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curve, then approached the solutus curve.

INTRODUCTION

Apatites form a large family of isomorphous compounds
and a well-known representative member of the group is fluo-
rapatite Cas(PO4);F (FAP). The existence of several natural
minerals containing this component has led to their use in many
applications, such as in the manufacture of phosphatic ferti-
lizers and in phosphorus chemistry'.

The apatites exist as accessory minerals in metamorphic
rocks and igneous rocks, in veins and deposits and most commonly
occur as chief, impure and fine constituent of bones and teeth.
Because of their various substitutions, the apatite group
minerals are well-known for the compositional changes. In
phosphate ores, pentavalent As(V) is known to partly substitute
P(V) in the tetrahedral site in fermorite [(Ca,Sr)s (PO,
As0,);(F,OH)] or to totally substitute it in johnbaumite
[Cas(AsO.);OH], the arsenate analogue of hydroxyapatite and
in svabite [Cas(AsO,)sF], the fluorarsenate analogue of
fluorapatite®. It is evident that incomplete progress of such a
substitution leads to the formation of a series of solid solution
of these isomorphs'.

Many of apatites occurring in ores have been observed to
contain more or less arsenic substituting the phosphorus. Arsenate
is isostructural and isoelectronic with phosphate, which may
facilitate its anion exchange on apatite. The existing literature
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Arsenate/phosphate fluorapatite solid solutions [Cas(PxAs;x04);F] were synthesized and characterized and then their dissolution was |
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confirms the occurrence of this replacing reaction spread over
the entire compositional range and can be used to throw light on
its mechanism to arrive at the possibility of removal of
incorporated arsenic'. The removal of arsenic(V) from water and/
or wastewater using hydroxyapatite was a complex mechanism
that included both co-precipitation between calcium hydrogen
arsenate and hydroxyapatite in the aqueous solution and ion
exchange between calcium hydrogen arsenate and hydroxyl ion.
Recovery of arsenic as precipitate from arsenic-containing
wastewaters was studied by hydrothermal mineralization treat-
ment. The precipitate obtained by this treatment was a kind of
natural mineral [johnbaumite, Cas(AsO.);OH], which could be
easily reused as resources of arsenic compounds™*.

Extensive synthesis experiments at ambient temperatures
were carried out to evaluate the conditions of formation and
the solubilities of many different calcium arsenates®®. Hydroxy-
apatite (HAP) and fluorapatite (FAP) are the most stable
form of calcium phosphate and exhibit a very low solubility.
However, the solubilities of johnbaumite [Cas(AsO4);OH] and
svabite [Cas(AsO,);F] are considerably greater than that of
hydroxyapatite and fluorapatite®, which suggested that the
substitution of phosphate in the arsenate compound could
greatly reduce their solubilities™.

Fluorapatite, arsenate-phosphate fluorapatite solid solution
(AsPFA) and arsenate fluorapatite (AsFAP) have environmental
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relevance because they contain potentially toxic As and F in
significant quantities and thus, upon dissolution, may release
these elements in bioavailable form to ecosystems. No research
has been carried out on the dissolution and stability of the
FAP-ASFAP solid solution. Consequently, there are insufficient
data upon which to assess the true environmental risk of arsenic
posed by these minerals. Recent researches on the end
members fluorapatite and arsenate fluorapatite indicated that
these minerals dissolve non-stoichiometrically at pH 2 and at
25,35 and 45 °C to yield*’ aqueous Ca**, F-and PO;~ or AsO3~. If
arsenate-phosphate fluorapatite solid solution [Cas(PxAs1<O.)sF]
dissolved in a similar fashion, great amounts of aqueous arsenic
could be released to aqueous environments, which may cause
significant environmental harm.

In the present work, the Cas(PxAs;<0.);F solid solution
(AsPFA) was prepared by a precipitation method. The resulting
solid solution particles were characterized by various tech-
niques. This paper reports the results of a preliminary study
that monitors the dissolution and release of constituent
elements (Ca®, PO, AsO,", F") from synthetic arsenate-
phosphate fluorapatite solid solution by batch dissolution
experiments. The solid-solution aqueous-solution (SSAS)
reaction paths are also discussed through the constructed
Lippmann diagram to assess the potential impact of such solid-
solutions on the mobility of arsenic in the environment.

EXPERIMENTAL

Solid preparation and characterization: The experi-
mental details for the synthesis of the solid samples by preci-
pitation were based on the following reaction: 5Ca** + 3XO0,*
+ F = Cas(X0,);F. Where X = P(V) or As(V) for the end
members and (P + As) for the solid solution.

The Cas(PyAs;<O4)sF solid solution (AsPFA) was prepared
by controlled mixing of a solution of 100 mL 0.5 M Ca(NO;),
and a solution of 60 mL 0.5 M Na;PO, and Na;AsO, and a
solution of 20 mL 0.5 M NaF, so that a Ca/(P + As) molar
ratio in the mixed solution was 1.67 (Table-1). Ultrapure water
and reagent grade chemicals were used for all experiments.
The amounts of Na;PO,4 and Na;AsO, were changed in indivi-
dual preparation to obtain synthetic solid samples with different
mole fractions of fluorapatite and arsenate fluorapatite. The
initial solutions were very slowly mixed in a covered beaker.
The mixing solution was kept at 70 °C and stirred by using
a stirrbar at a moderate rate (100 rpm). After 7 days, the

TABLE-1
SUMMARY OF SYNTHESIS AND COMPOSITION
OF THE Cay(P,As, xO,);F SOLID SOLUTION

Volumes of the precursors (mL)

Sample 05M 05M 05M 0.5M Solid composition
Ca(NO;), Na;PO, Na;AsO, NaF
AsPFA-1 100 6 54 20  Cas(Py10AS00004):F
AsPFA-2 100 12 48 20  Cas(PypASy500s)sF
AsPFA-3 100 18 42 20  Cas(Py3AS06904):F
AsPFA-4 100 24 36 20  Cas(PysAsy590.):F
AsPFA-5 100 30 30 20  Cas(Pys5,As)4504)5F
AsPFA-6 100 36 24 20  Cas(PyASy3904):F
AsPFA-7 100 42 18 20  Cas(Py7,AS9290,):F
AsPFA-8 100 48 12 20  Cas(PygoASy2004)sF
AsPFA-9 100 54 6 20  Cas(PyoiASyo904)sF

precipitates were settled. The obtained precipitates were
washed thoroughly with ultrapure water and then dried at
110 °C for 24 h'.

