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Abstract: Pyromorphite is one of the important end member lead apatites that has potential applications
in environment remediation. The thermal behavior of natural pyromorphite, Pb10(PO4)6Cl2, has been
investigated up to 1373 K at room-pressure using a powder X-ray diffraction device equipped with a
heating system. Pyromorphite experiences melting and decomposing at 1373 K into lead phosphate
(Pb3(PO4)2), and lead dioxide (PbO2) with reaction with air. The fit of the temperature–volume
data yields a linear volume expansion coefficient αV = 4.5 (±0.02) × 10−5 K−1. The linear expansion
coefficients for lattice parameters present the anisotropic thermal expansibility, i.e., αa = (±0.06) × 10−5

K−1 and αc = 2.2 (±0.06) × 10−5 K−1. We looked into the crystal chemistry and proposed an expression to
quantitatively evaluate the structural evolution of pyromorphite upon high temperature by calculating
the twist angle of the Pb(1)O6 metaprism, which decreases at elevated temperatures. A distinct drop of
the twist angle was observed at ~1100–1200 K, which might be a sign for the phase transition to a low
symmetric subgroup. The variation of the twist angle is more sensitive than that of the unit cell; therefore,
it can be applied to monitor the structural and phase changes of apatite group materials in general.
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1. Introduction

Apatite has a general formula of A5(BO4)3X, where A is usually a divalent cation such as Ca2+,
Sr2+, Ba2+, Pb2+, and Cd2+; B is usually the anions with tetrahedral coordination, such as PO4

3−,
AsO4

3−, VO4
3−, SO4

2−, or SiO4
2−; and X is a monovalent electronegative anion such as OH− or

halide [1]. The structural prototype for the apatite family has P63/mcm (193) symmetry [2], which can
be deviated into several subgroups such as Cmcm (63), P63/m (176), and P63cm (185) [3]. In a typical
apatite structure, there are two crystallographically distinct A sites. The A(1)O6 metaprisms share
edges with BO4 tetrahedra and build up zeolite-like channels alongside the [001] direction. Meanwhile,
the A(2) atoms form two [001] triangles rotated with an angle (60◦ for an ideal apatite structure) and
connect between the BO4 tetrahedra outside the edges of the channel. The unique arrangement of
the apatite channel structure allows it to accommodate multivalent large cations. Therefore, in Earth
science, apatite is the most abundant rock-forming phosphate-group and the dominant reservoirs
for both rare Earth elements (REEs) and volatile elements (F, Cl, OH) [4]. They often occurred as
the minor phase in igneous and metamorphic rocks on Earth, which is considered as the primary
carrier of the bulk P2O5 in continental and oceanic crust ~0.19 wt.% [5]. Apatite is also a common
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mineral in terrestrial bodies, where it occurs as the late-stage crystallization products of magmas, which
can be found ubiquitously as a magmatic mineral in SNC groups of Martian meteorites. Moreover,
lunar apatite has been considered as an important host for water in the moon’s interior [6]. Therefore,
the structural behavior of apatite under high temperature is important for us to understand the fate of
apatite during the magma process as well as in the planetary deep regions.

Moreover, apatite has found applications in catalysis; bone replacement; as well as immobilizing
hazardous elements such as Pb, As, Cr, Cd, and Pu in contaminated water, soil, and hazardous industrial
wastes [7–9]. Lead apatite, such as the end member minerals pyromorphite Pb10(PO4)6Cl2, mimetite
Pb10(AsO4)6Cl2, and vanadinite Pb5(VO4)3Cl, can be the final products of environmental remediation [7,8];
therefore, their thermal stabilities and chemical properties are important for utilizing apatite as the agent in
hazardous waste treatment. So far, the thermal properties of Ca10(PO4)6(F, OH, Cl)2 solid solutions have
been studied by X-ray diffraction under high temperature, and their thermal expansion coefficients have
been obtained [10,11]. Pyromorphite Pb10(PO4)6Cl2 is one of the important end member lead phosphates;
the substitution of Pb in the lattice contributes to the deviation from the general P63/mcm symmetry of
apatite to P63/m, with Z = 2, which will affect the thermal properties of the mineral under high temperature.
However, so far, the study of the thermal property of pyromorphite is relatively limited. In the previous
studies, the thermal properties of pyromorphite have been investigated by differential thermal analysis
(DTA) [12,13] and X-ray diffraction [12,13]. The DTA study revealed a phase transition of pyromorphite
at 1081 K [12,13], while in an early study, no endothermic peak of pyromorphite was observed before
melting [14], and it is unclear if the endothermic peak observed in DTA was related to any other forms of
crystalline transition. In this paper, we would like to look into the crystal chemistry and lattice dynamics
of pyromorphite under high temperature to investigate the phase transition and structural evolution
of pyromorphite in situ under high temperature from ambient condition to the melting temperature.
By introducing the twist angle of Pb2 triangles on [0001], we would like to explore a way to efficiently
monitor the structural evolution of pyromorphite under verified environments, which can be applied to
similar apatite group materials.

