
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Model apatite systems for the stabilization of toxic
metals : I, calcium lead vanadate

Dong, Zhili; White, Timothy John; Wei, Bing; Laursen, Karin

2002

Dong, Z., White, T. J., Wei, B., & Laursen, K. (2002). Model Apatite Systems for the
Stabilization of Toxic Metals: I, Calcium Lead Vanadate. Journal of the American Ceramic
Society, 85(10), 2515‑2522.

https://hdl.handle.net/10356/95671

https://doi.org/10.1111/j.1151‑2916.2002.tb00489.x

© 2002 The American Ceramic Society. This is the author created version of a work that has
been peer reviewed and accepted for publication by Journal of the American Ceramic
Society, The American Ceramic Society. It incorporates referee’s comments but changes
resulting from the publishing process, such as copyediting, structural formatting, may not
be reflected in this document. The published version is available at:
[http://dx.doi.org/10.1111/j.1151‑2916.2002.tb00489.x ].

Downloaded on 22 May 2023 22:04:12 SGT



Model Apatite Systems for the Stabilization of Toxic Metals: 

I, Calcium Lead Vanadate 

 

Zhili Dong, Timothy J. White,* Bing Wei, and Karin Laursen 

 

Centre for Advanced Research of Ecomaterials, Institute of Environmental Science and 

Engineering, Singapore 637723 

*Member, American Ceramia Society 

 

Apatites of composition (Ca10‒xPbx)(VO4)6F2 with 0   x   9 were synthesized by sintering 

in air at 800°C the oxides of calcium, lead, and vanadium that were mixed with calcium 

fluoride. Variations in lattice parameters, grain size, and durability were monitored as a 

function of composition. The expected dilation in unit cell edges with increasing 

replacement of calcium (IR = 1.26 Å) by lead (IR = 1.45 Å) was observed. The a cell edge 

(in angstroms) varied linearly (0.0458x + 9.7068) with x, while c followed the binomial 

function 0.0018x
2
 + 0.0279x + 7.0118. Average grain sizes increased from approximately 5 

μm (x = 0) to 25 μm (x = 9) as grain growth was enhanced due to incipient melting of the 

lead-rich compositions. For x < 5 the materials were biphasic. Overall dissolution, as 

determined by the toxicity characteristic leaching procedure (TCLP), was faster in 

calcium-rich apatites. Etching of well-crystallized apatite grains occurred preferentially on 

{10 ̅0} faces. These leach losses were augmented through the more rapid removal of 

cryptocrystalline regions and intergranular thin films. 

 

I. Introduction 

 

Synthetic apatite minerals have long been candidates for the immobilization of nuclear waste 

because of their chemical stability and radiation resistance.
1
 More recently, waste form apatites 

has gained prominence due to their applications in the stabilization of contaminated soils
2
 and 

hazardous industrial wastes.
3–7

 Evaluation of the performance of these waste forms has, in large 

part, relied solely on the determination of leach rates using standard test methods, especially the 



toxicity characteristic leaching procedure (TCLP),
8
 in which the absolute concentration of metal 

extracted into acetic acid solutions over an 18 h period is measured. The quantity of metal 

extracted when compared with accepted loss rates determines whether the waste form is 

acceptable for landfill disposal. While TCLP is a useful screening method, the scientific 

limitations of the approach are well known,
9,10

 especially the short duration of the test that 

precludes an estimation of long-term durability. Moreover, in its standard form, TCLP results do 

not convey information concerning the mechanism of dissolution, including the contribution of 

precipitates or passivation layers to the overall leach rate. Consequently, there remains some 

uncertainly as to the longevity of waste form apatites, the precise mechanism of immobilization 

(crystallochemical incorporation or absorption), and the manner in which apatite-related phases 

may enhance or degrade performance. Further, almost all studies have focused on the use of 

phosphate-based compounds, although the apatite family of minerals encompasses a rich and 

diverse solid-state chemistry. Other potentially useful formulations for hazardous waste 

management have to date received less attention. 

Incinerator ashes generated by the combustion of municipal and industrial wastes can 

contain high concentrations of toxic metals.
11–15

 In countries with limited access to landfills 

and/or high landfill charges there is considerable incentive to stabilize ash before disposal or 

reuse without excessive bulking. As part of a wider-ranging study of alternative methods of ash 

stabilization, we report the preparation and characterization of the apatite series (Ca10‒

xPbx)(VO4)6F2 with 0  x  9 as simplified surrogates for apatites derived from the stabilization 

of certain waste oil ashes. The aims of this work were to establish the continuity of the lead 

vanadate solid solution series, investigate the relationship between chemistry and waste form 

durability, and seek a clearer understanding of apatite dissolution, specifically under TCLP-like 

conditions. 

