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Dissolution of the hydroxypyromorphite [lead hydroxyapatite, Pb
5
(PO
4
)
3
OH] in HNO

3
solution (pH = 2.00), ultrapure water

(pH = 5.60), and NaOH solution (pH = 9.00) was experimentally studied at 25∘C, 35∘C, and 45∘C. The XRD, FT-IR, and FE-SEM
analyses indicated that the hydroxypyromorphite solids were observed to have indistinguishable change during dissolution. For
the hydroxypyromorphite dissolution in aqueous acidic media at initial pH 2.00 and 25∘C, the aqueous phosphate concentrations
rose quickly and reached the peak values after 1 h dissolution, while the aqueous lead concentrations rose slowly and reached
the peak values after 1440 h. The solution Pb/P molar ratio increased constantly from 1.10 to 1.65 near the stoichiometric ratio of
1.67 to 209.85∼597.72 and then decreased to 74.76∼237.26 for the dissolution at initial pH 2.00 and 25∘C∼45∘C. The average 𝐾sp
values for Pb

5
(PO
4
)
3
OH were determined to be 10−80.77 (10−80.57−10−80.96) at 25∘C, 10−80.65 (10−80.38−10−80.99) at 35∘C, and 10−79.96

(10−79.38−10−80.71) at 45∘C. From the obtained solubility data for the dissolution at initial pH 2.00 and 25∘C, the Gibbs free energy of
formation [Δ𝐺𝑜

𝑓
] for Pb

5
(PO
4
)
3
OH was calculated to be −3796.71 kJ/mol (−3795.55∼ −3797.78 kJ/mol).

1. Introduction

The calcium in hydroxyapatite [Ca
5
(PO
4
)
3
OH, Ca-HAP] can

be substituted by different divalent cations such as Pb2+ [1–
6]. When the toxic lead ions, which may be found in surface
and underground waters, are taken into animals, it is possible
that they concentrate in animals’ hard tissues through the
substitution of Pb2+ for Ca2+ and form the Pb-Ca hydrox-
yapatite solid solution with vital calcium hydroxyapatite and
can finally cause many bone diseases, such as osteoporotic
processes and dental caries [1, 7–9]. The synthetic or natural
calcium hydroxyapatite (Ca-HAP) from different sources
can be used to remove toxic lead ions from industrial
wastewaters [9–11]. The reaction of the solid Ca-HAP with
lead ions resulted in the forming of hydroxypyromorphite
[lead hydroxyapatite, Pb

5
(PO
4
)
3
OH, Pb-HAP], which could

include the fact that the dissolution of hydroxyapatite is
followed with the forming of hydroxypyromorphite [12–15].
Lead apatite can form quickly in the presence of adequate
phosphate and lead ions. It is recognized as the most stable

lead form under a wide variety of environmental conditions.
In situ immobilization of lead-contaminated systems with
phosphates is now considered to be an appropriate and cost-
effective technology [16, 17].

The substitution of Ca2+ in calcium hydroxyapatite by
toxic Pb2+ is of considerable importance in a great variety of
research areas [5, 11], which therefore needs an understanding
of the essential physicochemical properties, especially the
dissolutionmechanism, solubility, and stability of hydroxypy-
romorphite under different conditions. Even though a lot of
experiments on the dissolution mechanism and kinetics of
natural and synthetic apatite samples in pure water and acidic
and alkali solutions have been conducted [18–24], many of
them have been only focused on calcium hydroxyapatite and
fluorapatite. Unfortunately, the literature data on the thermo-
chemical properties of hydroxypyromorphite is very sparse,
which are required to clarify the behavior of hydroxypyro-
morphite in water environments, although its dissolution and
following release of the component from solid to solution play
a significant role in the cycling of lead and phosphate [24].
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A unique 𝐾sp value for hydroxypyromorphite (Pb-HAP) has
been reported to be nearly 10−76.8 [24, 25], which has been
also adopted in many subsequent studies, such as in the
minteq.v4.dat database [26]. But this value for the solid phase
[Pb
5
(PO
4
)
3
OH] was not measured directly through precip-

itation or dissolution experiment; that is, it was calculated
from an investigation of the hydrolysis of secondary and
tertiary lead orthophosphates [PbHPO

4
, Pb
3
(PO
4
)
2
] in the

pH range 3.00∼10.00. In this study, lead hydroxypyromor-
phite was assumed to be a product in the alkaline hydrolysis
of secondary lead orthophosphate without characterizing
different phases of the solid [24]. In addition, the dissolution
kinetics of hydroxypyromorphite has never been studied.