To determine the composition of the synthetic solid,
approximately 10 mg of the precipitate was digested in 20 mL
of 1 M HNO; solution and diluted to 100 mL with ultrapure
water. Calcium and arsenic were analyzed by a atomic absor-
ption spectrometer (AAS, Perkin-Elmer A Analyst 700). It was
analyzed for PO,*", F~, Na* and NO;™ by using an ion chroma-
tography (IC, Metrohm 790) or an UV-visible spectrometer
(Perkin-Elmer Lambda 20). All obtained precipitates were
characterized by powder X-ray diffraction with a diffracto-
meter (XRD, X'Pert PRO) using CuK,, radiation (40 kV and
40 mA). Crystallographic phase identification of the prepared
solids was accomplished via comparing the obtained XRD
patterns to the standards from the International Center for
Diffraction Data (ICDD), which were card #00-015-0876 for
calcium fluoride phosphate and #00-023-0112 calcium
fluoride arsenate. The morphology of the precipitate was
observed by scanning electron microscopy (SEM, Joel JSM-
6380 LV). The Fourier-transform infrared spectra were
recorded over the range of 4000-400 cm™ by a spectrophoto-
meter (FT-IR, Nicolet Nexus 470).

Dissolution experiments: 0.5 g of the prepared solid was
placed in a series of 250 mL polypropylene bottles and then
150 mL of 0.01 M HNO:; solution was added into the bottles,
which were capped and placed in a water bath (25 °C). Water
samples (3 mL) were taken from each polypropylene bottle
on 14 times (1,3,6and 12 h, 1, 2, 3, 5, 10, 15, 20, 30, 45 and
60 d). After sampling, the water sample volume was replaced
with an equivalent amount of ultrapure water. The water
samples were then filtered through 0.20 um pore diameter
membrane filters and stabilized by 0.2 % HNOs; in 25 mL
volumetric flask'’. PO, and F~ were analyzed by an ion
chromatography and calcium was analyzed using an atomic
absorption spectrometer. After 1440 h dissolution, the solids
were sampled from the bottles, washed, dried and characterized
by XRD, SEM and FT-IR as described above.

Thermodynamic calculations: Associated with disso-
lution is an assemblage of solid phases, aqueous solution
containing dissolved calcium, phosphate, arsenate and fluoride
and a pH value. Assuming equilibrium has been attained, the
thermodynamic data can be computed through established
theoretical principles’. In this work, the calculations were
conducted using PHREEQC (Version 2.15) together with the
minteq.v4.dat database. The free-format input and the order-
independent keyword data blocks facilitate the construction
of geochemical models that can simulate a wide variety of
aqueous-based scenarios''.

The activities of Ca* g, POs* (ag)» AsO4™ (g and F,q were
firstly calculated by using PHREEQC and then the ion activity
products (IAPs) with respect to Cas(PxAsixO4)sF, Cas(PO.)sF
and Cas(AsOs);F were determined according to the mass-action
expressions.

RESULTS AND DISCUSSION

Solid characterizations: The composition of the prepared
solid solution was the intended composition of Cas(Py As.«O4)sF.
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The atomic Ca/(As + P) ratio was equal to 1.67 which is a
stoichiometric ratio of apatite’.

The XRD pattern of the synthetic solids confirmed the
formation of the Cas(PxAs;<O4);F solid solution, which has
the apatite type structure (Fig. 1). Fluorapatite and svabite
(arsenate fluorapatite) are the two end members of a structural
family series. When subjected to XRD, they produce the same
peaks; but the peaks exist at different two-theta values. The
incorporation of As(V) in the apatite lattice causes a shift in
the "d" spacing’. All the solid compounds have showed the
formation of an apatitic mineral, which differed only in peak
location, absolute intensity and peak width of the diffraction
patterns. The tetrahedral covalent radius of AsO,* (1.18 A)is
greater than that of PO,* (1.10 /0\) and the lattice of arsenate
fluorapatite can be considered to be less firmly bound than
that of fluorapatite'. The reflection peaks of fluorapatite and
arsenate fluorapatite were slightly different from each other.
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Fig. 1. X-ray diffraction patterns of the apatitic Cas(PxAs;<O4)sF solid
solution before (a) and after (b) dissolution at 25 °C for 120 d

The reflections of the Cas(PxAs;<O4);F solid solution shifted
gradually to a higher-angle direction when the As/(P + As)
molar ration of the solid samples declined’.