 

II. Crystal Chemistry 

 

Apatites (somewhat simplistically) conform to general formula A10(BO4)6X2 where A 

includes larger mono-, di-, and trivalent cations, B are metalloids, and X represents halides and 

anion radicals. All apatites adopt hexagonal (or pseudohexagonal) symmetry, the most common 

space group being P63/m. The ability to tolerate so many cation matchings arises from three 



crystallochemical features peculiar to the apatite structure (Fig. 1).
16

 First, there are two 

crysallographically distinct A-sites. The anion coordination of the A(1)-site is AO6 and 

metaprismatic, lying between perfect octahedral and trigonal prismatic coordination. The anion 

coordination of the larger A(2)-site is irregular with bonding to between seven and nine oxygens. 

Such ill-defined coordination enhances the capacity to immobilize cations of different sizes. The 

A(2)-site lies adjacent to a continuous “tunnel” within the structure which is partially filled with 

X anions and provides a location for lone-pair electrons (which enlarge the radius of Pb
2+

). A 

second source of structural flexibility arises because BO4 tetrahedra are the only rigid polyhedra. 

Minimal rearrangements in the topology of these structural units can adjust apatite dimensions to 

accommodate cations with quite disparate crystal radii. Third, apatites may display X-site 

nonstoichiometry that facilitates charge balance in chemically complex wastes. 

Natural varieties of apatite are remarkably accommodating to a wide variety of cation 

substitutions.
17

 The apatites of the present study are fluorine analogues of the rare mineral 

vanadinite Pb10(VO4)6Cl2, which forms as a secondary product in oxidized lead ore deposits. It is 

known that phosphate apatite minerals can survive unaltered in limestones and calc-silicate 

rocks;
18

 however, the longevity of nonphosphate apatites has not been reported on extensively. 

Although apatites are often sparingly soluble in water, they can present enhanced solubility in 

oxalic, citric, tartaric, and salicylic acids.
19

 This will evidently be deleterious when acetic acid 

based TCLP testing is used. 

 

III. Experimental Procedure 

 

(1) Fabrication 

Fresh CaO (prepared by firing AR grade CaCO3 at 900°C), CaF2, V2O5, and PbO 

powders were mixed in the appropriate proportions and fired at 800°C in alumina boats at 

ambient atmosphere for 10 h. Ten compositions of (Ca10‒xPbx)(VO4)6F2 with x = 0, 1, 2, ... , 9 

were prepared. These precursor powders were then ball-milled and treated again at 800°C for 

about 2.5 days to allow the reaction to proceed to completion. The powders were subsequently 

pressed into pellets (10 mm   3–4 mm) and sintered at 800°C for 15 h. Each pellet had a total 

weight of ~1.5 g. The firing temperature chosen was just below the melting point of lead end 

member Pb10(VO4)6F2. 



 

(2) Characterization 

Powder X-ray diffraction patterns were collected using a Siemens D5005 X-ray 

diffractometer (XRD) fitted with a Cu tube that was operated at 40 kV and 40 mA. Scans were 

collected from 10° to 140° 2  with a scanning rate of 0.12° 2 /min. Under these conditions the 

intensity of the strongest peak was 1500–2000 counts. Before collection, the pellets were 

mechanically ground to powder to minimize preferred orientation effects and mixed with a small 

quantity of standard silicon powder with a0 = 5.43088 Å (NIST 640c) to allow internal 

calibration of d-spacings. The data were analyzed using the Rietveld method.
20

 A two-step 

procedure first fixed the zero-shift parameter against the Si reflections, followed by refinement 

of the apatite phase. For each compound four polynomial background coefficients, peak half-

widths V and W, and an asymmetry parameter were refined. A Pearson VII peak shape was 

corrected for asymmetry. As no crystallographic data could be located for Ca10(VO4)6F2, the 

starting model for refinement used the atomic positions for Ca10(PO4)6F2
21

 and the unit cell 

dimensions of vanadinite.
22

 For each model the occupancy of the calcium/lead was fixed at the 

assumed composition and not refined. As the focus of this study was confirmation of the solid 

solution, no attempt was generally made to refine atomic positions or thermal parameters (which 

were fixed at 0.5 Å
2
). Although the final matches of diffracted intensities were not optimized, 

this did not compromise the determination of lattice parameters. Patterns were analyzed 

systematically from the calcium to lead end members. In a single case of a two-phase apatite 

powder, complete structure refinement was undertaken. 

