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Abstract

Experimental data of thermodynamic state functions and molar volume for phosphate, arsenate, and vanadate apatites
containing Ca, Sr, Ba, Pb, end Cd at the cationic positions Me?* and F, OH, Cl, Br, and I at the halide position X were
collected. The apatite supergroup splits into distinct subgroups (populations) constituted by Me,,(AO,)¢X, with the same
Me?* cations and tetrahedral AO43_ anions but with different anions at the X position. Linear relationships between various
parameters within apatite subgroups are observed. The prediction method for standard enthalpies of apatites (AH® ) is based
on regression analysis of the linear correlations within the subgroups between AH®;; of apatites and their molar volume V|,
lattice energy Upgr, and AH® of their anions AO,* or X" This allowed to predict 22 new AH®;  values for apatites and
materials with an apatite structure. The prediction precision is comparable to the experimental uncertainty obtained when
reproducing experimental data using calorimetric measurements or dissolution experiments and can be applied to a wider

range of apatites than other methods.
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Thermodynamic database

Introduction

Quantitative geochemical calculations are not possible with-
out thermodynamic databases. Considerable advances in
the quantity and quality of these databases have been made
since the early days of Lewis and Randall (1923), Latimer
(1952), and Rossini et al. (1952). According to Oelkers and
Shott (2018), the emergence of thermodynamic databases
can be considered one of the greatest advances in geo-
chemistry of the last century. Thermodynamic data have
been used in basic research and for countless applications
in computational modelling, computer simulations, waste
management, and policy-making. The challenges today are
to evaluate thermodynamic data for internal consistency
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and to reach a most reliable properties. The present work
focuses on the enthalpy of formation from elements (AH® )
of minerals and synthetic compounds belonging to the apa-
tite supergroup.

The natural apatites and apatite-based materials are a
class of compounds with the stoichiometry Me,,(AO,)¢X,,
where the Me-site is occupied by larger monovalent (Na™,
K*, etc.), divalent (Ca®*, Sr>*, Ba’*, Pb>*, Cd?*, etc.), or
trivalent (La**, Y3+, Ce**, Sm?*, etc.) cations, the A-site
is occupied by a smaller metal, metalloid or nonmetal (P>,
As>*, V3* Si**| etc., often accompanied by carbonate
anion CO;%7), and the X-site is filled by halides, hydrox-
ides, or oxides (F~, C17, Br—, I, OH", 0%, etc., also often
accompanied by a carbonate anion CO32_) (e.g., Rako-
van and Hughes 2000; Pan and Fleet 2002; Pasero et al.
2010; Tait et al. 2015; Ptacek 2016; Hughes and Rakovan
2018; Pieczka 2018; Rakovan and Scovil 2021). Due to
the extremely rich array of possible substitutions in each
of the highlighted positions, the possible end-members
alone are over 200 types, indicating that this is currently
the most numerous supergroup of minerals and compounds
(Baker 1966; Oelkers and Valsami-Jones 2008; Rakovan
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and Pasteris 2015; Flora et al. 2004a, b). Synthesis meth-
ods are also still being developed to produce apatite-based
materials, which have enormous applications in numerous
technologies (Oelkers and Montel 2008; Cao et al. 2017;
Lei et al. 2020). Unfortunately, for many of the apatites,
there is a lack of experimentally determined basic ther-
modynamic data including AH® ;. This includes some
representatives of the best-characterized phosphate apa-
tites (e.g., Ba;o(PO,)¢Br,, St,((PO,)¢Br, or Cd,;(PO,)¢Br,)
as well as most arsenate and vanadate apatites. As of the
current state of knowledge, there is not a single experi-
mentally measured AH®;, for iodine-containing apatite-
based materials, which are the subject of intense research
due to potential technological uses (Wang 2015; Hartnett
et al. 2019; Merker and Wondratschek 1959; Brenner
et al. 1970; Sudarsanan et al. 1977; Audubert et al. 1999;
Alberius et al. 1999; Stennett et al. 2011; Lu et al. 2014,
Suetsugu 2014; Witkowska et al. 2014; Coulon et al. 2017,
Mungmode et al. 2018; Sordyl et al. 2020; Islam 2021).
However, with relatively little effort, gaps in thermody-
namic databases can be filled using predictive methods.