The normal FT-IR modes of the tetrahedral phosphate
anion are: v;, symmetric P-O stretching; v,, OPO bending; vs,
P-O stretching and v4, OPO bending. The FT-IR spectra of the
prepared white solids are illustrated in Fig. 2. The fundamental
vibrational modes of PO,* tetrahedra of apatite phase are noted
for all the samples in the region around at 959-965 cm™ (vs),
1046-1041, 1095 cm™ (v3), 578-566, 606-602 cm™ (v.) and
496-491 cm™ (v,). The peaks of AsO,* appeared around 870-
837 cm™ (v3) and 430-422, 474-455 cm™ (vy). The location of
the arsenate peaks and the phosphate peaks in the spectra was
witnessed for the whole series of substituted apatites. The area
of the phosphate peak was gradually suppressed and the area
of the arsenate peak increased as the proportion of arsenate
increased’.
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Fig. 2 . Infrared spectra of the apatitic Cas(PyAs,.,O,);F solid solution before

(a) and after (b) dissolution at 25 °C for 120 d
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As shown in Fig. 3, the scanning electron microscopic
observation showed the particle sizes of the solid samples with
high As/(P + As) molar ratio of 0.29-1 were < 1 um. However,
the difference in crystal shape of apatite was not clear because
of the limitation of SEM instrument magnification. The crystal
size of the solid samples increases with declining As/(P + As)
molar ratio. When the As/(P + As) molar ratio is lower than
0.29, all apatites were large tabular crystals with some particle
size > 5 um.
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Fig. 3. Scanning electron micrographs of the apatitic Cas(P As;O4);F solid
solution before (a) and after (b) dissolution at 25 °C for 120 d

Solution chemistry: For the apatitic Cas(PxAs;.<O4):F
solid solution, the dissolution occurred primarily within the
first 48 h, with dissolution rates declining quickly after this
time and steady state conditions achieved, i.e., the pH and the
concentrations of Ca**, PO,", AsO,” and F" in the aqueous
solution remained nearly constant over the whole of the experi-
ments (Figs. 4 and 5).

The pH values increased with the increasing dissolution
time quickly in the first 48 h and then very slowly or achieved
stable until the end of the experiment (Fig. 4). The final pH

pH
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Fig. 4. Aqueous pH versus time for dissolution of the apatitic
Cas(PyAs;xOy)sF solid solution at 25 °C

values were strongly related to the mole fraction of fluorapatite
in the solid samples. Generally, the pH values increased with
the decreasing mole fraction of fluorapatite in the solid, which
is possibly the result of the stronger hydrolyzation ability of
AsO,” than that of PO,*.

Similar to the variation of the aqueous pH values, the
aqueous Ca® concentrations increased quickly at the early
stage of the dissolution. After reaction for about 48 h, they
achieved a plateau. It is also obviously that the aqueous Ca*
concentrations decreased with the increasing mole fraction of
fluorapatite in the solid, which could be explained by the higher
solubility of the end member Cas(AsO.);F than that of the end
member Cas(POy);F.

The aqueous PO,* concentrations increased rapidly at the
early stage of the experiment and had achieved a peak value in
1-3 h. After that, the aqueous PO, concentrations declined
quickly with time and achieved stable after 50-100 h dissolution.
In contrast to the aqueous concentrations of Ca*, AsO,™, F-and
the pH values, the aqueous PO,* concentrations increased with
the increasing mole fraction of fluorapatite in the solid sample.

The change trend of the aqueous AsO,* concentrations
with time was considerably influenced by the mole fraction
of fluorapatite (Fig. 5). For the solid samples with high mole
fraction of fluorapatite (AsPFA-5 - AsPFA-9), the aqueous
AsO,™ concentrations increased with the increasing dissolution
time at the beginning of the dissolution experiment. After
reaction for about 100-200 h, the concentrations achieved
stable. But for the solid samples with low mole fraction of
fluorapatite (AsPFA-1 - ASPFA-4), the aqueous AsO,* concen-
trations increased quickly and achieved a peak value in 6-24 h
and then declined. After 48 h dissolution, the aqueous AsO,*
concentrations increased slowly once again and attained stable
after 240 h. Generally, the aqueous AsO,* concentrations were
positively related to the mole fraction of arsenate fluorapatite
in the Cas(P,As,.,O4)sF solid solution, i.e., the AsO,* concen-
trations in the aqueous solution increased with the increasing
mole fraction of arsenate fluorapatite in the solid during the
solid-solution aqueous-solution (SSAS) reactions. The elemental
concentration profiles for F~ are significantly different from
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Fig. 5. Aqueous component concentrations versus time for dissolution of the apatitic Cas(PcAs;.«O4);F solid solution at 25 °C

those for Ca* in the dissolution (Fig. 5). The aqueous F~ concen-
trations increased rapidly at the early stage of the experiment
and had achieved a peak value in 1 h. Thereafter, the aqueous
F concentrations declined slowly with time and showed stable
after 200-400 h dissolution. Generally, the aqueous F~ concen-
trations were positively related to the aqueous AsO,* concen-
trations and increased with the increasing mole fraction of
arsenate fluorapatite in the solid solution.

It is obviously that the aqueous elements concentrations
were strongly depended on the mole fraction of arsenate fluora-
patite or the mole fraction of fluorapatite in the Cas(PxAs;.<O4)sF
solid solution. Because Cas(AsOy);F has a greater solubility than
Cas(POy)sF, the greater the mole fraction of arsenate fluora-
patite in the solid solution, the greater the solubility of the
solid solution, i.e., the solubility of the Cas(P<As;.<O4);F solid
solution increased with the increasing mole fractions of
arsenate fluorapatite. In the present work, the solubilities or
the total milliequivalents of solute per litre of solvent (Xmeq)
of the samples increased with an increase in the proportion of
arsenate fluorapatite. This could be explained on the basis of
the higher dissociation constants of H;AsO, (K, =4 x 107, K,
=1x 107 and K3= 3.2 x 10™'?) over the corresponding values
of HsPO4 (Ki=7.51 x 107, K,=6.33 x 10® and Ks=4.73 x
10", An additional theoretical substantiation of this experi-
mental finding can be made on the basis of alterations in lattice
and solvation energies of ionic crystals brought about by
anionic substitution, the rest of the ions being left undisturbed.

