless termR= RMS/d.c., often referred to as
the flocculation index. As flocculation proceeds, the
value ofR increases. Although, this ratio does not pro-
vide quantitative information on aggregate size, the rel-
ative increase inRvalue is an indicator of the degree of
flocculation. For a given dispersion, it can be assumed
that largerR values imply larger aggregate sizes [21,
22]. The same technique has been successfully applied
to study the mechanisms of flocculation of either dilute
or concentrated dispersions, adding polymeric [23] or
hydrolysing metal salt flocculants [24, 25].

3. Results
3.1. Chemical composition and structure of

the starting hydroxyapatites
The results obtained by ICP/AES showed (Table I) that
both starting apatites are cation deficient and contain
sodium, with MK apatite being close to the stoichiomet-
ric hydroxyapatite Ca10(PO4)6(OH)2. For each com-
pound, two limiting formulae are proposed and the ac-
tual composition may be between these. This point has
been discussed previously [11, 15].

The crystal structure is hexagonal (P63/m) as de-
scribed in previous work [11]. The main crystallo-
graphic parameters are reported in Table I. Ca2+ ions
occupy two different crystallographic sites. Ca(1) is
found on ternary axes atx = 1/3, y = 2/3 and Ca(2)
at sites with symmetrym at z= 1/4, z= 3/4. OH−
ions are found atz= 0.198, in channels centred on
the hexagonal screw-axes. In stoichiometric apatites,
4 Ca(1) and 6 Ca(2) per unit cell are occupied. Struc-
tural refinement showed that, in BR, Ca(1) sites are
almost entirely occupied, whilst Ca(2) sites are par-
tially occupied [11]. Sites occupied by sodium could
not be determined, because the concentration of this
element and its electron density are too low. The num-

TABLE I Chemical composition and crystallographic parameters of the starting hydroxyapatites. The composition is deduced from ICP/AES
analysis, the unit cell parameters and the site occupancy from X-ray diffraction

Unit cell parameters

Apatite Limit formulae a (nm) c (nm) Site occupancy

BR Ca9.1Na0.5(PO4)6(OH)0.7 · 4.2H2O 0.9436 0.6880 Ca(1) (3.7± 0.2)/4
Ca9.1Na0.5(PO4)4.7(HPO4)1.3(OH)2 · 2.9H2O Ca(2) (5.3± 0.3)/6

MK Ca9.8Na0.06(PO4)6(OH)1.6 · 1.2H2O 0.9415 0.6879 Ca(1) (3.9± 0.2)/4
Ca9.8Na0.06(PO4)5.6(HPO4)0.4(OH)2 · 0.84H2O Ca(2) (5.8± 0.3)/6

Figure 1 Sorption kinetics of cadmium on BR and MK calcium
hydroxyapatities. Variation of the cadmium concentration [Cd]s in the
solid (mol per mol apatite) as a function of the square root of time.

ber of vacancies in MK is too small to detect a partial
occupancy.

3.2. Results of batch sorption experiments
Results of sorption kinetics are reported in Fig. 1. For
the same initial concentration of cadmium in solution
(4 mol per mol apatite), a steady state is achieved after
approximately 16 h for BR and 5 h for MK. The inter-
pretation of this difference will be discussed later, to-
gether with the discussion of the sorption mechanisms.

Through ICP/AES analysis it was possible to estab-
lish the mass balance between the quantity of sorbed
cadmium and the quantities of elements initially present
in the apatite and subsequently transferred to the so-
lution. For both apatites, the fixation of cadmium is
compensated by transfer of equivalent quantities of cal-
cium and sodium into solution, sodium being almost en-
tirely transferred. This result is consistent with a cation
exchange, but a dissolution–precipitation process may
lead to the same balance.

There is a difference between the values achieved at
the plateau which are about 0.8 mol mol−1 for BR and
0.6 mol mol−1 for MK. Further experiments, in which
the initial concentration of cadmium in the solution var-
ied, showed that these values are close to the maximum
uptake. It has been shown that this uptake varies slightly
with pH [15]. Finally, the maximum capacity that may
be reached for both apatites is about 0.7–0.8 mol mol−1

(7× 10−4 mol g−1 or 80 mg g−1). This value is high
enough for the use of apatites for water decontamina-
tion, but is far from the total calcium concentration or
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even from the 6 Ca(2) sites per unit cell of the crystal
structure. This point is discussed later.