Scanning electron microscopy (SEM) (Model JSM-5310LV) was conducted at 20 keV 

and a low vacuum of ~29 Pa to minimize the effects of charging. Pellets were polished to 1 μm 

using diamond paste. The polished disks were studied before and after TCLP testing by 

backscattered electron (BSE) imaging to more readily differentiate second phases. Quantitative 

microanalysis (Oxford Link Si(Li) X-ray detector and associated software) was conducted using 

the K-lines of calcium, vanadium, and fluorine while the L-lines were used for lead. 

Analytical transmission electron microscopy (TEM) of thin sections was used to 

investigate the crystallinity of apatite crystals and search for the presence of amorphous phases. 

Electron-transparent specimens were prepared from 3 mm diameter trepanned disks cut from the 

central part of each pellet. After being polished with emery paper to a thickness of <50 μm, the 



samples were ion milled to perforation at 4.5 kV with double argon guns at a glancing angle of 

7°. TEM was performed at 300 kV (Model JEOL JEM-3010). Specimens were studied before 

and after leaching by orienting with a double tilting holder. 

 

(3) Leach Testing 

Extractions were conducted on individual sintered pellets using a modified TCLP method 

to determine the losses of calcium, lead, and vanadium. The leach solution used was the 

prescribed acetic acid of pH 2.88 prepared by diluting 5.7 mL of glacial acid with deionized 

water to a volume of 1 L. However, because of the small quantity of material available for test 

purposes a single sintered pellet (<9.5 mm diameter) was tested while maintaining a 

solid:extraction-fluid weight ration of 1:20. After 30 mL of leach solution was added to the 

extractor bottle and the 1.5 g pellet was immersed in the liquid, the bottle was tightly closed and 

kept to rotate at about 30 rpm on the leaching machine. The concentrations of lead, vanadium, 

and calcium released into leach solution were measured after leach periods of 72, 120, and 168 h 

with a Bruker 3500 wavelength dispersive X-ray fluorescence spectrometor (XRF). Quantitation 

was completed using manufacturer software and calibrated against standard solutions. 

 

IV. Results 

 

(1) Microstructural Features 

Backscattered electron micrographs for a representative selection of pellets are shown in 

Fig. 2. Overall image contrast decreases across the series as the average atomic number 

decreases from 23.4 to 17.5 in passing from the x = 3 to x = 7. Grain growth was less pronounced 

in calcium-rich samples (with mean diameters < 10 μm) as compared with lead-rich 

compositions (diameter > 20 μm). This is to be expected as increasing concentrations of lead 

systematically depress the melting point of the pellets, such that a firing temperature of 800°C is 

just below the solidus of Pb10(VO4)6F2. While the melting point of each composition was not 

determined, it is clear that for the calcium-rich compositions with x < 4 reaction was incomplete 

as two-phase assemblages resulted (see Fig. 1(c)). Semiquantitative microanalysis showed that 

the apatite phases were of similar composition; for illustration, Table I summarizes the data 

(normalized to reflect the presence of 10 cations on the A-site) for the (Ca7Pb3)(VO4)6F2 pellet. 



The difference in the Ca/Pb ratio is evident, and within the accuracy of the analysis, the 

concentration of vanadium is fixed. The analysis of fluorine is clearly high and should not be 

regarded as especially reliable; nonetheless, confirmation of its presence excludes the possibility 

of significant volatilization losses during synthesis or the existence of fluorine-free phases such 

as Ca3(VO4)2. 

 

(2) Crystallography Analysis 

The preliminary analysis of the X-ray diffraction patterns assumed the samples to be 

single-phase apatite (Fig. 3). Cell parameters as a function of composition (x) could be well fitted 

(R > 99%) to the functions 

 

 

 

 

Indeed, inspection of the X-ray patterns did not obviously indicate peak splitting or significant 

line broadening that might have led to a supposition of disequilibrium and phase separation. This 

could only be recognized from the BSE images. 

In a single case, a trial Rietveld analysis of (Ca7Pb3)(VO4)6F2 was conducted starting with 

two apatite phases, the unit cells of which bracketed the average cell edge (Fig. 4). In addition, 

the calcium and lead contents over the two A-sites were refined in a coupled fashion with the 

total occupancy (k) for each site constrained such that kCa + kPb = 1. This yielded lead-rich (35 

wt%) and lead-poor (65 wt%) phases with unit cells slightly deviating from the average unit cell. 