The tetrahedral covalent radius of AsO,* (1.18 A) being higher
than that of PO,* (1.10 10\), the lattice of arsenate fluorapatite
can be supposed to be less firmly bound than that of fluorapatite.
Solvation energies of the constituent ions of the two lattices
being nearly the same, loose packing associated with the lattice
of arsenate fluorapatite can account for its greater solubility,
which is similar to the dissolution of the solid solution'. Gene-
rally, the aqueous pH and the concentrations of Ca®™, AsO,,
F in aqueous solution increased simultaneously with the
increasing mole fraction of arsenate fluorapatite. On the
contrary, the aqueous PO,* concentrations decreased with the
increasing mole fraction of arsenate fluorapatite or with the
decreasing mole fraction of fluorapatite in the solid solution.

Dissolution mechanism

Non-stoichiometry regarding the Ca/(P + As) ratio:
During the dissolution of the Cas(PyAs;..O4);F solid solution,
the release of calcium into the bulk solution was always more
in comparison with the total release of arsenate and phosphate,
i.e., the dissolution reaction is non-stoichiometric with calcium
being released to solution in stoichiometric excess of arsenate
and phosphate (Figs. 4 and 5). When dissolution progressed,
release rates of calcium and phosphate quickly increased until
the aqueous calcium, arsenate and phosphate concentrations
achieved the constant values. And then the over-all rate of the
dissolution permanently decreased while the aqueous Ca:(P + As)
atomic ratio varied between 1.67 and 2.20.
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The transient maximum of the aqueous calcium concen-
trations during hydroxyapatite dissolution was also observed
by previous researchers'?, which was thought to be likely due
to a particle size distribution. The smaller the particle size, the
greater the solubility and the greater the dissolution rate.
Therefore, the greatest value observed in the figure is a conse-
quence of the fast dissolution of the finest particles, with their
concurrent greater solubility, followed by re-precipitation to
bigger particles which then results in the achievement of the
asymptotic solubility valve at larger times'. For the dissolution
of the Cas(PxAs;.<0,):F solid solution in water, after a transient
time of 120 h, the aqueous element concentrations and pH
values became constant suggesting attainment of a metastable
state between the solution and the solid (Figs. 4 and 5).

Accompanying the early release of Ca®*, PO,, AsO,*
and F~ was a rapid increase in solution pH from 2 to 2.94-5.39
in the first hour of the dissolution and then the solution pH
increased very slowly to 4.02-6.41. The proton consumption
suggested that adsorption of protons onto negatively charged
oxygen ions of phosphate-arsenate groups of the apatitic
Cas(PxAsi<O4)sF solid solution. Sorption of protons results in
transformation of surface PO,* groups into HPO,* or AsO.*
groups into HAsO,*" and catalyzes the dissolution process. In
addition, the existence of both exchange and dissolution reac-
tions indicates that the protons used up during the dissolution
reactions originate not only from sorption-desorption of
protons but also from several diverse reactions on the solid
surface. An entire explanation of the protons used up during
the dissolution must, thus, consider the following reactions,
i.e., stoichiometric dissolution of the solid, stoichiometric
substitution of 2H* for one Ca®* and of one OH" for one F~ at
the solid surface, H" adsorption-desorption on the solid
surface'', These results indicate that the component of the
final equilibrated solutions could be controlled by a surface
layer of the solid having a component differing from that of
the initial Cas(PyAs;Os);sF solid solution. The Ca:(P + As)
ratios were observed to be 1.67-2.20 in solution in the bottles
equilibrated at 25 °C for all solids, which were greater than
Ca:P = 1.67 of the Cas(PAs,1O,);F solid solution, which is
due to re-precipitation of phosphate and arsenate ions,
especially phosphate ions, to the solid surface. Due to the low
solubility, the dissolution kinetics was controlled by chemical
reactions taking place at the solid surface. The solid is dissolved
by ionic detachment of Ca®* and PO,*" from the solid surface
to the aqueous solution. It is proposed that the apatite
dissolution in water is constantly non-stoichiometric at atomic
level. When an initial part of apatite has been dissolved into
the aqueous solution, some amount of Ca** is returned from
the aqueous solution back and adsorbed onto the apatite
surface'.

The saturation indexes were calculated using PHREEQC
with respect to calcium phosphates and arsenates that can
precipitate in different pH ranges. The results indicated that
all aqueous solutions were always undersaturated with
respect to calcium phosphates and arsenates, such as
Cag(HPO4)2(PO4)4'5H20, CaHPO4, CaHPO4-2H20,
Ca3(ASO4)2, Ca3(ASO4)2'4H20, Ca4(OH)2(AsO4)2~4H20,
Ca(H,AsO,),, CaHAsO,, Cas(AsO,);(OH), Cas(AsQOy)sF and

portlandite. But the dissolution of the solid solution lead to an
increase of supersaturation with respect to Cas(PO.)sF,
Cas(POy);(OH) and Ca3(PO,),. In such a case the dissolution
of the solid solution with a Ca/(P + As) ratio of 1.67 would be
followed by precipitation of solids with Ca/P ratios of 1.50-
1.67. This would lead to a subsequent increase of the Ca/(P + As)
ratio in the aqueous solution. The dramatic decay (after the
initial rise) in the concentration of phosphate shown in Fig. 5
could be due to the precipitation of minor amounts of calcium
phosphate phases with a Ca/P ratio smaller than 1.67.

Non-stoichiometry regarding the Ca/F ratio: Fluoride
was released faster than calcium and phosphate/arsenate in
comparison with the stoichiometric ratios of the apatitic
Cas(P<Asi<O4)sF solid solution. Apatite dissolution appears to
be initiated by the relatively rapid removal from the near
surface of F-'"*. The F- removal is coupled to phosphate/arsenate
hydrolysis. This step was rapid and F~ removal from the fluora-
patite surface was complete'.