3.3. Crystal structure after sorption
The apatitic structure is not modified and the variation
of the unit cell parameters is negligible. The intensity
of diffraction lines is slightly modified. Structure re-
finement on BR apatite has previously shown that, af-
ter sorption, cadmium is exclusively located in Ca(2)
sites [11]. The same result was observed here with MK.
Therefore, it seems that this site distribution is specific
to sorption, because cadmium occupies both Ca(1) and
Ca(2) sites in precipitated solid solutions of Cd–Ca ap-
atites [26, 27].

3.4. Distribution of sorbed cadmium
in the solid

Scanning electron microscope imaging showed that the
morphology of the BR apatite is not modified by the
sorption of cadmium. No other solid which could result
from a precipitation was detected.

There is no significant variation of the position and
width of the X-ray diffraction lines. The variations
of cell parameters in Cd–Ca hydroxyapatites prepared
by precipitation, which show solid solution in the full
range of concentrations, are known [26]. Between 0
and 0.8 mol mol−1, the variation is not expected to be
significant. Our results indicate that the distribution is
relatively uniform and exclude the existence of zones
of highly cadmium-enriched apatites, otherwise there
would have been a significant variation of cell param-
eters, resulting in the displacement or deformation of
the diffraction lines.

Several samples of the starting BR apatite and of
the apatite containing cadmium were irradiated in the
nuclear microprobe by a proton beam perpendicular
to the flat surface of the platelets. PIXE showed that
the mean concentration of cadmium is in agreement
with the ICP/AES analysis. The absence of a charac-
teristic peak in the RBS spectrum, clearly showed that
there is no accumulation of cadmium on the surface.
On the contrary, cadmium is distributed throughout the
whole thickness of the particles. Results of modelling
the RBS spectra using distribution functions showed
the gradient to be small. Generally, the concentration
is lower in the middle of the samples than in the su-
perficial part by a factor of 2. An example is given in
Fig. 2. We attempted to model the concentration gra-
dient by a diffusion process and diffusion coefficients
were calculated. Depending on the contact time be-
tween the apatite and the solution, values ranging from
10−10–10−12 cm2 s−1 were obtained. These values indi-
cate a rather rapid diffusion at room temperature. Lit-
erature values of diffusion coefficients in apatites are
available for strontium and lead [28–31]. Diffusion co-
efficients smaller than 10−14 cm2 s−1 are reported for
temperatures as high as 900◦C, but these results are not
quite comparable to ours, because they were obtained
for fluorapatites rather than hydroxyapatites. The diffu-
sion conditions were also different: hydrothermal [29],

Figure 2 Example of the distribution of cadmium along thec-axis in
a crystal of BR hydroxyapatite, calculated by fitting the spectrum of
backscattered protons. The concentration [Cd]s is expressed in mol per
mol apatite as a function of the distance from the surface for a crystal
6.5µm thick.

in molten salts [28] or by implantation [30, 31], while
we have worked with aqueous solutions with relatively
high concentrations of cadmium. Strontium and lead
have larger ionic radii than calcium, whilst that of cad-
mium smaller. In our case, diffusion could be enhanced
by the porosity detected by the BET measurements.
However, the large variations of the diffusion coeffi-
cient that we observed indicate that this is not a simple
diffusion process. The smallest measured values corre-
spond to the longest contact times. This variation may
be related to a coefficient decreasing with increasing
cadmium concentrations, or complex diffusion mech-
anisms including a surface barrier. The present results
are not sufficient to allow us to come to any conclusion.

Microprobe measurements have not been applied to
MK, as the particle diameters of this apatite were too
small. However, similar sorption capacity values and
crystal structure results indicate that cadmium probably
also penetrates the solid.

3.5. Separation of phases by flocculation
During preliminary experiments in deionized water, the
effect of flow rate of the dispersion of MK hydroxya-
patite without cadmium through the cell was evaluated
(Table II). The maximum flocculation index, implying
larger aggregates, was obtained after 8 min at natu-
ral pH (5.5–6.5), employing a flow rate of 46 l min−1.
In sheared dispersions it is likely that a given particle

TABLE I I Flocculation of hydroxyapatite particles by aluminium sul-
phate without cadmium (duration of rapid mixing 120 s, natural pH 5.5–
6.5). Influence of different flow rates of the dispersion through the flow
cell on the maximum obtained values forR ratios and the respective
agitation times