2. Materials and Methods

The natural pyromorphite crystal with yellow-green and perfect hexagonal prism form was
collected in Daoping, Guangxi province as the study sample. The well crystalized sample was grounded
into powder and the in situ high temperature powder X-ray diffraction (XRD) experiment was carried
out using an X’ Pert PRO X-ray diffractometer equipped with a heating platform. Graphite filtered Cu
Kα radiation at a voltage of 40 kV and a current of 45 mA was applied. The scattered radiation was
detected in the angular range of 10–80◦ (2θ), with scan step time 1 s, a step of 0.0170◦ (2θ), and 1 s
time interval.

The diffraction data were recorded at an elevated temperature from 298 K (room temperature, RT)
to 1373 K. At each temperature interval, the sample was heated to the next measured temperature at a
rate of 5 K/min and kept at that temperature with a two-minute stop. At the highest temperature (1373 K),
the sample was cooled down to RT at a rate of about −20 K/min. Finally, the recovered sample from a
high temperature was examined by XRD. The lattice parameters of pyromorphite were calculated by the
Reitveld refinement method implemented in GSAS software [15]. We followed the strategy of Rietveld
refinement instructed in the literature [15] and refined the positions of the heavier atoms first and then
those of the lighter atoms at each temperature.

3. Results and Discussion

3.1. XRD Patterns

Figure 1 represents the selected XRD patterns recorded from RT to 1273 K. All the diffraction
peaks for each heating pattern can be indexed to pyromorphite. The unit cell parameters obtained at
ambient condition are a = 9.9896 (1) Å, c = 7.3457 (2) Å, and V = 634.83(1) Å3, which are within 0.2%
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discrepancy compared with the data in the literature for pure pyromorphite (i.e., a = 9.976 Å, c = 7.351 Å,
and V = 633.6 Å3 [16]), and confirm that the sample is in a single pyromorphite phase, and the impure
elements should be at a minimum. As temperature increases, the diffraction peaks shift to lower angles
accompanied by the decreasing of the relative intensity under elevated temperatures. For example,
the position of the 113 reflection moves from 41.033◦ to 40.268◦ (2θ) with temperature increasing
from 298 K to 1273 K. We observed that the fitting accuracy decreases after the temperature reaches
~1100 K. Besides, a discontinuous change of cell parameters at around 1100–1200 K can be detected
(Figure 2), which might be related to a phase transition. In previous studies, a small endothermic
peak was observed at ~1081 K and the new phase was identified by XRD as a monoclinic structure
(space group P1121/b) [12]. In contrast, no phase transition was observed by DTA for pyromorphite
from 373 to 1273 K [14], and no phase transitions were observed by DTA for Ca and Pb apatite solid
solutions (Ca10xPb10−10x(PO4)6Cl2) before melting [13]. Therefore, the phase transition from P63/m to
the monoclinic subgroup could be very subtle in powder X-ray patterns, and with our experimental
resolution, all the XRD peaks can still be indexed with the P63/m structure before melting. At the
maximum temperature (1373 K) in this study, the XRD data show a diagnostics pattern of an amorphous
phase (Figure 2a), indicating that pyromorphite is melting. The melting temperature is consistent with
the endothermic peak observed at 1415 K by differential thermal analysis [12].
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Figure 1. Selected X-ray diffraction (XRD) patterns of pyromorphite at varied temperatures. (a) XRD 
pattern collected at room temperature (298 K). The bottom ticks are the positions of the reflections. 
113 reflection is highlighted to monitor the shift of the pattern at high temperature. (b–d) XRD 
patterns collected at 673, 1073 and 1273 K respectively, which show a shift to the lower angle. The 
background of the XRD pattern is rising at 1273 K. 
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Figure 2. The XRD pattern of the melted materials of pyromorphite. Upper (a), on heating at T = 1373 
K; lower (b), after heating at T = 298. Key to peaks label abbreviations: p = pyromorphite 
(Pb10(PO4)6Cl2); L = lead phosphate (Pb3(PO4)2); * is indexed as the peaks from lead dioxide (PbO2). 