The aqueous Ca:F ratios increased continuously from
<510 21.11-28.54 (1440 h). An increase of the Ca/F can be
due to the precipitation of a secondary F-bearing phase with
the subsequent preferential removal of F~ anions from the
aqueous phase. The dramatic decay (after an initial rise) in the
concentration of fluorine shown in Fig. 5 can be hardly exp-
lained by surface processes. It is most probably a consequence
of the precipitation of an F-bearing solid phase. For all aqueous
solution samples, the saturation indexes with respect to fluorite
were calculated to be 0.11-2.24. At the initial low pH, the
dissolution of the solid solution would result in an increase of
supersaturation with respect to fluorite. In turn, precipitation
of fluorite (CaF,) would make an increase of the Ca/F ratio in
the aqueous solution.

Saturation indexes for fluorapatite and svabite: The
thermodynamic analysis could be initiated by assuming the
possible pure-phase equilibrium relations'®. Pure-phase equili-
brium was assessed by calculating the saturation index (SI),
defined by SI = log IAP/Ksp. Where IAP is the ion activity
product (i.e., [Ca®*]’[PO)[F] or [Ca®*]’[AsO,/ [F]) and
the solubility product K, is the thermodynamic-equilibrium
constant for the dissolution reaction.

Phosphate minerals, especially the apatite-group minerals,
are known to be sparingly soluble and fluorapatite is less
soluble than arsenate fluorapatite (AsFAP). The K, value
1057 for Cas(PO.);F given by Zhu et al.® was approximately
3.72-3.27 log units lower than 10 determined by Stumm and
Morgan'¢. The thermodynamic solubility product for fluora-
patite was K,, = 10°*® by Driessens'’. From the result of a
batch dissolution for 6 weeks, the K., = 107 for natural
fluorapatite were reported by Valsami-Jones et al.'®. A value
of K, for fluorapatite was determined to be 10"+ at 25 °C by
Farr and Elmore'. Inconsistency in literature data could be
due to the failure to attain equilibrium, even though some
mineral suspensions were equilibrated for as long as 6 weeks18
or 120 h** before being analyzed. Svabite [Cas(AsQ,);F] is a
secondary arsenate mineral belonging to the apatite group of
phosphates. Its dissolution and subsequent release of aqueous
species into aqueous solution play an important role in the
cycling of As and F in the environment, but there are few
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experimental data on the thermodynamic properties of svabite
reported in literature. The mean Ksp value was calculated for
Cas(AsO.);F of 1072 (101810 at 25 °C’.

Therefore, the K, values of 10°% for fluorapatite and
107%*! for svabite were used in the calculation with PHREEQC.
The calculated saturation indexes for svabite show a trend of
increasing values as the component of the solid phases appro-
aches that of the pure-phase end member, svabite, thereby
indicating that Cas(AsO.);F is not the equilibrium phase at
low Cas(AsO4)sF mole fraction (Fig. 6). After 240 h of
dissolution, the saturation indexes for svabite showed steady-
state behavior and at low Cas(AsO,);F mole fractions the SI
values were still considerably below the values for pure svabite,
showing that pure svabite did not control the AsO4* concen-
tration in these samples. This result was consistent with the
dissolution of the (Ba,Sr)SO, precipitates'.

The calculated saturation indexes for fluorapatite show a
distinctly different trend than those for svabite (Fig. 6). At
high Cas(AsO4)sF mole fraction (> 0.5), the fluorapatite
saturated index (SI) values decreased as the Cas(PO,);F mole
fraction increased and show slight over saturation with respect
to pure fluorapatite. At low Cas(AsO.)sF mole fraction (< 0.5),
the aqueous phase was slight undersaturated with respect to
pure fluorapatite.
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Fig. 6. Saturation indices for fluorapatite [Cas(PO4);F] and svabite
[Cas(AsO.);F]

Construction of Lippmann diagram: A comprehensive
theoretical methodology for describing reaction paths and
equilibrium end points in solid-solution aqueous-solution
(SSAS) systems had been reported in literatures'>**%.

When there are several sites per formula unit for the
replacing ions, the relationship between the activity of the
component and the molar fraction of the replacing ion can be
simplified by considering the chemical formula on a "one-
substituting-ion" basis. In case of the Cas(PxAsix04)sF
solid solution, the formula units of the components can be
redefined as Cas;3(PO4)F3 and Cas;s(AsO4)F,;3, which is
equivalent to consider the formula unit of the solid solution as
Cas;3(PAs 1 <Og)F .

The dissolution reactions of the individual components
are expressed as

Cas/3(PO4)F1/3 =5/3 CElzJr + PO437 +1/3F (1)
Cas/3(ASO4)F1/3 =5/3 CE‘.ZJr + ASO437 +1/3F (2)

and the mass-action expressions are given by
[Ca2+ ]5/3 [Poi— ][F— ]1/3 =K

Cas/3 (PO4)F| /3 XC“S/B (PO4)Fy/3 YCasm (PO4)Fy/3 (3)

[Ca* T"°[AsO} I[F 1" =K X

Cas/3(AsO4 Fi/3 *> Casy3 (AsO4 Fy 3 T Casy3 (AsO4 ) Fy3 4)

where designate aqueous activity K and K

Cas/3(PO4)Fi3 Cas/3(AsO4)Fy3 2

XCHS/s(P04>F1/3 and XCi*5/3(A504>Fl/3 > Yeas;3 (P04 R 3 and YC25/3(A504)F1/3 are
the thermodynamic solubility products, the mole fractions (x,
1-x) and the activity coefficients of the Cas;(PO,)F;; and
Cas/3(ASO4)F]/3 Components in the Cas/3(PxA81_xO4)F1/3 solid
solution.

