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immobilize cadmium from aqueous solutions and we
Sorption of cadmium from aqueous solutions on several cal- could localize the sites of the crystal structure of the

cium hydroxyapatites was investigated as a function of pH and apatite in which cadmium is sorbed. The results suggested
of the concentration of cationic vacancies, using elemental and that, under our experimental conditions, the main sorp-
structural analysis. The main result is that the maximum up- tion mechanism is an ion exchange process. More re-
take of cadmium into the apatitic framework is about 0.8 mol/ cently, using measurements performed by a nuclear mi-
mol and does not depend on the stoichiometry of the starting croprobe (13), it was shown that cadmium really diffuses
solid. Sorbed cadium is localized in the 6h sites of the structure

into the bulk of apatite crystals, confirming that diffusionadjacent to the channels including the OH groups. For the less
and ion exchange are the main mechanisms. A pHstoichiometric apatite (1.1 cationic vacancy per mol), the same
dependant modification of the apatite stoichiometry alsophenomenon takes place, but a dissolution–precipitation mech-
takes place during sorption (14). In our experiments, theanism is added, thus increasing the total quantity of cadmium
maximum uptake of cadmium which could be achievedimmobilized in the solid. The additional sorbed quantity corres-

ponds to the precipitation of Cd5H2(PO4)4 . Such results may be was about 0.8 mol per mol of apatite. This concentration
used for the treatment of contaminated waters and industrial is far from the value expected from the number of
wastes.  1996 Academic Press, Inc. the calcium sites available for exchange. In contrast,

precipitation of cadmium–calcium hydroxyapatites leads
to a continuous solid solution in which Cd/Ca ratios

INTRODUCTION may vary from 0 to 1 (15).
The reason for the limitation observed in sorption

Cadmium is one of the major heavy toxic elements
experiments is still not clear. One reason may be a

contaminating natural waters and industrial liquid wastes.
specificity of cadmium ions. Another reason may be

The interaction of this element with biological apatites
connected to the possibility of diffusion in the framework

constituting bones leads to a disease looking like osteopo-
of the apatite. Our previous results suggest that the

rosis (1, 2). The main sources of pollution are industrial
diffusion takes place in the channels parallel to the c

wastes and use of phosphate fertilizers. The migration
axis, where hydroxyl groups are located in 2a sites. The

in water is controlled by several equilibria between the
exchange occurs with Ca(2) cations, located in 6h sites

liquid phase and solid matter, including phosphate phases.
adjacent to the channels (10). Vacancies may play an

Therefore, it is of major interest to study the interaction
important role in the diffusion process. We must consider

of cadmium ions in aqueous solution with apatites and
different kinds of vacancies. Vacancies of cationic sites

other insoluble phosphates. At the same time, use of
are found in hydroxyapatites deficient in calcium. Vacanc-

apatites as sorbents is a promising way of eliminating
ies of anionic sites are also found, especially in carbonate

cadmium from polluted waters or industrial wastes.
apatites (16, 17). The aim of the present work is to

Previous investigations indicate that calcium hydroxy-
determine the eventual incidence of cationic vacancies

apatites are able to sorb cadmium and other heavy metal
on the limitation of the uptake of cadmium. For that

ions from aqueous solutions (2–12). Several mechanisms
purpose, a structural analysis was performed on several

were proposed to explain the sorption process: superficial
apatites with different cation concentrations in order to

sorption, ion exchange, and precipitation. In our previous
determine the vacancy concentration and distribution

studies (10), we confirmed the ability of apatites to
in the starting solids. Then, sorption of cadmium was
investigated on these apatites using chemical and struc-
tural analysis.1 To whom correspondence should be addressed.
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EXPERIMENTAL concentration were prepared by dissolving cadmium ni-
trate. pH was adjusted by addition of known quantities of