Thus, the lead hydroxypyromorphite (Pb-HAP) was first
synthesized by precipitation method and examined by XRD,
FT-IR, and FE-SEM in this work, and then itsmechanism and
dissolution rate were investigated at initial pH 2.00∼9.00 and
25∼45∘C.Moreover, the aqueous concentrations were used to
estimate the solubility product and free energy of forming for
hydroxypyromorphite.

2. Experimental Methods

2.1. Solid Preparation and Characterization. The pure lead
hydroxypyromorphite (Pb-HAP) solid sample was pre-
pared by precipitation as the following reaction: 5 Pb2+ +
3PO
4

3− + OH− = Pb
5
(PO
4
)
3
OH [27]. The synthetic pro-

cedure was dependent on 250mL of 0.4mol/L Pb solution
that was first prepared by dissolving lead acetate hydrate
[Pb(CH

3
COO)

2
⋅H
2
O, analytical grade] in ultrapure water.

The Pb solution was then mixed with 250mL 4.4mol/L
CH
3
COONH

4
buffer solution in a 1 L polypropylene ves-

sel. After that, 500mL 0.12mol/L NH
4
H
2
PO
4
solution was

rapidly added to the vessel with stirring, resulting in white
suspension. The suspension was adjusted to pH 7.50 by
adding NH

4
OH solution, stirred for 10min at room temper-

ature, and aged at 100∘C for 48 h. The obtained precipitate
was then settled, washed carefully using ultrapure water, and
finally dried in an oven at 70∘C for 16 h.

10mg of the obtained hydroxypyromorphite solid was
first dissolved in 20mL of 1mol/L nitric acid solution and
diluted to 100mL with ultrapure water. The Pb and P con-
centrations were then determined by the inductively coupled
plasma-optical emission spectrometer (ICP-OES, PE Optima
7000DV).The prepared solid was also examined by the pow-
der X-ray diffractometer (XRD, X’Pert PRO) using Cu K𝛼
radiation (40 kV and 40mA) at a scanning rate of 0.10∘/min
within a 2𝜃 range 10∼80∘ and then identified crystallographi-
cally via comparing the obtained XRDpattern with the ICDD
reference code 01-087-2477 for lead hydroxyapatite.The solid
was also investigated in KBr pellets within 4000∼400 cm−1
using the Fourier transform infrared spectrophotometer (FT-
IR, Nicolet Nexus 470). The morphology was scanned by
the field emission-scanning electron microscope (FE-SEM,
Hitachi S-4800).

2.2. Dissolution Experiments. 2.0 g of the synthetical hydrox-
ypyromorphite solid was first added to each of the 100mL

polypropylene bottles, and then 100mL of HNO
3
solution

(pH = 2.00), ultrapure water (pH = 5.60), or NaOH solution
(pH = 9.00) was added. After that, all the bottles were capped
and soaked in three water baths with different constant
temperatures (25∘C, 35∘C, or 45∘C). From each bottle, the
aqueous solutions (5mL) were sampled at 22 time intervals
(1, 3, 6, 12, 24, 48, 72, 120, 240, 360, 480, 720, 1080, 1440,
1800, 2160, 2880, 3600, 4320, 5040, 5760, and 7200 hours),
filtered through 0.22𝜇m pore filters, and stabilized in 25mL
volumetric flask using 0.2% HNO

3
. After each sampling, an

equivalent volume of ultrapure water was supplemented.The
aqueous Pb and P concentrations were determined by the
ICP-OES.After 7200 h dissolution, the hydroxypyromorphite
solids were sampled out of the bottles, rinsed, dried, and
examined using the XRD, FT-IR, and FE-SEM.