Adding eqns. (3) and (4) yields

X1 =[Ca’™ I’ ([PO; ]+ [AsO] DIF 1"

Casy3 (PxAs)x04)F /3

=K

Casy3(PO4)F /3 XCaS/3 (PO4)F /3 YCaS/z (PO4)F /3

+ K

Cas/3 (AsO4)Fy/3 XC85/3 (AsO4)Fy/3 YCﬂ5/3 (AsO4)Fy3

The term [Ca* ]**([POs*} + [AsO,*)[F]" is the “total

solubility product I, . aq 0,08, at equilibrium™. This
relationship, called the solidus, defines all possible thermo-
dynamic saturation states for the two-component solid solution
series in terms of the solid phase component.

For the problem of a binary solid solution, the activity
fractions are defined as

x ol
P03~ (a 3- 3 ©)
2@ [PO; ]+ [AsO; ]
« _ [AsO]]
and ASO3™ (aq) [POi'] + [ASOi_] ™

Solving eqns. (6) and (7) for [PO,*] and [AsO."],
respectively and then substituting the results into eqns. (3)
and (4) yields

2+195/3 3- 3- —71/3
[Ca™ P (POT T+ [ASOT DIF X oo

- XCHS/.@ @0y (8)

K

Cas/3(PO4)F /3 YC&5/3 (PO4)Fy/3

[Ca> T (PO} 1+[AsO) D[F 1°X

AsOi_ , (aq)

K = XCa5/3 (AsO4)F|/3 (9)

Casy3(as04 F3 T Casy3 (AsO4 Fi 3
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Adding eqns.(8) and (9) yields

[Ca® " ([POy 1 +[AsOy DIF ]

PO} (aq) ASO}" . (ag)

+

K

Cas3(PO4)F /3 Y(335/3 (PO4)Fi/3 KCaS/3 (AsO4)Fy/3 YCi‘5/3 (AsO4)Fy/3

= XC35/3(PO4)F1/3 + XCa5/3(AsO4)F1/3 =1 (10)

Substituting eqn. (5) into (10) and rearranging yields
1

Cas/3(PxAs|xO4)F 3 (1 1)
PO3", (aq) A0}, (a)
+

XIT

KCasm (PO4)Fy/3 YCasm (PO4)Fy/3 KCasm (AsO4)Fy/3 YCasm (AsO4)F3

which is the equation of the solutus as given by Glynn and
Reardon®. This relationship defines all possible thermo-
dynamic saturation states for the two-component solid solution
series in terms of the aqueous phase composition.

The stoichiometric ion activity product for the
Cas;3(P<Asi«O4)Fy 3 solid solution, IAPsg, is given by

IAPss = [Ca™]°[PO, T [AsO, 1"V [F " (12)
Multiplying eqn. (12) by ([PO,"] + [AsOs D/([POS] +
[AsO,*]) and rearranging the terms yields
TAPss = [Ca*]([PO;"] + [AsOs )[F 1"

[PO3- ]XC65/3 (PO4)Fi/3 [As (o}a ]XC65/3 (AsO4)F/3
4 4

([Poz- 1+ [ASOi_ ])XCZ‘S/_? (PO4)Fi/3 - ([POi_ 1+ [Asoz— ])XC65/3<A504 H/3 ( 1 3)

or

IAP,

SS

XCas/3(PO4)Fy/3 Xcaspasoprs  (14)
X 5 X 5
PO4 ,(aq) AsO‘4 ,(aq)

which is identical to the equation for the solid solution curves
given by Glynn and Reardon®. Substituting eqn. (12) into
eqn. (14) and taking the limit as approaches unity yields the
end member equation:

Xl =

i [Ca2+ ]5/3 ([Poi—][F—]IB

Casy3(PO4)Fy/3 — ( jXCaSB (PO4)F 3

PO?{ » (aq)

_ KC85/3 (PO4)Fi/3
XCasy3(PO4)F /3 (15)
X .
PO} (ag)

taking the limit as approaches

Similarly, Xc, - x0,m,

unity yields the end member equation:

i [Ca2+ ]5/3 ([Asoz— ] [F— ]1/3

Cas/3 (AsO4)Fy3 ( jXCaSB (AsO4)Fy/3

ASO}™ . (aq)

KCasB (AsO4)F/3

XCa5/3 (AsO4)F /3 (16)
X 3_
ASO4 ,(aq)

According to the definition of the total solubility product,

the “total solubility product XIT¢, p xy  0,r  for the formula
unit of the solid solution as Cas(PxAs; xO4);F can be determined

from the “total solubility product X1, as 0,0, ~ DY

¢y gm0 3= [C2” T (PO 1+ [ASO7 1)’[F7]

= {[Ca™ T (PO} 1+ [AsO} DIF 1"} = {1 o onma) (7

A Lippmann phase diagram for the solid solution as
Cas(PsAs;<O4)5F is a plot of the solidus and solutus as log

3
ZHCaS (P, AS|_xO4 3F (or log {ZI‘[CZ]S/3 (PoASIxO4 Fi/3 } ) on the ordi-

nate versus two superimposed aqueous and solid phase mole
fraction scales on the abscissa.

Solid-solution aqueous-solution (SSAS) reaction paths:
This diagram is useful for following SSAS reaction paths?,
Dissolution results for the Cas(PxAs;<O4);F solid solution at
25 °C are plotted on the Lippmann diagrams in Fig. 7. The

diagrams contain the solidus (log ZIL sy 0urar VS Keas0p)sF )

Vs
Cas (PyAs] xO4)3F

and the solutus (log Xl j for the

Cas(PsAs; <O.)5F solid solution series and the total solubility
product curves at stoichiometric saturation for the nine solid

X
PO}, (ag)

solution compositions (ZHSSVS. X ) Also included are

PO3", (a0)
the data from our study, plotted as [Ca* T ([PO,*] + [AsO, 1)’ [F]

Vs. Xpoi—,(aq). Diagrams were constructed by using thermo-

0% and

89,17

dynamic solubility products for Cas(POy);F of 1
Cas(AsO,);F of 10*** reported by the previous researchers
In these calculations, an idea solid solution was assumed.
A similar assumption was also made by Glynn et al.** and
Felmy et al.".