Materials potassium hydroxide or nitric acid. Batches of 50 mg of
hydroxyapatite were introduced into 25 ml fractions of theFour different hydroxyapatites were studied.
cadmium solutions. The starting cadmium to apatite ratioThree commercial synthetic calcium hydroxyapatites
was 4 mol per mol. We have observed in a previous studywere used, one from Bio-Rad, referenced DNA Grade
(10) that a steady state is achieved after approximately 20Bio-Gel HTP 130-0420, another from BDH Chemicals,
h. Here, the solutions with apatites were shaken at 208Creferenced 44257, and the last from Merck, referenced
for 2 days. pH was measured again. The solutions were2196. These solids are referred to as BR, BDH, and MK,
then filtered and analyzed for Cd, Ca, Na, K, and P by ICP/respectively. The BR and BDH powders were sieved under
AES. The solids were characterized by X-ray diffraction.water flow and particles of diameter ranging from 36 to

A series of experiments was also performed under the71 em were selected. The MK apatite was not sieved, as
same conditions, but without apatite, in order to controlit is constituted of small particles of diameters less than
possible adsorption or precipitation effects.25 em.

An hydroxyapatite was synthesized by mixing solutions
RESULTSof Ca(NO3)2 and (NH4)2HPO4 at 708C, the pH being stabi-

lized at 4.5 by addition of sodium hydroxide. At such a
Chemical Composition of the Starting Hydroxyapatiteslow pH, a high cationic deficiency may be expected (18).

Particles of diameter ranging from 25 to 71 em were se- The results obtained by ICP/AES showed that the four
lected. This product is referred to as FF19. starting apatites are deficient in cations and contain sodium.

These powders were observed by a scanning electron For every compound two limiting formulas may be pro-
microscope. BR shows well-defined hexagonal-shaped posed (Table 1). The actual composition may be between
crystals: the mean length along the diagonals of the crystals these two formulas. This point has already been discussed
is 50 em and the thickness is about 3 em. BDH shows (10, 14). FF19 is the most deficient in cations. It contains 1.1
also hexagonal-shaped crystals with similar dimensions, cationic vacancies per unit cell. BR and BDH have close
but with disturbed surfaces. MK and FF19 are formed of vacancy concentrations,0.40 and 0.45, respectively.The MK
particles with ill-defined shapes, and with very disturbed apatite has a composition close to the stoichiometric value.
and porous surfaces. X-ray diffraction showed that BR,
BDH, and MK are well crystallized. FF19 has a poorer Crystal Structure
crystallinity.

We have determined the crystal structure of all starting
apatites. The main crystallographic parameters includingChemical Analysis
the reliability factors R are given in Tables 2, 3, and 4 for

The chemical composition of the starting hydroxyapa- apatites MK, BDH, and FF19, respectively. The crystal
tites and of the solutions during the sorption experiments structure of BR has been described in a previous work
were determined by inductively coupled plasma atomic (10) and the batch used here shows only slight differences
emission spectrometry (ICP/AES), with a Thermo-Jarell- to the previous one. Table 5 summarizes the cation distri-
Ash Atomscan 25 sequential spectrometer. bution in the four compounds.

All studied apatites belong to the P63/m space group
X-Ray Diffraction as previously described (10). Ca21 occupy two different

crystallographic sites. Ca(1) is found on ternary axes atThe crystal structures were determined from the diffrac-
x 5 1/3, y 5 2/3 and Ca(2) is found at sites with symmetrytion line intensities collected on a step scan diffractometer
m at z 5 1/4, z 5 3/4. In a stoichiometric apatite, Ca(1)fitted with a curved monochromator in the diffracted beam,
sites are occupied by 4 atoms and Ca(2) by 6 atoms pera scintillation counter, and a pulse-height analyzer. CoKa
unit cell. In MK, BR, and FF19 apatites, Ca(1) sites arewas used with a scanning step of 0.058 2u in the range
entirely occupied while for BDH they are not (Table 5).158 , 2u , 1208. Structure refinement was performed as
For all compounds, except MK, Ca(2) sites are partiallyalready described (10) using the AFFINE (19) computer
occupied, but BDH has less vacancies in this site than thecode.
other apatites. Taking into account the error intervals,
the total population of Ca21 (PCa(1) 1 PCa(2)) is in