These data are summarized in Table II. The residuals for the two-phase model are marginally 

better than for the single-phase model, and the overall composition, derived from the refined 

structures, is in reasonable agreement with the bulk composition. However, there is substantial 

disagreement (~0.5%–1%) between the observed unit cells and the chemical compositions 

derived algebraically using the fitted formula above. Certainly the algebraic deviations would 

have been sufficient to result in clear splitting of reflections arising from the two compounds. 

Furthermore, in work still in progress, it has been shown that even for single-phase apatites (as 

confirmed by SEM), longer-term annealing at 800°C leads to significant deviations from these 

relationships. It is believed that this is due to differences in Ca/Pb partitioning over the cation 

acceptor sites; however, this remains the subject of a current investigation. 



 

(3) Disequilibrium Structures 

The majority of apatite crystals were well developed and perfect, in the sense that no 

extended defects were observed. Figure 5 shows the high-resolution [011]   [1 ̅13] images of 

Ca10(VO4)6F2 and (Ca7Pb3)(VO4)6F2 collected near the Scherzer defocus. While the contrast in 

calcium-pure apatite was uniform, that in the Ca/Pb mixed crystal displayed contrast domains 

and reversals. While these differences may be attributable to electron beam etching leading to 

pitting of lead-rich apatite surfaces, it is suggested that disorder of lead and calcium may be 

responsible, as a relatively small variation in lead content would have a sizable impact on the 

projected electron potential of the crystal. 

Cryptocrystalline regions were also found as shown in Fig. 6, where a disordered crystal 

was located between two relatively perfect crystals. High-resolution lattice images from the 

ordered crystal (A) and disordered crystal (B) revealed the presence of domains ~10 nm in 

diameter. Chemical analysis of the two regions showed that although the vanadium content was 

uniform, the Pb-L and Ca-K X-ray intensities were reversed with the cryptocrystalline region 

being far richer in lead. 

In addition to these larger-scale disequilibrium structures, thin grain boundary phases 

were commonly observed. Figure 7 is a typical example where a Clarke through focal series was 

collected under overfocus, focus, and underfocus conditions.
23

 The reversal of contrast from 

white in the overfocus condition to dark at underfocus indicates that the intergranular film has a 

higher mean inner potential than the surrounding crystals. This is believed to be consistent with 

the accumulation of lead at the interface. 

 

 (4) Dissolution Mechanisms 

The most direct identification of the contributions various microstructural features make 

to overall dissolution rates can be derived from transmission electron microscopy, especially 

with respect to the relative dissolution of different crystalline surfaces and nonequilibrium 

components. Examples of STEM/BSE images of a two-phase (Ca7Pb3)(VO4)6F2 pellet before and 

after 90 h TCLP testing are shown in Fig. 8. After immersion in the leach solution many grain 

boundaries have been altered and appear more prominent. More careful inspection using a 

combination of bright-field TEM and SAD showed that dissolution occurred preferentially along 



{10 ̅0} crystallographic planes (Fig. 9). This result was confirmed on a larger scale by SEM 

where grains with faces close to {10 ̅0} were covered by long etch channels, while those near to 

(0001) were covered by numerous small etch pits (Fig. 10). SEM of two-phase (Ca7Pb3)(VO4)6F2 

apatite (Fig. 11) showed that the lead-rich bright regions dissolved more slowly than the darker 

calcium-rich regions. While the former displayed pit morphology, it appears that in the calcium 

regions complete grains had been dislodged. 

Although TCLP data are usually reported as the quantity of metal extracted in 18 h (in the 

case of lead the regulatory limit is 5 ppm in 18 h), our data are reported as a leach rate (or 6.6 

ppm/day), so that the trends in leachability can be followed (Fig. 12).
†
 The leach rates for 

calcium and vanadium accelerated after 6 days, possibly because of the gradual exposure of 

more cryptocrystalline regions that were rich in these metals and were likely to have relatively 

poorer durability. Lead, on the other hand, appeared to have a falling leach rate after 6 days, 

possibly due to the removal of near-surface grain boundary lead. 

 

V. Discussion 

 

The trend toward treating toxic industrial effluents as a resource for recycling into 

nonstructural building materials, rather than a waste, requires unequivocal assurances that 

secondary products will maintain their design specifications, if not indefinitely, then certainly 

throughout their useful life. Consequently, there is a growing need for more complete 

understanding of the crystal chemistry, microstructure, and longevity of industrial waste-bearing 

ceramics. Such knowledge is essential, as unexpected phases, even when present in low 

concentration, can have lower durability and limit chemical and/or physical properties. Given 

that large volume usage of recycled industrial waste is anticipated, even slight degradations in 

performance could have a profound effect on toxic metal loads in certain built environs or 

ecosystems. 