Figure 1. Selected X-ray diffraction (XRD) patterns of pyromorphite at varied temperatures. (a) XRD
pattern collected at room temperature (298 K). The bottom ticks are the positions of the reflections.
113 reflection is highlighted to monitor the shift of the pattern at high temperature. (b–d) XRD patterns
collected at 673, 1073 and 1273 K respectively, which show a shift to the lower angle. The background
of the XRD pattern is rising at 1273 K.

We also examined the recovered product from the melted materials at ambient condition by XRD
(Figure 2b), and found that the melt product can not completely re-crystalize into pyromorphite even
at a cooling rate of about −20 K/min. The XRD pattern of the final products can be indexed and
assigned to three phases, i.e., the remained pyromorphite and lead phosphate (Pb3(PO4)2), as well as
two peaks detected at ~27.3◦ and 28.9◦ that match with the (111) and (020) peaks of lead dioxide (PbO2).
Therefore, the XRD results indicate that pyromorphite becomes thermally instable at 1373 K and starts
to decompose into lead phosphate at this temperature. The lead dioxide can be a side product of the
oxidized PbCl2 decomposed from pyromorphite during heating in an open environment. With our
experimental setup, the released Cl2 could prohibit a complete oxidation of the final products and
yield lead dioxide together with lead phosphate, i.e., (Pb10(PO4)6Cl2) + O2 → 3Pb3(PO4)2 + PbO2 +

Cl2. PbO2 has been considered as the highly insoluble lead dioxide solid, which is stable with water of
persistently high oxidation-reduction potential, usually achieved by maintaining adequate levels of
free chlorine in waters [17]. Therefore, pyromorphite can potentially be an ideal agent at the relatively
high temperature for water treatment or soil remediation.
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Figure 2. The XRD pattern of the melted materials of pyromorphite. Upper (a), on heating at T = 1373 
K; lower (b), after heating at T = 298. Key to peaks label abbreviations: p = pyromorphite 
(Pb10(PO4)6Cl2); L = lead phosphate (Pb3(PO4)2); * is indexed as the peaks from lead dioxide (PbO2). 

Figure 2. The XRD pattern of the melted materials of pyromorphite. Upper (a), on heating at T = 1373 K;
lower (b), after heating at T = 298. Key to peaks label abbreviations: p = pyromorphite (Pb10(PO4)6Cl2);
L = lead phosphate (Pb3(PO4)2); * is indexed as the peaks from lead dioxide (PbO2).

3.2. Unit-Cell Parameters and Thermal Expansibility

The lattice parameters of pyromorphite under high temperature are listed in Table 1. The fitting
goodness parameter (wRp, no effect of the background) is acceptable under a low temperature (~10%,
which is typical for laboratory X-ray data [15]); however, it becomes larger with increasing temperature
because the signal ratio of XRD data at a higher temperature is worse than those at a lower temperature
(see Figure 1a–d), indicating that the structure deviates more at a higher temperature. Above 1200 K,
the background of the XRD pattern is rising (Figure 1d), implying an increasing amount of amorphous
material that could be generated during partial melting.

Table 1. Lattice parameters and twist angles of pyromorphite at different temperatures.

T/K a/Å c/Å V/Å3 a/c φ/◦ wRp/%

298 9.9896 (1) 7.3457 (2) 634.83 (1) 1.356 21.8 (2) 12.57
373 9.9973 (2) 7.3540 (2) 636.53 (2) 1.359 21.3 (2) 10.37
423 10.0036 (1) 7.3610 (1) 637.94 (1) 1.359 20.7 (2) 10.53
473 10.0050 (2) 7.3646 (2) 638.44 (2) 1.359 21.2 (2) 13.51
673 10.0365 (2) 7.3978 (2) 645.36 (2) 1.357 20.4 (2) 12.57
873 10.0606 (2) 7.4262 (3) 650.94 (3) 1.355 20.8 (3) 24.95

1073 10.0846 (3) 7.4612 (4) 657.14 (4) 1.352 20.0 (3) 30.50
1123 10.0886 (3) 7.4715 (3) 658.57 (4) 1.350 19.5 (4) 29.72
1173 10.0920 (3) 7.4793 (3) 659.68 (3) 1.349 20.1 (3) 28.85
1223 10.0878 (4) 7.4977 (4) 660.78 (5) 1.345 17.6 (3) 25.02
1273 10.0830 (3) 7.5062 (3) 660.90 (4) 1.343 10.4 (5) 19.93

Note: The numbers in parentheses represent one standard deviation in the right-most digit. wRp is the goodness
parameter for the Reitveld refinement using GSAS.