Several attempts have been made to fill the gaps in
the thermodynamic databases using predictive methods
e.g., Volume-based Thermodynamics (VBT; Jenkins and
Glasser 2003; Glasser and Jenkins 2016), the Simple Salt
Approximation (SSA; Yoder and Flora 2005; Yoder and
Rowand 2006; Glasser 2019), and the polyhedral contribu-
tion approach (Latimer 1951, 1952; Hazen 1985; Chermak
and Rimistidt 1989; La Iglesia and Felix 1994; Glasser and
Jenkins 2009; La Iglesia 2009; Drouet 2015, 2019). Moreo-
ver, the predictions based on linear correlations between
thermodynamic state functions and selected physicochemi-
cal parameters gives promising results (Tardy and Vieillard
1977; Vieillard and Tardy 1988; Sassani and Shock 1992;
Shock et al. 1997; Sverjensky et al. 1997; Vieillard 2000;
Cruz et al. 2005a, b; Puzio et al. 2022). The ThermAP
method by Drouet (2015 and 2019) gives the best accuracy
approaching + 1% absolute error. However, in the case of
apatites, an uncertainty of + 1% is too high: AH;,, deter-
mined experimentally for Ca,,(PO,)¢Cl, and Ca,,(PO,)4Br,
differ only by 0.8% (58 kJ mol™!; Cruz et al. 2005b).

In the present study the experimental data of thermody-
namic state functions and molar volume for phosphate, arse-
nate, and vanadate apatites containing Ca, Sr, Ba, Pb, end
Cd at the cationic positions Me?* and F, OH, Cl, Br, and 1
at the halide position X were collected. Linear relationships
between various parameters within apatite subgroups are
examined. A new prediction method for standard enthalpies
of apatites is proposed. This approach is based on regres-
sion analysis of the linear correlations within the subgroups
between AH®  of apatites and their molar volume V,, lat-
tice energy Upor, and AH®, of their anions AO,>~ or X™.

@ Springer

Overview of experimental thermodynamic
data of apatites

Table 1 provides a compilation of the thermodynamic
data available in the literature (based on experiments and
"ab initio"” calculations) for stoichiometric Me,;(AO,)X,
apatites (phosphate, arsenate, and vanadate with different
Me?* and X "), such as the standard enthalpy of formation
from elements AH®, the standard entropy S$°gg 5k, the
specific heat capacity C°, . the molar volume V,,, and the
solubility constant K, 595 15 The Gibbs free energy of
formation (AG*)) is not included to maintain consistency
in the thermodynamic data presented. AG°;, values avail-
able in the literature are mostly calculated from approxi-
mations or using different, often mixed thermodynamic
databases, which contributes significant scatter. Therefore,
the compilation and variability analysis of the AG®, data
for apatites should be discussed in a separate paper.

The observed discrepancies in the data are likely due
to the varying crystallinity states, polymorphs (either
hexagonal or monoclinic, mostly not identified in litera-
ture reports), nonstoichiometry, hydration state and/or
the presence of undetected impurities. A lower degree of
crystallinity, for example, may favor somewhat less nega-
tive values of AH®, (Craig and Rootare 1974). The dif-
ference between the hexagonal (P6,;/m) and monoclinic
(P2,/b) symmetries results in different positioning of the
X~ anions along the apatitic channels (giving rise or not
to a mirror plane) but does not correspond to a large ion
rearrangement. Therefore, the energetics of formation are
not expected to be very different (although not identical),
allowing both polymorphs to be considered equal.