2.3. Thermodynamic Calculations. The aqueous activities of
Pb2+(aq), PO

4

3−
(aq), andOH−(aq) were first calculated using

PHREEQC Version 3 with the minteq.v4.dat and llnl.dat
databases [26], and then the ion activity products (IAPs)
for Pb

5
(PO
4
)
3
OH were determined according to the mass-

action expressions. The aqueous species considered for the
total lead calculation included Pb2+, PbOH+, Pb(OH)

2

0,
Pb(OH)

3

−, Pb(OH)
4

2−, Pb
2
OH3+, Pb

4
(OH)
4

4+, PbHPO
4

0,
PbH
2
PO
4

+, and PbP
2
O
7

2−. For the total phosphate, the
species considered were PO

4

3−, HPO
4

2−, H
2
PO
4

−, H
3
PO
4

0,
PbHPO

4

0, PbH
2
PO
4

+, and PbP
2
O
7

2−.

3. Results and Discussion

3.1. Solid Characterizations. The chemical composition of
the synthetic lead hydroxypyromorphite [Pb

5
(PO
4
)
3
OH] is

dependent on the Pb/Pmolar ratio of the precursor solutions.
The Pb-HAP precipitation should be conducted by mixing
the lead solution with the phosphate solution very slowly.The
obtained crystal was proved to be the intended component
of Pb

5
(PO
4
)
3
OH with the atomic Pb/P ratio of 1.67. The

obtained crystal was proved to be the intended component
of Pb
5
(PO
4
)
3
OH with the atomic Pb/P ratio of 1.67, which

decreased to 1.43∼1.50, 1.58, and 1.58 after the dissolution
at initial pH values 2.00, 5.60, and 9.00, respectively. As
illustrated in the XRD, FT-IR, and FE-SEM figures, the
component and characteristics of the Pb-HAP solids were
almost indistinguishable before and after the dissolution
at different initial pH values and 25∘C (Figures 1–3). No
secondary precipitates had been identified in the experiment
at different initial pH values and 25∘C. The XRD patterns of
the hydroxypyromorphite solids showed that all the samples
were recognized as lead phosphate hydroxide (reference code
01-087-2477), which were well crystallized and showed the
apatite structure of the hexagonal system P6

3
/mwith the esti-

mated lattice parameters of 𝑎 = 0.989 nm and 𝑐 = 0.748 nm
(Figure 1). But after the dissolution at initial pH 2.00 and
35∘C (Figure 1(c)) or at initial pH 2.00 and 45∘C (Figure 1(d)),
the peaks of Pb

3
(PO
4
)
2
[lead phosphate, reference code 00-

025-1394] were also recognized, whichmeans that Pb
3
(PO
4
)
2

as secondary precipitate formed during the Pb-HAP dis-
solution at higher temperature. In the FT-IR spectra of
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Figure 1: X-ray diffraction (XRD) patterns of the synthetic lead
hydroxypyromorphite [Pb

5
(PO
4
)
3
OH] before (a) and after (b–f)

dissolution at 25–45∘C for 300 d.

the hydroxypyromorphite solids (Figure 2), the normal vibra-
tional modes of phosphate tetrahedra of lead hydroxypyro-
morphite (Pb-HAP) were witnessed within the range around
at 938.24 cm−1 (]

2
), 985.01 and 1031.77 cm−1 (]

3
), and 536.62∼

573.74 cm−1 (]
4
). The phosphate peak at 471.53 cm−1 (]

1
) was

not observed. The FT-IR spectra of all hydroxypyromorphite
solids showed the very sharp bands at 3553.83 cm−1 for the
stretching vibrations of the bulkOH−.The 668.72 cm−1 bands
represented the vibrational motion of OH− [9]. The bands at
3650∼3680 cm−1 for the surface P–OH groups [9] and the
bands at 1455 cm−1 for the CO

3

2− vibration [28] were also
not identified in the spectra. The band at 871 cm−1, which
was assigned to HPO

4

2− ions present in cation-deficient
hydroxyapatite, was not detected in the spectra [9]. The FE-
SEM results (Figure 3) confirmed that all hydroxypyromor-
phite solids were the typical hexagonal columnar crystals
with a pinacoid as a termination, which elongated along
the 𝑐 axis. The mean particle length and width of Pb-HAP
were obtained to be 7.00 𝜇m (3.43∼10.43 𝜇m) and 3.76 𝜇m
(1.83∼4.88) before dissolution, while these were 6.85 𝜇m
(3.81∼11.87 𝜇m) and 4.04 𝜇m (2.96∼5.14 𝜇m), 5.49 𝜇m (2.72∼
10.06 𝜇m) and 3.44 𝜇m (2.34∼5.58𝜇m), and 5.62 𝜇m (2.54∼
10.44 𝜇m) and 3.55 𝜇m (2.22∼4.99 𝜇m) after the dissolution
at the initial pH values 2.00, 5.60, and 9.00, respectively.