Based on the lattice cell parameters under different temperatures (Table 1), we fit them as a
function of temperature with a linear model. The temperature dependence of the unit-cell parameters,
normalized to the values at 298 K, is illustrated in Figure 3, where the data of chlorapatite are also
plotted for comparison [12,18]. The thermal expansion coefficient of volume yielded by the linear
fitting, αV, is 4.5 (±0.02) × 10−5 K−1, close to the αV values of calcium apatite members. For example,
the αV of hydroxylapatite, fluorapatite, and chlorapatite are 4.24 × 10−5 K−1 [10], 4.15 × 10−5 K−1,
and 4.19 × 10−5 K−1 [11] during 293–875 K and 293–1173 K, respectively. The results indicate that,
although the effective ionic radius of Pb2+ (1.33 Å) is bigger than that of Ca2+ (1.14 Å) [19], the thermal
expansion coefficient (αV) is not very sensitive to ionic radius. However, the expansion coefficients
show a distinct difference along different crystallographic axes, i.e., the αc, 2.2 (±0.06) × 10−5 K−1
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is nearly twice as large as the αa, 1.1 (±0.06) × 10−5 K−1, indicating a notable anisotropy of thermal
expansibility. However, the thermal anisotropy is not as strong as that of chlorapatite (Figure 3, Table 2).
Therefore, the substitution of bigger cation could potentially reduce the thermal anisotropy of the
apatite materials. A similar trend can be found for Cd5(PO4)3Cl and Ba5(PO4)3Cl, where with a smaller
radius of Cd2+ (1.09 Å), Cd5(PO4)3Cl shows a more obvious thermal anisotropy (αa = 0.17 × 10−5 K−1,
αc = 2.35 × 10−5 K−1) than that of Ba5(PO4)3Cl (rBa

2+ = 1.49 Å), whose αa and αc are very close to each
other (within ~10%) [12].
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3.3. Thermal Effects on Crystal Structure

Pyromorphite has a P63/m apatite structure. As shown in Figure 4, the crystal structure of pyromorphite
can be simply described as PO4 tetrahedra linking with Pb(1)O6 metaprisms by sharing corners, and with
Pb(2)O4Cl2 trigonal prisms by sharing edges. The Pb(1)O6 metaprism can be considered as a twisted
trigonal prism, an intermediate form between a trigonal prism and an octahedron. The amount of twisting,
referred to the metaprism twist angle (φ, the angle O(1)–Pb(1)–O(2) projected on (0001), see Figure 4),
can reflect the structural evolution under different conditions.

Table 2. Thermal expansion coefficients based on linear fits of pyromorphite compared with other
calcium or chlorine bearing apatites.

αV (×10−5 K−1) αa (×10−5 K−1) αc (×10−5 K−1) Reference

Pb10(PO4)6Cl2 4.5 (±0.02) 1.1 (±0.06) 2.2 (±0.06) This Study
Ca10(PO4)6Cl2 4.19 0.96 2.22 [10,11]
Ca10(PO4)6F2 4.15 1.38 1.32 [10,11]

Ca10(PO4)6(OH)2 4.24 − − [10,11]
Cd5(PO4)3Cl 2.7 0.17 2.35 [12]
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To have a more in-depth understanding of the structural evolution under high temperature, here,
we propose a quantitative expression of the twist angle φ adapted from a previous study [2] in terms
of the fractional coordinates of Pb(1), O(1), and O(2), which can be used to calculate the twist angle φ
for pyromorphite as well as other P63/m apatites:

cosϕ =
M2 + N2

− L2

2
√

M ·N
(1)

where M = [(xPb1 − xO1)2 + (yPb1 − yO1)2]0.5, N = [(xPb1 − xO2)2 + (yPb1 − yO2)2]0.5, and L = [(xO2 − xO1)2

+ (yO2 − yO1)2]0.5. x and y represent atom positions; M, N, and L stand for the lengths of Pb(1)−O(1),
Pb(1)–O(2), and O(1)–O(2), respectively, projected on (0001) of the Pb(1)O6 metaprism.