Drouet (2015) and Puzio et al. (2022) previously
reported that thermodynamic state functions for apatites
vary in a regular, mostly linear manner, depending on
various physicochemical parameters of their components,
such as the ionic radius of X7, the electronegativity of
X7, the ionization energy of X, and others. A current and
complete review of the data presented in Table 1 allows
such trends and relationships to be clearly observed. For
example, for a given X~ anion (from among OH™, F~, CI7,
or Br™), the formation of apatite is less exothermic (the
enthalpy of formation AH is less negative) when apatite
contains a heavier element, such as As or V instead of P
and Cd or Pb instead of alkali metals (Fig. 1A). In con-
trast, this relationship is not observed when alkali metals
(Ca?*, Ba?* or Sr*") are substituted in the Me?* position.
It is clearly apparent from the graph that apatites form
distinctly separate subgroups (Fig. 1A). Here, a subgroup
is defined as a population of apatites with the same substi-
tution at position Me and A but with different substitutions
at position X (where X =F, Cl, Br, I, OH) e.g., subgroup of
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L - L EE Ca,;(PO,)¢X,. The correlation of AH® ., of apatites with
. ; g s . . s .
= 285 © 5 S| B¢ molar volume of apatite (V) is also apparent (Fig. 1B).
s B2 s A8 = 2 S E p m pp g
3 ; E 3 2 g 2 § El E, = 'é So far, such relationships can be found within P-apatites.
5 2o 5280 fcm 53| 35 Gaps in experimental data do not allow a complete picture
2 SS5585 25253858 23 f these relationships for As- or V-apatit
3 SRZSETZRZLA 28 =3 of these relationships for As- or V-apatites.
= < 53
< 2 - S - - 5. Correlation of V,, with ionic radius of halogen anion
= = =
S |2 &8 8 %z § SE | 8% X
>~ Z = S Z S SE=] 5 4
L o
= 73 The molar volume V,, is not yet known for all apatites e.g.,
% 2 Ca (VO )gl,, Cd o(AsO,)sl, or Ba,j(AsO,)¢Br, (Table 1).
g S g Glasser and Jenkins have proposed a method to calculate
[ =] . . . . .
8 23 missing V,, values based on the sum of contributions of inter-
Q = . . . .
K~ E-I nally consistent single-ion volumes (Jenkins and Glasser
23 2003; Glasser and Jenkins 2008). The use of their method
g B = gives promising and accurate results with the uncertainty not
Q . .
&b E 2 exceeding + 11% compare to experimental V,, (Glasser and
2 £8 g P P m
g £ Jenkins 2008). Over the last 15 years, many of the experimen-
2 s tal diffraction data have been published for not only phosphate
(o] . .
3 S ! § but also arsenate and vanadate apatites. This allows the cal-
N o~ . . . .
5 2 AN culation of more experimental V, values and verification of
o on .
E é i) é this approach.
T = = In this work, we propose a different procedure for predicting
ig = °§ § = V., values for apatites whose structure has not yet been deter-
3 [y . . . .
e © 3q mined or for potential apatite-based structures predicted by
E g Wang (2015) and Hartnett et al. (2019). The method is based
g s on the linear correlation of the V,, value with the ionic radius
g 5] £g (R;) of the halides present at the X position (Fig. 2). In this
iﬁ 2 gja procedure, all available experimental data of apatites and their
o . .. . .
& = o % synthetic analogs (exprlV,,)) are divided into apatite subgroups
-~ SE based on the same substitution at Me** and AO,*~ positions
| = = . .
M s but different X. The subgroups should be considered separately
= 2 = “E within the X substitutions excluding OH (X=F, Cl, Br, I), e.g.,
A g 2 2 % Ca,((PO,)X,, Pb o(PO,)6Xs, Ca o(AsO,)eX,, Pbio(AsO )X,
T’ O Ca (VO )X,, Pb,(VO,)X,, etc. A complete dataset within
R § apatite subgroups exists for the Pb,;((AsO,)¢X,, Pb,o(VO,)6X,
(] o . . . .
3 § : g and Cd,((VO,)¢X, (Fig. 2). Both visual inspection and Pearson
5 2 52 correlation coefficient along with R? values greater than 0.99
;«g é E | indicate positive linear correlations. This positive correlation
; 8 of V,, vs. R, allows for interpolation and extrapolation within
£ 9 other apatite subgroups. Linear correlation was assumed for
o o b all apatite subgroups based on linearity within subgroups with
p group y group
L ga . .
el g © 5+ the most available experimental data. If there are at least two
OE v ﬁ‘ g "“Q" . known values of expt!V,, within a subgroup, the parameters a
= [~
% 3 S and b of the linear regression between exptlV, and R; of the
%++ ",Z halides can be calculated. The unknown values of V, are pre-
E?; S 2 dicted from the relationship (determined separately for each
— < .
) ; S % E subgroup of apatites):
= — | <
é g R = B}é"_; predV,, =aXR;+b (D)
3|8 M N o= 2T
o ) 2 3 2 & O
~ = = (@) N m Q =
S o > o <z 3
v | E e Z Z 528
5|3 2 s 2 252
e 1o A & " zZ= g
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-5500 -

Fig. 1 A Plot of the experimen- A B
tal enthalpies of formation from
elements (AH°,) against molar
mass of selected apatites show- =7000 - )
ing the presence of populations
(subgroups). B Example of a = 8500 - ‘/W’
systematic relationship between E
AH® and V, (based on arith- y
metic means of AH®, values = -10000 -
compiled in Table 1) oo

3 11500 | 4

13000 Cl B
(2 SV S
-14500 T T | ! T T T |
500 1500 2500 3500 0.40 0.50 0.60 0.70 0.80
Apatite molar mass (g mol-') V,, (nm3)

@ Ca,(PO,)X,

@ Sr, (PO,)X,

where predV,, is predicted molar volume of apatite and
R; is the ionic radius of element X (X=F, CI7, Br™, and I";
Table SI 1). Linear regression coefficients a and b are listed
in Table SI 2. The results of calculations are presented in
Fig. 2 as empty marks. Predicted molar volumes (predV,,)
are summarized in Table 2. These volumes will be used in
calculations below as data equal to the experimental ones.