Cadmium Sorption Experiments
agreement with the concentrations found by ICP/AES (Ta-
ble 1).The amount of cadmium retained in the solid and the

evolution of the solid composition with pH was determined This structural study showed that these apatites are dif-
ferent not only by their total vacancy concentration, butusing ‘‘batch experiments.’’ Cadmium solutions of known
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TABLE 1
Chemical Composition of the Starting Hydroxyapatites

Cationic
vacancies Cations

Apatites Limit formulas per unit cell eq/mol

MK
Ca9.8Na0.06(PO4)6(OH)1.6 1.2 H2O (1)

0.16 19.6
Ca9.8Na0.06(PO4)5.6(HPO4)0.4(OH)2 0.84 H2O (2)

BR
Ca9.1Na0.5(PO4)6(OH)0.7 4.2 H2O (1)

0.40 18.7
Ca9.1Na0.5(PO4)4.7(HPO4)1.3(OH)2 2.9 H2O (2)

BDH
Ca9.35Na0.2(PO4)6(OH)0.9 2.7 H2O (1)

0.45 18.9
Ca9.35Na0.2(PO4)4.9(HPO4)1.1(OH)2 H2O (2)

FF19
Ca8.6Na0.3(PO4)5.5(HPO4)0.5 4.2 H2O (1)

1.1 17.5
Ca8.6Na0.3(PO4)3.5(HPO4)2.5(OH)2 3.2 H2O (2)

also by the distribution of vacancies between Ca(1) and of apatite. The maximum uptake of cadmium ranges
Ca(2) sites. between 0.7 and 0.8 mol per mol of apatite.

Structural Analysis. We have first determined the
Sorption of Cadmium nature of the solid phases observed after cadmium sorp-

tion and then performed structure refinements on someWe have conducted two types of experiments: sorption
selected samples.of cadmium as a function of pH and sorption at nearly

In the studied pH range, sorption on MK, BR, andconstant pH.
BDH leads to the same apatitic structure with no signifi-Sorption of cadmium as a function of pH. In a previ-
cant modification of the unit cell parameters. Differentous work (14) we studied the influence of pH on the
results were found for FF19 apatite. Large quantities ofsorption of cadmium ions on BR apatite. We have shown
Cd5H2(PO4)4 ? 4 H2O (JCPDS Tables 14-400) were foundthat the concentration of cadmium in the solid is almost
in the 2–4 pH range, where 1.8 mol of cadmium perconstant, with a slight increase with pH. Here, we have
mol of apatite is sorbed. A smaller quantity of this phasestudied the influence of pH for apatite MK and FF19
was also detected with FF19 apatite for pH values higherand completed the results for BR by increasing the pH
than 4. In this pH range, this phase was not detectedrange. Results are shown on Fig. 1. For initial pH values
for MK, BR, and BDH apatites, although the sorbedlarger than 4, the sorbed cadmium quantities are similar
quantities are similar in all four apatites.in all apatites, a mean value of 0.7 mol/mol, slightly

We have determined the crystal structures after cad-increasing with pH. It seems, however, that in the higher
mium sorption. The powder data does not show anypH range, the most stoichiometric apatite MK leads to
modification of the symmetry. The main crystallographiclower values of sorbed cadmium, but the difference
parameters are reported in Tables 2, 3, and 4 (sampleis small.
with cadmium). Results are summarized in Table 6.For pH values between 2 and 4, the sorbed quantity
Taking the BDH apatite as an example, we observe thatis higher for FF19, about 1.8 mol/mol, while it remains
the population (PCa(2) apparent) of cations that occupyat about 0.6 for MK and BR. Under pH 2, the sorbed

quantity on FF19 decreases and reaches values close to Ca(2) sites (6.3) is higher than the population of Ca(2)
0.5, following the trend observed for pH values higher sites in the initial sample (5.5). We must remember that
than 4 (Table 6). structural analysis is only sensitive to the electron density;