Flow rate of the dispersion
(ml min−1) Max. value ofR ratios

22 1.05 (5 min)
33.5 1.44 (9 min)
46 1.89 (8 min)
58 1.48 (7 min)
69 1.32 (4 min)
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TABLE I I I Flocculation of hydroxyapatite particles by aluminium
sulphate without cadmium or recycling (flowrate 34 ml min−1, natu-
ral pH 5.5–6.5). Influence of mixing intensity during flocculation onR
ratios, applying preliminary rapid mixing for 30 s

Mixing intensity
(r.p.m.) Max. value ofR ratios

62 1.84 (6 min)
100 2.68 (5 min)
200 2.84 (5 min)
300 2.55 (4 min)
400 2.13 (3 min)
600 1.44 (2 min)

would undergo several collisions with other particles,
before it had acquired enough flocculant ions to allow
aggregates to form. This effect can be seen experimen-
tally as a “lag phase” between the addition of flocculant
agent and the onset of flocculation. It can be noticed also
that under conditions of high shear and especially in
turbulent flow, there is a possibility of floc breakage–
destruction as a result of shear forces at the particle
surface. In certain experiments the flocculation indices
did not change significantly with time, indicating that
the rates of aggregation and floc breakage were com-
parable.

The influence of the intensity of mixing (expressed in
terms of r.p.m. of the mechanical mixer) on hydroxyap-
atite flocculation by alum is shown in Table III. At this
range of mixing intensity, the flocculation rate increased
with the number of r.p.m., because of the increase in
the collision rate of the flocculant precipitates and the
particles up to 200 r.p.m.

At lower mixing velocities (up to 100 r.p.m.), the
decrease in the value of the flocculation index was de-
voted to the settling of large aggregates/flocs during the
flocculation process, as it was difficult to keep the large
flocs dispersed in the water. Therefore, the number of
particles sampled by the inserted plastic tube, leading
to the photo dispersion analyser, was found to be de-
creased. Because the flocculation index is proportional
to the particle size and to the square root of particle
concentration [21], the flocculation index decreased as
fewer particles enter the sampling tube. At higher mix-
ing velocities (300–600 r.p.m.), the flocculation indices
attained limiting values at an earlier stage (2–4 min)
instead of 5 min, i.e. the more rapid the stirring, the
shorter the “lag phase.” When the mixing intensity was
also increased, the initial slope of the flocculation index
curves was noticed to be increased, indicating higher
aggregation rates; this was caused by increased particle
collision rate. In addition, the maximumR values in-
creased up to a certain mixing intensity and then were
observed to be decreased. The flocs reached a limiting
size and although they were not noticed to be settled at
higher mixing intensities, their breakage by fluid shear
forces was more dominant over the aggregates growth
(after the initial flocculation period), hence their size
and the respectiveR values were decreased.

Experiments were performed to study the influence
of pH and time on the flocculation of MK apatite with-
out cadmium (Figs 3 and 4). The influence of Cd and

Figure 3 Influence of contact time on the flocculation of MK hydroxy-
apatite for various pH values. The flocculation index is expressed as the
RMS/d.c. ratio. pH: (r) 7, (4) 8, (m) 9, (h+) 10, (h) 11, (©) 12.

Figure 4 Influence of pH on the turbidity during flocculation experi-
ments with MK hydroxyapatite.

water quality is presented in Fig. 5, while the influ-
ence of flocculant concentration is shown in Fig. 6. The
RMS/d.c. ratio reached maximum values, i.e. good floc-
culation occurs, after reasonably short times for a pH
range of 8–10. Meanwhile, the turbidity was reduced

Figure 5 Influence of contact time on the flocculation of MK hydroxy-
apatite with the effect of water quality, pH and the presence or absence
of cadmium (DW, demineralized water; TW, tap water; pH nat., natural
pH). The flocculation index is expressed as the RMS/d.c. ratio.
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Figure 6 Influence of contact time and concentration of flocculant on the
flocculation of MK hydroxyapatite. The flocculation index is expressed
as the RMS/d.c. ratio. Flocculant concentration (alum): (e) 25 mg l−1,
(r) 375 mg l−1, (4) 50 mg l−1, (h) 100 mg l−1, (m) 150 mg l−1.

in this pH range under 40 NTU. By increasing the floc-
culant concentration up to 150 mg l−1, the ratio was
found to increase further. With this concentration, the
use of tap water instead of demineralized water did not
significantly affect the results.