The refined atom coordinates were enclosed in the cif format files in Supplementary Materials
and the calculated twist angles are listed in Table 1. The temperature dependence of the twist angle φ
is plotted in Figure 5. We found that the twist angle is very sensitive to the structure evolution under
a high temperature. The twist angle decreases from 21.8◦ to ~19.5◦ with the temperature increasing
from 298 K to 1123 K. Although restricted by the experimental setup, the atom coordinates refined
in this study are relatively rough, the decreasing trend of the twist angle can still be detected given
that each data point was collected in the same system. We fitted the data linearly and the first-order
coefficient of the decreasing of the twist angle is −8.4 (±1.7) × 10−5 K−1, with R2 = 0.88, and the absolute
value is notably higher than that of thermal coefficients of αa, αc, and αV (i.e., ~1.1−4.5 × 10−5 K−1),
indicating that the variation of the twist angle is more sensitive to the change of volume and lattice
parameters. Moreover, a distinct drop of the twist angle was observed at ~1100–1200 K, which is
consistent with the discontinuity of the cell parameters. The sudden decrease of the twist angle would
be a sign that the P63/m structure collapses at this temperature range, which could correspond to the
previous observation of the phase transition to P1121/b structure at ~1100 K [12].

In apatite group materials, the smallest twist angle (φ = 5.2◦) was observed in Ca2Pb3(AsO4)3Cl,
and the largest twist angle (φ = 26.7◦) was found for Pb5(PO4)3OH [2]. The decrease of the twist angle
reflects the increasing average ionic radius under a high temperature. In fact, smaller twist angles are
accompanied by the collapse of the structure, which lead to an expansion of the Pb(1)O6 metaprism
and longer cell edges. The observation under a high temperature is consistent with that of apatite
group minerals at ambient conditions with different substitutional atoms, which shows that the twist
angle decreases linearly as a function of the increasing average ionic radius of the formula unit [2].
We found that the changing rate of the twist angle is more obvious than the individual lattice length at
the same condition; therefore, the phase transition of apatite and its structural development can be
effectively monitored by the deviation of the twist angle φ.
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Figure 5. The temperature dependence of the twist angle φ of pyromorphite, from 298 K to 873 K,
normalized to the value at 298 K.

4. Conclusions

With a powder XRD device equipped with a heating system, nature pyromorphite was investigated
up to 1373 K at ambient pressure. The powder XRD patterns show that the lattice and volume of
pyromorphite increase upon elevated temperature, and a discontinuous change of the lattice parameter
was observed around 1100–1200 K. After melting at 1373 K, by interaction with air, pyromorphite
decomposes and reacts into lead phosphate (Pb3(PO4)2) and lead dioxide (PbO2). The low solubility of
the final products can add advantage for pyromorphite to be an agent of environment remediation.
The thermal expansion coefficients of pyromorphite (4.5 (±0.02) × 10−5 K−1) are close to that of
calcium apatites. However, the anisotropic thermal expansibility of pyromorphite was observed to
be weaker than that of chlorapatite. The different linear expansive coefficients for lattice parameters
are φc = (±0.06) × 10−5 K−1 and φa = 1.1 (±0.06) × 10−5 K−1. The variation of pyromorphite structure
can be reflected by the O(1)–Pb(1)–O(2) twist angle (φ) projected on (0001) of the Pb(1)O6 metaprism.
A quantitative expression was put forward to calculate this angle, which decreases in a linear manner
with increasing temperature. It shows that, with the increasing temperature, the Pb(1)O6 metaprism
undergoes a transformation to trigonal prism, which leads to the increasing of the Pb(1)-O bond length
and a volume expansion. A distinct drop of the twist angle was observed at ~1100–1200 K, which could
be a sign of the structural collapse and a phase transition to a low symmetric subgroup. A more
accurate structural refinement with high X-ray energy and a wider range of data collection or a neutron
diffraction experiment will be beneficial to reveal more structural details under different conditions.
Yet, the expression and methods we proposed here can be useful to monitor the structural evolution of
other apatite group materials.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/12/1070/s1,
cif format files for the refined atom coordinates at each temperature.
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