A comparison of the values obtained using the approach
presented here (predV,,) with those obtained using the
Glasser—Jenkins (2008) method (calcV,,,) and with the exper-
imental values is presented in Table 2. Precision of predic-
tion was estimated by the relative percentage difference. The
difference between exptlV,, and the same values calculated
from the regression does not exceed 0.5% for any apatite
considered. In contrast, the differences determined for the
values calculated by the Glasser—Jenkins method are up to
10% for calcium phosphate apatites, 30% for lead phosphate
apatites, or 20% for cadmium phosphate apatites. This large
difference is partly because the volumes used by Glasser
and Jenkins (2008) for Pb?* and Cd** cations were not cor-
rected (calibrated) but taken directly from Marcus (1987).
This indicates that greater precision in predicting V,, values
was achieved using the approach presented in this work.

Correlation of lattice energy Upor with V,

Upor 1s the energy change upon the formation of one mole of
an ionic compound from its constituent ions in the gaseous
state. Experimental lattice energy (expt/Upny) can be deter-
mined using Born—Haber thermochemical cycles described
in detail by Flora et al. (2004b). For those apatites for which
experimentally determined AH % is available, the exptlUpqy

@ Springer

@ Ba,(PO,).X, Cd,o(PO,)X, A Ca,(AsO,)X,

® Pb,(PO,) X, Pb,,(ASO,);X, @ Pb,(VO,)X,

values are summarized in Table 3. The thermochemical data
necessary to determine expt/Upqy are given in Table SI 3.

The lattice energies listed as exptlUpqgy in Table 3 were
obtained from the lattice enthalpy AH,,, by correcting for
the difference between enthalpy and lattice energy Upqgr
(Jenkins 2005). AH\  involves correction of the Upqgy term
by an appropriate RT (where R is the gas constant and T
is the temperature in K; Jenkins and Liebman 2005). For
Upor extraction from the Born—Fajans—Haber cycle (which
is essentially an enthalpy-based thermochemical cycle) the
AH,, must be transformed using an extension discussed by
Jenkins et al. 1999. Finally, for F-, Cl-, Br- and I-apatites,
AH,, = Upgr, 80 we do not present AH,,, values separately
(Jenkins et al. 1999).

Lattice energy can be calculated also as calcUpqr using
the improved Kapustinskii equation, a generalized version
of which was given by Glasser and Jenkins (2000). This
equation for an isostructural family of minerals requires no
parameters other than the molar volume V,; (in nm?) and is
reduced to the form:

26680

Flora et al. (2004b) used this equation to calculate calcU-
pot vValues for phosphate apatites. We have extended these
calculations to As- and V-apatites using both experimen-
tal and predicted V, (Table 3). The results are presented
in Table 3 (calcUpqgr) and in Fig. 3. The values calculated
based on Eq. (2) differ both from expt!Upqr and from intui-
tively expected numbers. The Upnyy value depends not only
on the morphology and distribution of the individual atoms

calcUpgr (kJ/ mol) = )
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0.80 - 0.80 - 0.80 -
Ca;(PO,)eX, Ca ((VO,)eX, Ca (AsO,4)eX,
072 072 072
£ £ / £
£ 064 1 £ 064 1 cl| Br £ 064 1 c1Br !
E | Br / £ /E/M - j/@/@
056 {1 F 0.56 0.56
0.48 . . 0.48 . . 0.48 . .
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072 072 072
: B TR S T T 2
£ 0.64 j/CJELe £ 064 - £ 064 M
N N N
0.56 0.56 0.56
0.48 . . 0.48 . . 0.48 . .
0.12 0.18 0.24 0.12 0.18 0.24 0.12 0.18 0.24
R, of X- (nm3) R; of X- (nm3) R; of X- (nm3)
0.80 - 0.80 - 0.80 -
Ba,((PO,)sX; —E/C*Igr”‘él}'
0721, g% __ 072 1 crBr ! 0721
£ g cibr ! £ F £
£ 064 £ 064 - £ 0.64 -
N N N
0.56 0.56 0.56
Ba,((VO,)eX, Ba;o(AsO,)X;
0.48 . . 0.48 . . 0.48 : .
0.12 0.18 0.24 0.12 0.18 0.24 0.12 0.18 0.24
R, of X- (nm3) R; of X- (nm3) R; of X- (nm?3)
0.80 - 0.80 - 0.80 -
Cd;,(PO,)eX Cd,((VO,)eX; Cd,((AsO,)eX,
072 072 __ 072
€ € €
£ 0.64 - £ 0.64 - Br | £ 0.64 - Br |/
£ £ Cl £ Cl br
> 056 j/COIBr/Ie > 056 j// > 056 M
0.48 . . 0.48 . . 0.48 . .
0.12 0.18 0.24 0.12 0.18 0.24 0.12 0.18 0.24
R, of X~ (nm3) R; of X~ (nm3) R, of X- (nm?3)
0.80 - 0.80 - 0.80 -
Pb,o(PO,)eX; Pb,((VO,)eX, Pb,,(AsO,)eX,
_0.72 | _ 072 _0.72
€ Br € /‘/T E /T
£ 064 j/CL/‘/e £ 064 - : CIBr £ 06412 ClBr
1S € €
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0.48 . . 0.48 . . 0.48 . .
0.12 0.18 0.24 0.12 0.18 0.24 0.12 0.18 0.24
R, of X- (nm3) R; of X~ (nm3) R, of X- (nm?3)