This work has confirmed that for a simplified vanadinite waste system complete solid 

solution exists between Ca10(VO4)2F2 and Pb10(VO4)2F2 with lattice parameters dilating 

continuously and regularly as lead (IR = 1.45 Å) replaces calcium (IR = 1.26Å). In detail, 

complexity arises due to disequilbrium partitioning of lead over the two possible cation acceptor 

sites. The trend lines shown in this study were achieved by firing all compositions for the same 



times and temperatures (Fig. 2). However, a reconnaissance investigation, the details of which 

will be published separately, has shown that apatites fired for longer times (an additional 72 h at 

800°C) adopt cell edges that deviate from these data. It is believed that this is due to the tendency 

of lead to enter the larger A(2)-site—as has been observed in lead-substituted hydroxyapatite
24

—

via a diffusion process which may be quite slow in the subsolidus condition. Indeed, such 

preferred partitioning was confirmed for the two-phase apatite of average composition 

(Ca7Pb3)(VO4)6F2 where the Rietveld convergence required significantly greater scattering from 

the A(2)-site than anticipated from an even equimolar cation distributions over the A 

crystallographic sites (Table II). On the nanoscale, disequilibrium is even more complex as the 

HRTEM shows microdomains a few tens of angstroms in extent that may be attributed to 

different proportions of lead and calcium. For the calcium-rich material (x < 5) the synthesis 

conditions yielded assemblages far from equilibrium as evidenced by the coexistence of two 

apatites adopting similar, but clearly distinct, chemical compositions. It is anticipated that longer 

firing times or higher temperatures would have resulted in single-phase ceramics. Of particular 

significance is the observation that XRD analysis alone would not necessarily have detected the 

two-phase nature of these preparations as the unit cells were essentially indistinguishable. 

Nonetheless, the strong dependence of the backscattered electron coefficient on small changes in 

lead content made them readily visible by SEM (Fig. 1(c)). 

Regions of partially crystalline apatite, which were enriched in lead relative to 

surrounding crystals, were present, as were thin intergranular films believed to accumulate lead. 

These microstructural features will play a dominant role in determining the short-term leach rates 

of metals from the ceramic, as their dissolution as demonstrated by TEM proceeds more quickly 

than from the fully crystalline material. In the longer term, losses will be determinied by metals 

solubilized directly from apatite crystals, especially along the susceptible {10  ̅ 0} 

crystallographic planes, especially so in calcium-rich compositions. Short-term leach tests 

conducted according to a modified TCLP method showed lead losses to be within regulatory 

limits in this trial apatite system, which is not yet optimized in terms of immobilization. 

 

VI. Implications for Immobilization 

 

It is clear that even this relatively simple apatite system containing only three toxic 



elements (lead, vanadium, and fluorine) displays considerable crystallochemical and 

microstructural complexity, which will have a direct bearing on the long-term performance of the 

waste form. First, the solubility of the apatite is strongly dependent on overall composition, with 

lead-rich material being substantially more durable. This result might have been anticipated, for 

while no published solubility for lead vanadium apatites could be found, it has been reported that 

lead phosphate apatites are less soluble than their calcium-rich counterparts.
25

 This is a positive 

result in terms of stabilization of lead-rich wastes. It would be of interest to establish whether 

chemically similar toxic metals (e.g., cadmium or mercury) behave similarly in calcium 

vanadium apatite. Second, in common with wasteform ceramics generally, grain boundary 

phases and other imperfections will reduce chemical and mechanical durability. The present 

system could be enhanced through the inclusion of additives that would improve sinterability and 

to yield denser and more homogeneous ceramics. Finally, while the synthesis conditions used 

apparently resulted in negligible volatilization of lead (as evidenced by the formation of near 

stoichiometric apatite), further emphasis should be given to validating that the losses are minimal 

and within regulatory guidelines. 

The procedures to validate the suitability of apatite-based ceramics for the 

immobilization of inorganic industrial wastes are, in most respects, completely analogous to the 

mature methods used to develop crystalline nuclear waste forms.
26–28

 Key technical 

demonstrations include the capacity to incorporate waste at high loadings, an ability to accept 

variations in waste composition and resistance to alteration under a range of conditions. 

Similarly, the effectiveness of both nuclear and industrial waste ceramics can be limited through 

the formation of less durable secondary phases (especially at higher loadings), volatilization of 

components, and intergranular solubility.
29

 It would be efficacious for future studies of apatite 

ceramics for industrial waste treatment to adopt the same rigor as routinely applied to nuclear 

waste materials, especially where transformation into voluminous secondary products is 

envisaged. 
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