two cations of a different nature located in the sameSorption of cadmium at constant pH. In order to
site cannot be distinguished from each other. Assigningstudy in more detail the influence of the stoichiometry
a site to several cations was based on the chemicalof the apatite, the uptake of cadmium in the solid phase
analysis, on the respective X-ray diffusion coefficients ofwas measured for several concentrations of this element
Cd and Ca, and on the evolution of the populationin the solution, with a constant initial pH value of 5,
before and after sorption. So, the population of cationsand with a contact time of 48 h. The maximum initial
which effectively occupies Ca(2) sites (PCa(2) real) is 0.76concentration of cadmium in the solution was 8 3 1023

mol liter21 which corresponds to 4 mol of Cd per mol Cd21 1 4.5(3) Ca21. Ca(1) sites remain partially vacant,
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TABLE 2 diffraction in Ca(1) 1 Ca(2) sites (8.1(5) Ca21), is in
Crystallographic Data for MK Hydroxyapatite before and agreement with the value determined by ICP/AES, taking

after Cd Sorption: Atomic Coordinates X Y Z, Population P, into account the error intervals.
Occupancy Factors OF, Temperature Factors B (Å2), Reliability We have already reported (10) the crystal structure
Factor R, and Unit Cell Parameters a and c (Å) of BR after sorption of cadmium. Here also, Cd cations

are located in Ca(2) sites. The same happens for MKStarting sample Sample with Cd
and FF19. The population of Ca(1) sites is not modified

P X 0.390(5)a 0.389(4) by the sorption of cadmium. The number of vacancies
(6h) Y 0.363(4) 0.360(5)

Z 1/4 1/4
B 2.4(8) 2.7(9)

TABLE 3
O(1) X 0.323(7) 0.325(7) Crystallographic Data for BDH Hydroxyapatite before and
(6h) Y 0.474(7) 0.467(7) after Cd Sorption: Atomic Coordinates X Y Z, Population P,

Z 1/4 1/4 Occupancy Factors OF, Temperature Factors B (Å2), Reliability
B 3.(1) 2. Factor R, and Unit Cell Parameters a and c (Å)

O(2) X 0.586(8) 0.585(8)
Starting sample Sample with Cd

Y 0.480(8) 0.470(9)
Z 1/4 1/4

P X 0.384(5) 0.389(5)
B 2.(1) 2.7(9)

(6h) Y 0.357(4) 0.362(5)
Z 1/4 1/4

O(3) X 0.343(5) 0.344(7)
B 2. 1.0(9)

(12i) Y 0.255(5) 0.260(7)
Z 0.069(3) 0.071(3)

O(1) X 0.340(7) 0.334(9)
B 3.(1) 2.8(9)

(6h) Y 0.490(8) 0.486(9)
Z 1/4 1/4

Ca(1) X 1/3 1/3
B 2. 2.

(4f) Y 2/3 2/3
Z 0.0014 0.0014

O(2) X 0.586(8) 0.585(9)
B 3.4(9) 2.7(9)

(6h) Y 0.480(8) 0.470(9)
P 3.9(2) 3.9(2)

Z 1/4 1/4
OF 0.98 0.98

B 2. 2.

Ca(2) X 0.248(3) 0.247(4)
O(3) X 0.348(9) 0.352(8)

(6h) Y 20.0065 20.0065
(12i) Y 0.253(8) 0.264(8)

Z 1/4 1/4
Z 0.066(3) 0.066(3)

B 3.7(7) 2.9(8)
B 2. 3.(1)

P 5.8(3) 6.4(3)
OF 0.97 1.05

Ca(1) X 1/3 1/3
(4f) Y 2/3 2/3

OH X 5 Y 0. 0.
Z 0.0014 0.0014

(4e) Z 0.18(2) 0.19(2)
B 2. 2.