Fig.2 Correlation of V, with the ionic radius of halogen X~ for selected apatite subgroups. Experimental data used for regression are plotted as
solid marks. Values predicted based on the Eq. 1 are plotted as open symbols
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Table 2 Comparison of the
experimental molar volumes
with values calculated based on
Glasser and Jenkins (2008) and
values predicted in this work

@ Springer

Apatite exptlV,, or calcV,, (nm®) % diff ! predV,_, (nm?) % diff 2
predV., (nm®)
Ca,o(PO,)¢F, 0.5246 0.5710 -9 0.5246 —-0.0023
Ca,((PO,)(CL, 0.5430 0.6026 -11 0.5429 0.0095
Ca,o(PO,)¢Br, 0.5486 0.6156 -12 0.5487 -0.0072
Ca,o(PO,)¢L, 0.5578 0.6406 -15 0.5578 0.0000
Sr;o(PO)6F, 0.5967 0.5830 2 0.5967 0.0052
Sr;o(PO,)6Cl, 0.6152 0.6146 0 0.6153 -0.0211
Sr;((PO,)¢Br, 0.6213 0.6276 -1 0.6212 0.0159
Sr;o(POel, 0.6305 0.6526 -4 0.6305 0.0000
Ba,,(PO,)¢F, 0.6874 0.6400 7 0.6868 0.0933
Ba,,(PO,):CL, 0.7008 0.6716 4 0.7035 —-0.3843
Ba,,(PO,)¢Br, 0.7107 0.6846 4 0.7087 0.2887
Ba,,(PO,)L, 0.7170 0.7096 0.7170 0.0000
Cd,((PO,)6F, 0.4970 0.4160 16 0.4970 —-0.0096
Cd,((PO,)Cl, 0.5211 0.4476 14 0.5209 0.0385
Cd,;((PO,)¢Br, 0.5282 0.4606 13 0.5284 -0.0289
Cd,((PO,)gl, 0.5403 0.4856 10 0.5403 0.0000
Pb,((PO,)eF, 0.6010 0.4660 22 0.6008 0.0286
Pb,((PO,)sCl, 0.6350 0.4976 22 0.6357 -0.1136
Pb,((PO,)¢Br, 0.6472 0.5106 21 0.6467 0.0849
Pb,((POy)¢l, 0.6641 0.5356 19 0.6641 0.0000
Ca o(AsO,)gF, 0.5721 0.6238 -9 0.5721 0.0000
Ca o(AsO,)Cl, 0.5984 0.6554 -10 0.5984 0.0000
Ca o(AsO,)¢Br, 0.6066 0.6684 -10 0.6066 0.0000
Ca;o(AsOy)¢l, 0.6198 0.6934 -12 0.6198 0.0000
Sr,o(AsO,)¢F, 0.6392 0.6358 1 0.6392 0.0000
Sr,o(AsO,)¢Cl, 0.6556 0.6674 -2 0.6556 0.0000
Sro(AsO,)¢Br, 0.6607 0.6804 -3 0.6607 0.0000
St10(AsO)el, 0.6690 0.7054 -5 0.6690 0.0000
Ba,y(AsO,)¢F, 0.7348 0.6928 6 0.7348 0.0000
Ba;4(AsO,)Cl, 0.7470 0.7244 3 0.7470 0.0000
Ba,(AsO,)¢Br, 0.7508 0.7374 2 0.7508 0.0000
Ba,((AsO,)el, 0.7569 0.7624 -1 0.7569 0.0000
Cd,((AsOy)¢F, 0.5465 0.4688 14 0.5465 0.0000
Cd;((AsO,)Cl, 0.5689 0.5004 12 0.5689 0.0000
Cd,((AsO,)¢Br, 0.5759 0.5134 11 0.5759 0.0000
Cd;((AsOy)el, 0.5871 0.5384 8 0.5871 0.0000
Pb,o(AsO,)¢F, 0.6516 0.5188 20 0.6515 0.0214
Pb,4(AsO,)Cl, 0.6792 0.5504 19 0.6793 -0.0119
Pb,o(AsO,)¢Br, 0.6876 0.5634 18 0.6880 —-0.0544
Pb o(AsO,)sl, 0.7022 0.5884 16 0.7019 0.0449
Ca;((VO,)eF, 0.5725 0.6268 -9 0.5725 0.0000
Ca;((VO,)Cl, 0.6062 0.6584 -9 0.6062 0.0000
Ca, (VO )¢Br, 0.6167 0.6714 -9 0.6167 0.0000
Ca; (VO )el, 0.6335 0.6964 -10 0.6335 0.0000
Sr,0(VO,)6F, 0.6408 0.6388 0 0.6403 0.0768
Sr,(VO,)¢Cl, 0.6593 0.6704 -2 0.6614 -0.3134
Sr,((VO,)¢Br, 0.6695 0.6834 -2 0.6679 0.2351
Sr;0(VO, )L, 0.6785 0.7084 -4 0.6785 0.0000
Ba,o(VO,)¢F, 0.7118 0.6958 2 0.7119 -0.0181
Ba,,(VO,)Cl, 0.7460 0.7274 2 0.7455 0.0726