A Lippmann diagram for the Cas(P.As,O4)sF solid
solution as the ideal case (Guggenheim coefficient ay=0.0) is
shown in Fig. 7. The main purpose of the present work is to
get some information about the aqueous evolution in contact
with the Cas(P:As;O,);F solid solution and its effect on As
and P distribution in water environment. The Cas(PxAs; 1O4);F
solid solution was treated as an ideal case in the construction
of Lippmann diagram, since the position of the Lippmann
solutus curve is insensitive to the excess thermodynamic
mixing properties of the solid solutions®. Increasing the excess
free energy of the solid solution does not perceptibly vary the
position of the Lippmann solutus. Only the solidus curve is
influenced, indicating a greater degree of partitioning between
the solid and aqueous solutions, which has been found in all
SSAS systems with great differences in end member solubility
products. The larger the difference in solubility products of
two end members, the smaller the influence of the thermo-
dynamic mixing properties on the solutus position®. Lippmann
diagrams resulting from the application of variable solid phase
activity coefficients are rather similar to the one depicting ideal
solid solution. The only difference is a slight upward convexity
of the solidus. This similarity is owing to the large difference
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Fig. 7. Lippmann diagrams for dissolution of the Cas(PxAs;.«O4);F solid

solution; (a) Hypothetical partial-equilibrium reaction paths for the
dissolution of three solid phases Cas(PxAsi.xO4):F (x = 0.20, 0.52
and 0.80) are drawn in short-dashed and arrowed lines. Solid arrows
show primary saturation states. The triangle, square and circle
symbols represent equilibrium end-points for the three solid phases
respectively. Lon-dashed curves depict the series of possible
stoichiometric saturation states for the Cas(PxAs;,O,)sF solid
solution; (b) Dissolution results for the Cas(PyAs;O4);F solid
solution are plotted on the Lippmann diagram

of the solubility products of the two end members?’. It could be
believed that the behaviour of the SSAS for the Cas(P,As;  O4);F
solid solution is not seriously influenced by non-ideality in
the solid solution.

In a system with great difference in end member solubility
products, the curve for the least-soluble end member will
closely follow the solutus curve, except at aqueous activity-
fractions close to the more soluble end member®. In Fig. 7,
the saturation curves for the Cas(Py91As00004):F solid solution
and the pure Cas(PO4);F solid cannot be distinguished from
the solutus. The great difference between the solubility
products of the two end members results in a strong preferential
partitioning of the less soluble end member towards the solid
phase®, which explains the extremely PO,*-poor and AsO,*-
rich composition of the aqueous solution at the end of the
experiment. Lippmann diagrams can be used to describe the

co-existing components of solid and aqueous solution under
equilibrium conditions. According to the Lippmann diagram,
arsenate fluorapatite-poor solid solution is in equilibrium with
AsQ,*-rich aqueous solution. As a result, from the point of
view of the equilibrium thermodynamics, in solidification-
stabilization of arsenic-containing hazardous wastes and
arsenic-contaminated soil using apatite, large amount of apatite
must be used in the process to avoid the leaching of arsenic.

As Cas(P<As,.<Os)sF dissolves in solution with pH < 7,
aqueous P(V) and As(V) are converted primarily into HPO,*
and HAsO,> and only a small fractions remain as PO,* and
AsO,*. The small values of the activity fractions are a
consequence of the P(V) and As(V) speciation and the fractions
of total P(V) and As(V) would be orders of magnitude greater.
The Lippmann diagram illustrates that if the rate of dissolution
of the original Cas(PxAs;.<Ou)sF solid solution is slower than the
rate of precipitation of secondary phases, the solid precipitated
at primary saturation will be a nearly pure Cas(PO,);F.

The key problem with using the total solubility product
to demonstrate solid-solution aqueous-solution reactions
for Cas(PxAsi.<O4)sF is clearly show that dissolution is non-
stoichiometric. The Lippmann diagram is useful nonetheless
if we superimpose stoichiometric saturation curves for each
of the solids used in the present work on the Lippmann diagram.
Additionally, the minimum stoichiometric saturation curve,
i.e., the curve connecting the minimum values of each of the
stoichiometric saturation curves, is also plotted in Fig. 7. It
can easy be seen in the Lippmann diagram (Fig. 7) that these
data plot along the solutus curve. Nevertheless, they are not at
the appropriate thermodynamic equilibrium points. The data
could indicate that the solutions were at primary saturation
points suggesting the formation of a secondary phase.
However, the data plot in an area where the stoichiometric
saturation curves converge toward the solutus and the data do
plot near to the solutus curves. Generally, the position of data
points on a Lippmann diagram is related to the aqueous
speciation, degree to which secondary phases are formed and
the relative rates of dissolution and precipitation®.

An interesting application of the Lippmann diagram
(Fig. 7) is the possibility of calculating the component of the
solid phase that is in contact with an aqueous solution that is
at stoichiometric saturation with respect to the solid phase®.
If there is sufficient information to determine ionic activities,

then X 3
PO, (aq)

can be calculated and the IAPss determined

using eqn. (12). The value of can X, be determined
5(PO4 )3F

using an appropriate numerical method such as Newton iteration.