3.2. DissolutionMechanism. Thesolution element concentra-
tions and ratios for the lead hydroxypyromorphite (Pb-HAP)

dissolution at different pH values and temperatures versus
time are showed in Figures 4(a)∼4(f).

Dissolution of lead hydroxypyromorphite (Pb-HAP) at
initial pH 2.00 appeared to be nearly stoichiometric in the
early period and then nonstoichiometric to the end of the
dissolution experiments. For the hydroxypyromorphite dis-
solution at initial pH 2.00 and 25∘C (Figure 4(a)), the solution
lead concentration rose continuously and reached a stable
state after 720 h. The phosphate was rapidly released and the
peak solution concentrationwas reachedwithin the first hour
of dissolution, and then the aqueous phosphate concentration
decreased and reached a stable state after 720 h. The solution
pH rose from 2.00 to 2.96 within 360 hours of the dissolution
and then varied between 2.58 and 3.16 (Figure 4(a)). In
addition, the release of lead and phosphate from solid to
solution could be affected by the dissolution temperature.
After dissolution for 7200 h, the solution phosphate concen-
trations at 45∘C were lower than those at 25∘C, while the
solution lead concentrations at 45∘Cwere higher than those at
25∘C (Figures 4(a), 4(b), and 4(c)).Thehydroxypyromorphite
solids dissolved slowly while the solution Pb/P molar ratios
increased constantly from 1.10–1.65 near the stoichiometric
ratio of 1.67 to 210, 554, and 598 for the dissolution at initial
pH 2.00 and 25∘C, 35∘C, and 45∘C, respectively (Figure 4(f)).

Within the first 12 hours of the hydroxypyromorphite dis-
solution, lead and phosphate were released from the hydrox-
ypyromorphite solid surface to the aqueous solution accord-
ing to the stoichiometric Pb/P ratio of 1.67 (Figure 4(f)). The
aqueous Pb/Pmolar ratio increased with the time increasing,
which showed that the lead ions were preferentially released
from the solid surface in comparison with phosphate. At the
end of our experiment (7200 h), the solution Pb/P molar
ratios were 74.76, 86.15, and 237.26 for the hydroxypyromor-
phite dissolution at initial pH 2.00 and 25∘C, 35∘C, and 45∘C,
respectively (Figure 4(f)). The aqueous Pb/P molar ratios for
the dissolution at 45∘C were considerably greater than the
values at 25∘C, which showed that the solution temperature
could noticeably affect the solubility and dissolution mech-
anism of hydroxypyromorphite. As indicated in Figures 1(c)
and 1(d), the surface phase of the lead hydroxypyromorphite
particles dissolved under pH 2.00 and 35∘C or initial pH
2.00 and 45∘C condition, and Pb

3
(PO
4
)
2
phase with the Pb/P

molar ratio of 1.50 was formed on the surface of the particle.
Moreover, some Pb2+ sites in the lead hydroxypyromorphite
structure are possibly vacant [20]. Consequently the excess
Pb2+ ions were released to the solution.

For the hydroxypyromorphite dissolution in pure water
(pH = 5.60) and the solution of initial pH 9.00, the solution
pH values, lead and phosphate concentrations reached a
stable state after 2880 h, which indicated a possible attain-
ment of a steady state between the hydroxypyromorphite
solid and the aqueous solution (Figures 4(d) and 4(e)). The
solution lead and phosphate concentrations decreased with
the increasing solution pH values.