B 2. 2.
P 3.5(2) 3.6(2)

P 2.1(3) 1.8(3)
OF 0.88 0.9

OF 0.52 0.45

Ca(2) X 0.248(4) 0.247(4)
R 0.084 0.087

(6h) Y 20.0065 20.0065
a 9.415(5) 0.410(5)

Z 1/4 1/4
c 6.879(5) 6.875(5)

B 1.8(9) 3.(1)
P 5.5(3) 6.3(3)a Standard deviation on the last digit.
OF 0.92 1.03

OH X 5 Y 0. 0.
(4e) Z 0.24(4) 0.22(3)

with the same concentration of vacancies as before cad- B 2. 2.
mium sorption. Direct calculations from intensity data P 1.7(3) 1.6(3)

OF 0.42 0.4without using chemical analysis gives similar distributions,
but with higher errors.

R 0.089 0.087These results mean that cadmium does not penetrate
a 9.426(5) 0.423(5)

into Ca(1) sites, even if there are vacancies in these c 6.865(5) 6.865(5)
sites. The total population of Ca21, determined by X-ray
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TABLE 5TABLE 4
Crystallographic Data for FF19 Hydroxyapatite before and Crystallographic Data for Starting Hydroxyapatites: MK,

BR, BDH, and FF19: Cationic Population (PCa(1) and PCa(2)),after Cd Sorption: Atomic Coordinates X Y Z, Population P,
Occupancy Factors OF, Temperature Factors B (Å2), Reliability Number of Vacancies in Ca(2) Sites (VCa(2)), and Unit Cell Pa-

rametersFactor R, and Unit Cell Parameters a and c (Å)

Starting sample Sample with Cd MK BR BDH FF19

PCa(1) 3.9(2) 3.7(2) 3.5(2) 4.0(2)P X 0.386(7) 0.384(7)
(6h) Y 0.361(7) 0.361(6) PCa(2) 5.8(3) 5.3(3) 5.5(3) 4.8(3)

VCa(2) 0.2(3) 0.7(3) 0.5(3) 1.2(3)Z 1/4 1/4
B 2. 2. a(Å) 9.415(5) 9.436(5) 9.426(5) 9.435(5)

c(Å) 6.879(5) 6.880(5) 6.865(5) 6.865(5)
O(1) X 0.340(9) 0.340(8)
(6h) Y 0.499(9) 0.490(8)

Z 1/4 1/4
B 2. 2.

atites prepared by coprecipitation (15), a decrease of the
O(2) X 0.587(9) 0.583(8) unit cell parameters is observed as the Cd/Ca ratio in-
(6h) Y 0.482(9) 0.475(8) creases in the solid. From these results, it appears that a

Z 1/4 1/4 0.8 mol/mol Cd concentration is too small to induce a
B 2. 2.

significant modification of cell parameters.
Concerning the sorption mechanisms, the results suggestO(3) X 0.356(7) 0.349(7)

(12i) Y 0.264(8) 0.264(6) two possible processes. For MK, BR, and BDH apatites,
Z 0.074(4) 0.065(4) which have the smallest concentration of cationic vacancies
B 2. 2. (,0.5 vacancy per unit cell), sorption proceeds by incorpo-

ration of cadmium into the apatitic structure, more pre-Ca(1) X 1/3 1/3
cisely into the Ca(2) sites. This process takes place in a(4f ) Y 2/3 2/3

Z 0.0014 0.0014 large pH range. Several complementary results indicated
B 3.(1) 4.(1) that the most likely incorporation process is diffusion and
P 4.0(2) 3.8(2) ion-exchange. Scanning electron microscope observations
OF 1. 0.95

showed that there is no modification of the crystallite mor-
phology after cadmium fixation. More recently, nuclearCa(2) X 0.248(4) 0.250(4)

(6h) Y 20.0065 20.0065 microprobe measurements showed that cadmium has pen-
Z 1/4 1/4 etrated into the whole thickness of the crystals (13).
B 3.(1) 3.(1) The exchange occurs exclusively with Ca(2) sites adja-
P 4.8(3) 5.6(3)
OF 0.80 0.93

OH X 5 Y 0. 0.
(4e) Z 0.20(2) 0.19(2)

B 2. 2.
P 1.9(3) 1.8(3)
OF 0.48 0.45

R 0.091 0.088
a 9.435(5) 9.445(5)
c 6.865(5) 6.855(5)

in Ca(2) sites remains almost unaffected, or slightly in-
creases.