Convergence should be achieved in < 5 iterations even when

the initial guess is far from the actual value®. The feasibility

of making such calculations is suggested in Fig. 7. The

stoichiometric saturation curves are subparallel and the values

of X are unique for a given X and XIlg.
PO, (aa)
4

Ca5(POy )3F
There are two potentially essential limiting reaction
paths'®. The first path includes stoichiometric dissolution of
the solid precipitates up to the first point of saturation (primary
saturation) with respect to a secondary solid phase, either a

pure solid phase or solid-solution phase, followed by a possible
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non-stoichiometric dissolution of the solid precipitates in
which an increment of exchange (3Ai) occurs'>*. For the
Cas(P<As1xO4)sF solid solution such an exchange reaction
could be

Cas[(PO4)x(AsOy)«]sF + 3Ai ASO437
= Cas[(POy)x.ai (AsOy4)1x+ai3F + 3A1 PO437 (18)

In which the solid phases become enriched in the more
soluble end member. Such a dissolution pathway should go
after the Lippmann solutus curve which represents a series of
primary saturation states. Non-stoichiometric dissolution will
result in the solid phase to become progressively more enriched
in the insoluble composition (FAP, PO,*), while the aqueous
component will shift towards the more soluble end member
(arsenate fluorapatite, AsO,*) as equilibrium is approached®.

The second dissolution pathway is a stoichiometric
dissolution pathway in which the component of the solid phase
remains invariant during the dissolution, but the activity ratios
in the aqueous phase vary as a function of the reaction progress.

The experimental data plotted on Lippmann phase diagrams

indicate that the FAP-rich precipitates (XCa PO F 0.5) follow

the Lippmann solutus curve, the arsenate fluorapatite-rich

precipitates (XcuS (AsO4)3F = 0.5) either follow or slightly over-

shoot the Lippmann solutus curve, then approach the solutus
curve, showing the dissolution path for these precipitates may
involve stoichiometric dissolution to the Lippmann solutus
curve followed by a possible exchange reaction such as eqn.
(18).

The region of stoichiometric dissolution was over before
the first samples were taken at 1 h. Our dissolution experi-
mental data show a persistent enrichment in the fluorapatite
composition in the solid phase and a persistent enrichment in
the AsO,* composition in the aqueous phase. The possibility
of formation of a phase close in component to pure fluorapatite
seems unavoidable, given the extremely low solubility of
fluorapatite and the large oversaturation with respect to fluora-

patite seen in Fig. 7 for the precipitates with (XCa5 (AsO3F 0.5) .

For comparison with the Lippmann solutus curve,
hypothetical stoichiometric saturation curves for the
Cas(P<As; xO4)5F solids (x =0, 0.10, 0.20,..., 0.90, 1) are also
plotted on in Fig. 7. The shapes of the stoichiometric saturation
curves are similar to the Lippmann solutus and closely
approximate the solutus curve as solid-compositions approach
the less soluble end member™.

Several hypothetical reaction paths are illustrated in Fig. 7,
in relation to Lippmann solutus and solidus curves for the
Cas(PxAs1<04)sF solid solution. The reaction path of a stoichio-
metrically dissolving solid solution moves vertically from the
abscissa of a Lippmann diagram, originating at the mole
fraction corresponding to the initial solid solution component.
The pathways indicate an initial stoichiometric dissolution up
to the solutus curve, followed by non-stoichiometric disso-
lution along the solutus, towards the more soluble end
member™. Paths A, B and C in Fig. 7 demonstrate hypothetical
reaction paths for the solid solution Cas(P20As0.500.4);F,
Cas(Po s> Aso4s04)sF and Cas(PosoAso2004)3F, respectively. The

effects of aqueous speciation of PO, and AsO.* on the
dissolution were not considered. If one of the replacing anions
in the solid-solution undergoes speciation, the stoichiometric
dissolution paths move from the activity-fraction lines.
However, the end-points are the same to that in the case of no
speciation®.

Conclusion

During the dissolution of the synthetic Cas(PxAs;<O4);F
solid solution at 25 °C and initial pH=2, the aqueous Ca*,
PO.*, AsO,* and F~ concentration profiles showed a fast initial
release of constituent ions to solution followed by a decreasing
rate of dissolution and eventually, steady state. The aqueous
pH values and Ca® concentrations increased quickly at the
early stage of the dissolution and achieved a metastable state
after 48 h. The aqueous F~ and PO,*" concentrations increased
very rapidly at the early stage of the experiment and achieved
apeak value in 1-3 h and then decreased slowly with time and
showed stable after 200-400 h dissolution. The aqueous
element concentrations were considerably influenced by the
mole fraction of fluorapatite in the Cas(P<As:<O.)sF solid
solution. With the decreasing mole fraction of fluorapatite in
the solid solution, the aqueous pH values and the aqueous Ca*",
F~ and AsO.* concentrations increased, while the aqueous
PO.* concentrations decreased.

The dissolution of the Cas(PxAs;..O,);F solid solution into
an initially dilute aqueous solution was often stoichiometric
and followed by the non-stoichiometric dissolution. During
the non-stoichiometric dissolution, the aqueous PO,*~ concen-
tration decreased and the aqueous AsO,* concentration increased.
The Fanion was found to be released preferentially in compa-
rison with calcium, arsenate and phosphate. The release of
calcium into the bulk solution was always more in comparison
with the total release of arsenate and phosphate.

The solid solution-aqueous solution (SSAS) reaction paths
for the dissolution of the synthetic Cas(P<As;<O.);sF solid
solution were plotted on Lippmann diagrams. Solid phase
activity coefficients used in the construction of the Lippmann
diagrams were determined with the Guggenheim coefficient
of ap= 0 for an ideal solid solution. Either for the low fluora-
patite mole fractions or for the high fluorapatite mole fractions,
the dissolution followed or nearly followed the limiting
reaction path model as defined by the Lippmann solutus curves.
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