With the early release of Pb2+ and PO
4

3− into the alkaline
solution was the rapid rising of the solution pH from 9.00
to 9.72 within the 1 h dissolution, and then the solution pH
values declined and attained a stable state with the pH values
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Figure 2: Fourier transform infrared (FT-IR) spectra of the synthetic lead hydroxypyromorphite [Pb
5
(PO
4
)
3
OH] before (a) and after

(b–f) dissolution at 25–45∘C for 300 d.

of about 6.19∼6.40 after dissolution for 120 h. For the disso-
lution at initial pH 2.00 or 5.60, all solution pH values were
higher than the initial pH values.The H+ consuming showed
that the H+ adsorption onto negatively charged oxygen
ions of phosphate groups of lead hydroxypyromorphite (Pb-
HAP) may result in the transforming of PO

4

3− into HPO
4

2−

at the solid surface and promote the dissolution proc-
ess. In addition, the coexistence of dissolution and exchange
processes indicated that the H+ ions depleted during the
hydroxypyromorphite dissolution were derived not only
from theH+ sorption/desorption reactions but also from var-
ious processes at the hydroxypyromorphite surface. As a
result, a comprehensive elucidation of the H+ consuming
during the dissolution should cover all the following reac-
tions: stoichiometric dissolution of the bulk hydroxypyro-
morphite solid, stoichiometric exchange of 2H+ for one Pb2+
at the hydroxypyromorphite surface, and H+ adsorption/
desorption at the hydroxypyromorphite surface [20, 29].
The apatite dissolution mechanism is particularly dependent
on the experimental conditions [20]. Many models for the
apatite dissolution have been proposed depending upon the

available experimental results, but all of them take only cer-
tain aspects of the apatite dissolution into consideration and
cannot describe the dissolution mechanism completely [20].

Depending upon the experimental results of earlier
researches [20] and this work, the lead hydroxypyromorphite
(Pb-HAP) dissolution in water is thought to include the
following steps or processes: (I) stoichiometric dissolution
coupled with protonation and complexation reactions; (II)
nonstoichiometric dissolution with Pb2+ release and PO

4

3−

sorption; (III) sorption of Pb2+ and PO
4

3− species from solu-
tion backwards onto Pb-HAP surface; (IV) stable state.

In Process I, for the hydroxypyromorphite dissolution
in solution at initial pH 2.00 and 25∘C, Pb2+ and PO

4

3−

in the hydroxypyromorphite structure can be released from
solid to solution stoichiometrically according to reaction (1);
the solution lead and phosphate concentrations rose with
time simultaneously with the solution Pb/P molar ratio of
1.67 at the early stage of hydroxypyromorphite dissolution
(0∼120 h). Various probable reactions should be taken into
account in the apatite dissolution because of its complicated
structure [30]. Reaction (1) for the lead hydroxypyromorphite
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Figure 3: Field emission-scanning electronmicroscopy (FE-SEM) images of the synthetic lead hydroxypyromorphite [Pb
5
(PO
4
)
3
OH] before

(a) and after (b–f) dissolution at 25–45∘C for 300 d.

dissolution can be considerably affected by the solution pH
and coupled with protonation and complexation reactions
(2), (3), and (4), which caused the increasing of the solution
pH for the hydroxypyromorphite dissolution in aqueous
acidic media or the decreasing of the solution pH for the
hydroxypyromorphite dissolution in aqueous alkali media.
Consider

Pb
5
(PO
4
)
3
OH←→ 5Pb2+ + 3PO

4

3−
+OH− (1)

PO
4

3−
+ 𝑛H+ ←→ H

𝑛
PO
4

(3−𝑛)−
(𝑛 = 1, 2, 3) (2)

Pb2+ + 𝑛OH− ←→ Pb(OH)
𝑛

(𝑛−2)−

(𝑛 = 1, 2, 3, 4)

(3)

Pb2+ +H
𝑛
PO
4

(3−𝑛)−
←→ PbH

𝑛
PO
4

(𝑛−1)+
(𝑛 = 1, 2) . (4)

The lead and phosphate speciation results based on the
simulation with PHREEQC showed that, for the hydroxypy-
romorphite (Pb-HAP) dissolution at initial pH 2.00 and 25∘C,
the solution lead species existed in the order of Pb2+ >
PbOH+ > PbHPO

4

0
≫ PbH

2
PO
4

+
> Pb(OH)