Contributions to Mineralogy and Petrology (2022) 177:103 Page 190f34 103
Table 2 (continued) Apatite exptlV,, or caleV,, (nm®) % diff ! predV, (nm®) % diff 2
predV., (nm®)

Ba,((VO,)¢Br, 0.7555 0.7404 2 0.7559 -0.0546
Ba, (VO )el, 0.7727 0.7654 0.7727 0.0000
Cd,((VO,)¢F, 0.5381 0.4718 12 0.5379 0.0384
Cd,((VO,)Cl, 0.5689 0.5034 12 0.5715 -0.4589
Cd,((VO,)¢Br, 0.5854 0.5164 12 0.5820 0.5966
Cd,((VO,)el, 0.5976 0.5414 9 0.5987 -0.1823
Pb,,(VO,)¢F, 0.6484 0.5218 20 0.6482 0.0370
Pb,,(VO,)sCl, 0.6771 0.5534 18 0.6781 -0.1415
Pb,,(VO,)¢Br, 0.6881 0.5664 18 0.6874 0.0997
Pb,o(VO,)4L, 0.7024 0.5914 16 0.7024 0.0045

Note: exptlV,, — experimental data extracted from Table 1; calcV , — based on Glasser and Jenkins (2008);
predV, —based on Eq. 1; %diff 1=100 - (exptlV,, —calcV ) / exptlV,; %diff 2=100 - (exptlV,, — predV,,)
/ exptlV; the data in the first column will be used in further calculations

Table.3 Compari'son of th,e Apatite exptlUpqgy or pre-  calcUpgp % diff ! predUpqy % diff 2

ex.perlmental lattice energies dUpop (KT mol™) (kI mol™") (kJ mol~!)

with values calculated using the

improved Kapustinskii equation Ca,(PO,)F, 34,158 33,080 3 34,160 —0.01

S: loractal 2009 andvalues o POCL, 33,865 32,703 4 33,856 0.03
Ca,((PO,)¢Br, 33,756 32,591 4 33,763 -0.02
Ca,((PO,)gl, 33,611 32,411 4 33,611 0.00
Sr1o(PO,)F, 32,837 31,691 3 32,837 0.00
Sr1o(PO,)6Cl, 32,516 31,370 4 32,516 0.00
Sr,o(PO,)Br, 32,411 31,268 4 32,411 0.00
Sr,o(PO,)6l, 32,251 31,114 4 32,251 0.00
Ba,(PO,)¢F, 31,372 30,231 4 31,372 0.00
Ba,((PO,):Cl, 31,104 30,037 4 31,104 0.00
Ba,((PO,)¢Br, 30,905 29,896 4 30,905 0.00
Ba,((PO,)¢l, 30,779 29,809 3 30,779 0.00
Cd,((PO,)6F, 36,408 33,682 7 36,408 0.00
Cd,o(PO,)sCl, 36,126 33,155 8 36,126 0.00
Cd,((PO,)¢Br, 36,043 33,006 8 36,043 0.00
Cd,((PO,)gl, 35,902 32,758 9 35,902 0.00
Pb,o(PO,)cF, 33,603 31,615 6 33,600 0.01
Pb,o(PO,)sCl, 33,435 31,040 7 33,445 -0.03
Pb,o(PO,)¢Br, 33,397 30,844 8 33,389 0.02
Pb,((PO)el, 33,312 30,580 8 33,312 0.00

Note: %diff ! =100 - (exptlUpqy — calcUpqy) / exptiUpgy; %diff 2= 100 - (exptiUpgr — predUpgy) / expt-
1Upqr; the data from the first column will be used in further calculations

in the structure but also to a large extent on the chemical
nature of these atoms, which is not included in the calcula-
tions. For example, for the apatite pair Ca,y(PO,)(F, and
Cd,((PO,)(Cl,, the experimentally determined expt/Upqy
values are 17,124 and 18,063 kJ mol ™!, respectively. How-
ever, since the difference in exptlV, for these end-mem-
bers is small (on the order of 0.4%), the calcUpqy values
determined for these apatites from Eq. (2) are 16,554 and
16,577 kJ mol~!, respectively. Not only do these values

deviate significantly from experimental determinations, but
they are also almost indistinguishable from one another. This
is, among other things, an artifact of using the molar volume
V., as the only variable in Eq. (2).