DISCUSSION

FIG. 1. Variation of the sorbed concentration of cadmium [Cd]s in
As already pointed out, we did not observe any signifi- three calcium hydroxyapatites (MK, BR, and FF19) with different cationic

cant variation of cell parameters of the apatitic phase after vacancy concentrations as a function of initial pH. See compositions and
vacancy concentrations in Tables 1 and 5.cadmium fixation. In mixed calcium–cadmium hydroxyap-
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TABLE 6
Composition Determined by Chemical Analysis, Cationic Population per Unit Cell Determined from

X-Ray Diffraction for MK, BDH, and FF19 Apatites with Cadmium

MK BDH FF19

Chemical analysis Cd0.70Ca9.24-HA Cd0.76Ca8.65-HA Cd0.73Ca7.84-HA
PCa(1) 3.9(2) Ca21 3.6(2) Ca21 3.8(2) Ca21

PCa(2) apparent 6.4(3) Ca21 6.3(3) Ca21 5.6(3) Ca21

PCa(2) real 0.70 Cd21 1 4.7(3) Ca21 0.76 Cd21 1 4.5(3) Ca21 0.73 Cd21 1 3.9(3) Ca21

(Ca)total 8.6(5) Ca21 8.1(5) Ca21 7.9(5) Ca21

cent to the channels centered on the hexagonal screw axes CONCLUSION
and containing the OH ions. These results may be com-

The first contribution of this work was to improve thepared to those obtained by Nounah et al. (20) using a
knowledge of the structure of nonstoichiometric calciumcadmium–calcium hydroxyapatite obtained by precipita-
hydroxyapatites. Nonstoichiometry may result from differ-tion. In this last case, cadmium is found in both Ca(1) and
ent distributions of vacancies between Ca(1) and Ca(2)Ca(2) sites, although with an unequal distribution. This
sites.was discussed with respect to the ionic radii and bond

This work has also improved our knowledge of the sorp-strengths. Thus, with the same cation, sorption, and precipi-
tion mechanisms. The cationic vacancies (in the range stud-tation do not lead to the same site occupancy. This differ-
ied) do not seem to have an influence on the maximumence probably results from the fact that, during sorption,
uptake of this element into the apatitic phase. The reasoncadmium diffuses in the channels and has direct access to
for this limitation is still not well understood and mayCa(2) sites adjacent to them. An interesting feature of
be an intrinsic property of cadmium ions, not to occupyBDH apatite is the partial occupancy of Ca(1) sites. The
neighboring sites. This hypothesis may be compared to thepartial occupancy of these sites remains after sorption,
results obtained during the superficial sorption on ferricindicating that cadmium has no access to these sites, which
oxides: cadmium ions never lead to multinuclear surfaceare not directly connected to the channels.
species (21). However, our results have shown that the useIn the case of FF19, the least stoichiometric apatite stud-
of calcium hydroxyapatites with a high cationic vacancyied in this work, diffusion into the apatitic framework also
concentration increase the quantity of cadmium immobi-takes place, as indicated by the structural analysis of the
lized in the solid phase, due to a dissolution–precipitationapatitic phase. In this case, a second process occurs, as
process. This may be an advantage in the application ofindicated by the advent of the Cd5H2(PO4)4 ? 4 H2O phase.
apatites for the removal of toxic metallic ions from indus-This is probably a dissolution–precipitation mechanism.
trial liquid wastes or from contaminated soils. The advan-This mechanism plays a major role in the pH 2–4 range
tage of sorption over precipitation is the possibility of usingand has the advantage of increasing the total quantity of
a continuous process and of applying it to very low concen-cadmium immobilized in the solid phase (1.8 mol per mol).
trations of cadmium in solution.It plays a minor role in FF19 for higher pH values, while

A listing of the observed and calculated structure factorsit was not detected at all for more stoichiometric apatites.
is available on request.Concerning the apatitic phase, this work confirmed that
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