2
≫

Pb(OH)
3

−
≫ Pb(OH)

4

2−; the solution phosphate species
occurred in the order of H

2
PO
4

−
> H
3
PO
4
≫ PbHPO

4

0
>

HPO
4

2−
≫ PbH

2
PO
4

+
≫ PO

4

3−. At the early stage of
the Pb-HAP dissolution at initial pH 9.00 and 25∘C, the
solution lead species existed in the order of PbOH+ >
Pb(OH)

2
> Pb(OH)

3

−
> Pb2+ ≫ Pb(OH)

4

2−
> PbHPO

4

0
≫

PbH
2
PO
4

+; the solution phosphate species occurred in the
order of HPO

4

2−
> H
2
PO
4

−, PO
4

3−
> PbHPO

4

0
≫

H
3
PO
4
≫ PbH

2
PO
4

+. At the dissolution time >120 h, the
solution lead species existed in the order of Pb2+ > PbOH+ >
PbHPO

4

0
> Pb(OH)

2
> Pb(OH)

3

−
> PbH

2
PO
4

+
>

Pb(OH)
4

2−; the solution phosphate species occurred in
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5
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OH] at 25–45∘C for 300 d.
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the order of H
2
PO
4

−
> HPO

4

2−
≫ H
3
PO
4
> PbHPO

4

0
≫

PO
4

3−
≫ PbH

2
PO
4

+.
In Process II, lead and phosphate were removed non-

stoichiometrically from the hydroxypyromorphite structure
with the solution Pb/P molar ratio > 1.67. Consequently, a
surface layer, which had a chemical composition different
from that of the bulk solid, could be formed [20]. After
a first portion of the hydroxypyromorphite had been dis-
solved, some phosphate species could be adsorbed from the
solution backwards onto the hydroxypyromorphite surface.
The aqueous phosphate concentration started to decrease
progressively after 1 h dissolution at initial pH 2.00 and 25∘C,
whereas the solution lead concentration rose continuously
with time. The solution Pb/P molar ratio increased from
about 1.67 to 209.85 after 1440 h dissolution.

In Process III, both of lead and phosphate species were
adsorbed at the same time from the solution backwards
onto the hydroxypyromorphite surface; the solution lead and
phosphate concentrations declined from 1440 h to 5040 h
with the decreasing solution Pb/P molar ratio (209.85 to
76.74), which might lead to the formation of a solid surface
layer with a composition differing from the bulk of hydrox-
ypyromorphite [20]; that is, the final solution reached a stable
state with the solid surface layer having a composition differ-
ent from hydroxypyromorphite [Pb

5
(PO
4
)
3
OH]. Because of

the very low solubility, it was proposed that the apatite dis-
solution at the atomic level was ever nonstoichiometric [20],
and its mechanism might include several chemical reactions
taking place simultaneously at the apatite surface [30, 31].

In Process IV, desorption and adsorption of lead and
phosphate species attained a stable state. The solution lead
and phosphate concentrations were nearly constant for the
hydroxypyromorphite dissolution in the acidic solution (pH
2.00) at 25∘C from 5040 h to 7200 h in the present work, and
the solution Pb/P molar ratios were 74.76∼79.59.

3.3. Determination of Solubility. The solubility product (𝐾sp)
for lead hydroxypyromorphite [Pb

5
(PO
4
)
3
OH] was deter-

mined by using the activities of the solution lead and
phosphate species in the final equilibrated solutions (5040 h,
5760 h, and 7200 h). The aqueous solutions were undersatu-
rated with respect to any possible secondary minerals (e.g.,
massicot (PbO), litharge (PbO), PbO⋅0.3H

2
O, plattnerite

(PbO
2
), Pb(OH)

2
, Pb
2
O(OH)

2
, PbHPO

4
, and Pb

3
(PO
4
)
2
).

The dissolution of lead hydroxypyromorphite and the
release of lead and phosphate can be expressed by the disso-
lution reaction (1). Assuming unit activity of the solid phase

𝐾sp = {Pb
2+
}

5

{PO
4

3−
}

3

{OH−} , (5)

where𝐾sp is the equilibrium constant of dissolution reaction
(1) and {} represents the thermodynamic activities of the
solution species.