The inorganic flocculant used in these experiments
hydrolyses in solutions near neutral pH, and the hydrol-
ysis products, which have a positive surface charge, are
strongly sorbed by solids. From our experience with
other minerals [32], the effects of solubility of these
materials need special attention and the solution condi-
tions usually explain their behaviour (sorption, precip-
itation, etc.).

These results showed that the flocculation process
can be successively applied to hydroxypatites because
RMS/d.c. values greater than 3 can be achieved. This re-
sult, combined with the high removal efficiency of these
sorbents for cadmium, is promising for the separation
of cadmium-loaded small-size particles of apatite.

4. Discussion
The main results concerning the sorption mechanisms,
are that (i) cadmium ions penetrate into the bulk of the
solid, and (ii) the shape of the solid and its structure are
not modified, except that some Ca(2) sites are substi-
tuted by cadmium. These results suggest that the main
sorption mechanism is diffusion and ion exchange, ex-
cluding precipitation. Ion exchange leads to the for-
mation of a (Cd–Ca) solid solution. Different results
were obtained in the case of the sorption of lead and
uranium on the same BR apatite [33]. For these two
elements, sorption leads to precipitation of other solid
phases. This difference in behaviour is probably related
to the ionic radii of the ions: cadmium ions have a ra-
dius close to calcium but slightly smaller, whilst lead
and uranyl ions have larger radii [34], thus permitting
easier diffusion of cadmium into the solid. Such a diffu-
sion mechanism may explain the difference in sorption
kinetics between the BR and MK apatites, as already
mentioned: the smaller particles of MK apatite need
less time to reach a steady state of diffusion than the
larger particles of BR.

However, some points remain unexplained. One of
these is the limitation of the sorption capacity to 0.8 mol
mol−1, which is a small part of the 6 “available” Ca(2)
sites of the unit cell. One reason may be an intrinsic
property of cadmium not to occupy a site close to an-
other already occupied by the same cation. This hy-
pothesis may be compared to the results obtained on
the superficial sorption of cadmium on ferric oxides:
cadmium ions never associate to give multinuclear sur-
face species [35]. Such limitation may also explain the
variation of calculated diffusion coefficients. The most
probable pathways for diffusion are the channels cen-
tred on the hexagonal screw-axes. As already noticed,
exchange of cadmium occurs only with Ca(2) sites ad-
jacent to these channels, while Ca(1) sites are less ac-
cessible. In the course of the exchange, as more and
more sites are occupied by cadmium, the tendency not
to occupy adjacent sites would lower the possibility of
exchange and, therefore, the diffusion coefficient will
decrease. This hypothesis has to be verified by comple-
mentary experiments.

Thus, sorption of cadmium proceeds by an exchange
process. However, this result does not mean that this
process can be modelled by an ion-exchange equilib-
rium. As is suggested by the limited number of ex-
change sites compared to the available ones and by
the concentration gradient observed by the nuclear mi-
croprobe, a true exchange equilibrium is certainly not
achieved. This gradient is still observed after the longest
contact times, resulting in the already mentioned de-
crease of calculated diffusion coefficients with time.
Therefore, the steady state value observed in the sorbed
concentration of cadmium is probably controlled not by
ion exchange but by diffusion. Complementary exper-
iments on the reversibility of sorption confirmed that
sorption does not proceed as a reversible equilibrium.
Results showed that, after 48 d contact with a solution
containing 4 mol Ca per mol apatite, only 15% of the
cadmium initially present in the solid is released into
the solution.

As shown in our earlier work [15], the number of
cationic sites depends on the pH, due to a protonation–
deprotonation equilibrium

HPO2−
4 (apatite)⇀↽ H+ (solution)+ PO3−

4 (apatite)

(1)

The presence of cadmium tends to shift this equilibrium
to the right side [15]. This process has to be considered
in addition to the pure Ca–Cd exchange.

5. Conclusion
This work contributed both to a better understanding
of the mechanisms of cadmium sorption on hydrox-
yapatites and to the use of such material for the de-
contamination of waters and industrial effluents. Con-
cerning this last point, a removal efficiency higher than
99.5% was observed. A subsequent separation of the
cadmium-loaded solid by flocculation is a promising
method. The fact that cadmium is incorporated into the
bulk of the apatite with partial reversibility is important
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in the context of the safe storage of used sorbent ma-
terial. Further experiments are planned to elucidate the
diffusion mechanism and the causes of the limitation
of the sorption capacity. Further developments are also
needed in the use of apatites for treatment of contam-
inated waters or as artificial barriers disposed around
contaminated areas.
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