In contrast, the plot of expt/Upny against V,, shows that
there is a linear relationship between them within the distinct
apatite subgroups (Fig. 3). The different slopes of the trend
lines show the varying effect of the halogen on the thermo-
chemical behavior for apatite subgroups. Some apatites have
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Fig.3 Correlation of Upgr with 37000 -
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very similar molar volumes but completely different chemi-
cal compositions. The linear correlations shown in Fig. 3
can be used for interpolation and extrapolation to predict
missing Upgr values. The steps in determining Upqr and the
prediction process are similar to the prediction of V. The
exptlUpqr data of apatites and their synthetic analogs should
be divided into apatite subgroups. The subgroups should
be considered separately within the X substitutions exclud-
ing OH (X=F, CL, Br, I), e.g., Ca,((PO,)X,, Pb;((PO,)X,,
Ca ((AsO,)eX,, Pb(AsO,)eX,, Ca;((VO,)eXs,
Pb,o(VO )X, etc. If there are at least two known values of
exptlUpqr within a subgroup, the parameters a and b of the
linear regression between expt/Upqr and the molar volume
V., are calculated. Lattice energy predUpqy is predicted from
the equation:

predUpor =axXV, +b 3)

The predUpy values obtained by this method are plotted in
Fig. 3 as empty marks. Linear regression coefficients a and b
along with Pearson coefficient R and R? are listed in Table SI 4.
A comparison of the predUpqy values and calcUpqgy obtained
using Eq. (2) with the experimental values shows that greater
precision in predicting Upqr values was achieved (as assessed
by the relative percentage deviation from experimental data).
The difference between expt/Upqy and the values calculated
from the regression does not exceed 0.05% for any apatite con-
sidered. In contrast, the differences calculated using the values
computed by the Glasser—Jenkins (2000) method are up to 4%
for calcium phosphate apatites, 8% for lead phosphate apatites,
or 9% for cadmium phosphate apatites. All the predUpqy val-
ues summarized in Table 3 will be used in further calculations
below on par with the experimental data.

Prediction of AH°; . using Upor
Figure 4 shows examples of the linear correlation of AH®

of apatites as a function of Upgy for selected phosphate
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apatites. The linearity of these correlations is enforced by the
Born—Haber cycle. Phosphate apatites were chosen to present
these correlations. This is currently impossible for As- and
V-apatites due to the lack of data. Using all the expt!Upqy and
the predUpqy calculated from Eq. 3, the predAH %, can be
determined by extrapolating the linear relationships shown in
Fig. 4:

predAH; ;= aX Upor +b )

The linear regression coefficients given in Table SI 5
were used for the calculations according to Eq. 4. The values
obtained by this method are plotted in Fig. 4 as empty marks.
A comparison of the predAH®; ., with the experimental
ones is shown in Table 4. The discrepancies do not exceed
0.1% relative error. This correlation allowed the prediction
of eight, so far unknown, AH %t el values for the following
end-members: Ca;y(PO,)¢l,, Sr;o(PO,)¢Br,, Srio(PO,)el,,
Ba,((PO,)¢Br1,, Ba ((PO,)el,, Cd;y(PO,)¢Br,, Cd o(PO,)el,,
and Pb (PO 4L,

Prediction of AH"; , of apatites using AH"; , of X~

The correlations of AH®% | with exptlUpgr do not allow
the prediction of missing AH®; ., for As- and V-apatites
even in the case when AH®, is available: the enthalpy of
formation of the gaseous AsO,*~ and VO, ions is still
unknown, making it impossible to determine expt/Upqy
using Born—-Haber cycles. Moreover, “ab initio “ calcula-
tions are also not feasible due to the structural complexity of
these particular apatites. To address this issue, we explored
a linear relationship between AH®  of apatite and AH®; | of
monovalent anion X

The experimental AH; | from Table 1 and the predictions
from Table 4 were used to plot these relationships (Fig. 5).
In addition to halides, the OH™ anion and OH-apatites were
used because they fit the linear trends with R?>0.99 (except
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Fig.4 Correlation of AH®% -8000 - 12700 -
with Upgy (from the first col- ! ! Srio(POLeX,
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for Ba,((PO,)¢X, where R*=0.97; Table SI 6). The extrapo-
lation of the regression lines allowed to obtain a prediction
of AH® for calcium and lead As-apatites. For calculation
of predicted AH®; | from the equation:

predAH; = a X AHP | o\ +b 5)