The standard free energy of reaction (Δ𝐺𝑜
𝑟
), in kJ/mol,

depends upon the solubility product (𝐾sp) under the standard
condition (298.15 K and 0.101MPa) by

Δ𝐺

𝑜

𝑟
= −5.708 log𝐾sp. (6)

For (1),

Δ𝐺

𝑜

𝑟
= 5Δ𝐺

𝑜

𝑓
[Pb2+] + 3Δ𝐺𝑜

𝑓
[PO
4

3−
] + Δ𝐺

𝑜

𝑓
[OH−]

− Δ𝐺

𝑜

𝑓
[Pb
5
(PO
4
)
3
OH] .

(7)

Rearranging,

Δ𝐺

𝑜

𝑓
[Pb
5
(PO
4
)
3
OH]

= 5Δ𝐺

𝑜

𝑓
[Pb2+] + 3Δ𝐺𝑜

𝑓
[PO
4

3−
] + Δ𝐺

𝑜

𝑓
[OH−]

− Δ𝐺

𝑜

𝑟
.

(8)

Table 1 lists the pH, Pb, and P analyses at different initial
solution pH values and temperatures, as well as the cal-
culated solubility products (𝐾sp) for lead hydroxypyromor-
phite [Pb

5
(PO
4
)
3
OH]. The aqueous activities of Pb2+(aq),

PO
4

3−
(aq), and OH−(aq) were first calculated via the com-

puter program PHREEQC [26], and then the 𝐾sp values
for hydroxypyromorphite [Pb

5
(PO
4
)
3
OH] were calculated

according to (5). The average 𝐾sp values were calculated for
hydroxypyromorphite [Pb

5
(PO
4
)
3
OH] of 10−80.77 (10−80.57–

10−80.96) at 25∘C, 10−80.65 (10−80.38–10−80.99) at 35∘C, and
10−79.96 (10−79.38–10−80.71) at 45∘C, which may be compared
with the reported constant for lead chloropyromorphite
[Pb
5
(PO
4
)
3
Cl] of 10−83.61 [16].

Based on the determined solubility data from the dissolu-
tion at initial pH 2.00 and 25∘C, the Gibbs free energy of
formation [Δ𝐺𝑜

𝑓
] for hydroxypyromorphite [Pb

5
(PO
4
)
3
OH]

was calculated using (6), (7), and (8) to be −3796.71 kJ/mol
(−3795.55∼−3797.78 kJ/mol); a lower value than−3773.968 kJ/
mol corresponds to a𝐾sp of 10

−76.8 for hydroxypyromorphite
[Pb
5
(PO
4
)
3
OH] [24, 25].

The average 𝐾sp values were determined for Ca-HAP
[Ca
5
(PO
4
)
3
OH] and Cd-HAP [Cd

5
(PO
4
)
3
OH] of 10−58.38

(10−58.31–10−58.46) and 10−64.62 (10−64.53–10−64.71) at 25∘C in our
study. The thermodynamic solubility products (𝐾sp) for Ca-
HAP [Ca

5
(PO
4
)
3
OH] were reported to be 10−58.3 [32], 10−57

[33], 10−59 [34], 10−58±1 [18], and 10−57.72 [35]. In comparison
with the solubility products for Ca-HAP in literature, the
average𝐾sp value 10

−80.77 for Pb-HAP was nearly 23.77–21.77
log units lesser than 10−57–10−59 for Ca-HAP. The solubility
product for Pb-HAP is extremely low, that is, several orders
of magnitude less soluble than Ca-HAP. Comparison of the
solubility products (𝐾sp) for calcium hydroxyapatite (Ca-
HAP) and lead hydroxypyromorphite (Pb-HAP) shows that
the conversion of Ca-HAP to Pb-HAP is thermodynamically
favorable in the presence of aqueous Pb2+ [36].

The solubility products (𝐾sp) obtained in this and earlier
researches [24, 25] indicate the stability sequence for the
hydroxyapatites to be Pb-HAP≫ Cd-HAP > Ca-HAP, which
may be related with the crystal radii for Pb2+, Cd2+, and
Ca2+ of 0.119 nm, 0.095 nm, and 0.100 nm, respectively. Some
workers have studied the influence of various phosphate
amendments (synthetic hydroxyapatite, phosphate rock, cal-
cium hydrogen phosphate, phosphoric acid, and phosphate
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Table 1: Analytical data and solubility determination of lead hydroxypyromorphite [Pb5(PO4)3OH].

Temp Initial pH Reaction time (hours) Analytical data log𝐾sp Δ𝐺

𝑜

𝑓
[kJ/mol]

pH Pb (mmol/L) P (mmol/L)

25∘C 2.00
5040 2.63 3.76 0.0489 −80.96 −3797.78
5760 2.67 3.64 0.0458 −80.79 −3796.79
7200 2.68 3.70 0.0495 −80.57 −3795.55

35∘C 2.00
5040 2.55 4.24 0.0422 −80.99
5760 2.58 4.17 0.0569 −80.38
7200 2.59 4.09 0.0475 −80.57

45∘C 2.00
5040 2.64 4.73 0.0172 −80.71
5760 2.76 4.77 0.0229 −79.38
7200 2.73 4.76 0.0201 −79.78

25∘C 5.60
5040 0.58 0.00175 0.00720 −77.42 −3777.57
5760 0.34 0.00160 0.00726 −77.60 −3778.61
7200 0.17 0.00173 0.00723 −77.51 −3778.06

25∘C 9.00
5040 6.30 0.000191 0.00649 −78.17 −3781.84
5760 6.36 0.000180 0.00636 −77.94 −3780.54
7200 6.30 0.000175 0.00642 −78.37 −3782.97

fertilizers) and suggested that the precipitation of the lead-
bearing hydroxypyromorphite results from earlier dissolu-
tion of calcium hydroxyapatite, which is much more soluble
than lead hydroxypyromorphite [16]. Continuous dissolution
of calcium hydroxyapatite was detected as the result of the
formation of less soluble lead hydroxypyromorphite [16].The
transport-controlled calciumhydroxyapatite dissolution pro-
vided phosphate for precipitation of lead hydroxypyromor-
phite [Pb

5
(PO
4
)
3
OH], which in turn sequestered solution

Pb2+ [36].

4. Conclusions

The synthetic solid was pure lead hydroxypyromorphite (Pb-
HAP) with the crystal lattice parameters of 𝑎 = 0.989 nm and
𝑐 = 0.748 nm. The normal vibrational modes of phosphate
tetrahedra for hydroxypyromorphite were observed around
938.24 cm−1 (]

2
), 985.01 and 1031.77 cm−1 (]

3
), and 536.62∼

573.74 cm−1 (]
4
). The hydroxypyromorphite solid was the

typical hexagonal columnar crystals with pinacoids as the
termination that elongated along the 𝑐 axis (particle sizes
2∼20𝜇m). The XRD, FT-IR, and FE-SEM results indicated
that the hydroxypyromorphite solids had no obvious change
during dissolution.

For the hydroxypyromorphite dissolution in acidic solu-
tion (initial pH 2.00) at 25∘C, the solution phosphate con-
centrations rose quickly and attained the peak value after
1 h dissolution, while the aqueous lead concentrations rose
slowly and attained the peak value after 1440 h. The solution
Pb/P molar ratio increased constantly from 1.10∼1.65 near
the stoichiometric ratio of 1.67 to 209.85∼597.72 and then
decreased to 74.76∼237.26 for the dissolution at initial pH
2.00 and 25∘C∼45∘C. The average solubility products (𝐾sp)
for hydroxypyromorphite [Pb

5
(PO
4
)
3
OH] were determined

to be 10−80.77 (10−80.57–10−80.96) at 25∘C, 10−80.65 (10−80.38–
10−80.99) at 35∘C, and 10−79.96 (10−79.38–10−80.71) at 45∘C. From

the obtained solubility data for the dissolution at initial pH
2.00 and 25∘C, the Gibbs free energy of formation [Δ𝐺𝑜

𝑓
]

for Pb
5
(PO
4
)
3
OH was calculated to be −3796.71 kJ/mol

(−3795.55∼−3797.78 kJ/mol). According to these constants,
the stability sequence for hydroxyapatite is Pb-HAP > Cd-
HAP > Ca-HAP.
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