The AH®%; of X~ from Table SI 1 and linear correlation
coefficients from Table SI 6 were used. The existing and pre-
dicted AH | data are compared in Table 5. The difference

Table4 Comparison of the experimental enthalpies of formation
with values predicted using Upgy

Apatite exptlAH®;  (kJ “predAH®; o (KJ % diff
mol™) mol™")

Ca,((PO,)¢F, -13,545 —13,546 -0.01
Ca,((PO,)sCl, -13,201 —13,196 0.04
Ca,(PO,)¢Br1, -13,063 —13,067 -0.03
Ca,((PO,)4L, - -12,893 -
Sr,4(PO,)6F, -13,604 —13,604 0.00
St,4(PO,)Cl, -13,233 —-13,233 0.00
Sr,,(PO,)¢Br, - -13,111 -
St,4(POel, - -12,926 -
Ba,,(PO,)¢F, -13,564 —13,564 0.00
Ba,,(PO,)(Cl, -13,246 —13,246 0.00
Ba,,(PO,)¢Br, - —13,009 -
Ba,;o(PO,)gl, - -12,859 -
Cd;((PO,eF, -8795 -8795 0.00
Cd;((PO,4Cl, -8463 -8463 0.00
Cd,((PO,)¢Br, - -8365 -
Cd;((POy)el, - -8199 -
Pb,((PO,)¢F, —8466 -8468 -0.02
Pb,((PO,)Cl, -8248 -8240 0.10
Pb,,(PO,)¢Br, —-8180 -8187 -0.08
Pb,((PO,)el, - -8072 -

Note: exptlAH®%, — experimental data extracted from
Table 1; °predAH°;, - calculated based on Eq. 4; %diff=100 -
(exptlAH®;, - “predAH®; ) / exptlAH®;

Upor (kJ mol)

between exptIAH® . and the values calculated from the
regression does not exceed 0.27% for any apatite consid-
ered. The AH®; | values were predicted for the following
apatites: Ca;((AsO,)sCl,, Ca;y(AsO,)¢Br,, Ca;y(AsO,)4l,,
Pb,((AsO,)¢Br,, and Pb,;(AsO,)¢l,. Linear extrapolation
from only two points was used for Ca;y(AsO,)¢X,. The lin-
ear correlation was assumed based on the linearity within
other apatite subgroups.

Prediction of AH’, of apatites using AH’, of AO,*"

Due to lack of data, the prediction methods presented
above do not allow estimation of AH®  for V-apatites.
Only two experimental AH®  for the synthetic vanadinite
analog Pb,,(VO,)¢Cl, are known. Therefore, an attempt
was made to use the relationship between AH®;  of apatite
and AH®, of the AO,*" anion. The availability of experi-
mental data allows to plot such a dependence only for lead
apatites Pb;,(AO,)¢Cl,, where A=P, V, or As (Fig. 6).
Since ideal linear fit is apparent (R*=1.00), we hypothe-
size that linear correlation also exists for other apatite sub-
groups, with the same Me and X but different A. The lines
drawn for the various P- and As-apatites (Fig. 7) allow to

-4000

F OH CI Br | ,

R®=0.999

E R?=0.997
E -— & ——o—* 2

£ -9500 1 R%=0.995

2 ,,,,,,,,A,,,,ﬁ,,ﬂ,,,,,7

5 ’ R®=0.987

) R®=0.996

-15000 | R oo

-400 200 0

AH?; 4 of X (kJ mol)
@ Ba,,(PO,),X, Cd,(PO,)X,

@ Ca,((PO,)X, ACa,(AsO,)X,

@ Sr,((PO,)X, @ Pb,(PO,)eX, Pb,,(AsO,)eX,

Fig.5 Correlation of the AH® of apatites vs. the AH®, of anions
X~. Experimental data and values predicted using Eq. 4 (Table 4)
were used to plot regression lines (full symbols). Empty marks indi-
cate values calculated from Eq. 5
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Table 5 Comparison of the experimental enthalpies of formation and
selected predAH®,, from Table 4 with values predicted using AH®%
of monovalent anion X~

Apatite exptlAH® , and bpredAH %tel % diff
“predAH°; oy (kJ mol™) (kJ mol™)
Ca,((PO,)¢F, —-13,545.0 —13,550.1 0.0
Ca,((PO,);OH, -13,292.0 —13,308.5 -0.1
Ca,((PO,)sCl, -13,200.8 —13,164.2 0.3
Ca,((PO,)¢Br, -13,063.0 —13,059.5 0.0
Ca,((PO,)¢L, —12,892.7 -12911.4 -0.1
Sr,o(PO,)F, -13,604.0 -13,618.7 -0.1
Sr,((PO,)¢OH, -13,373.0 —13,364.9 0.1
Sr,((PO,)Cl, -13,233.0 —-13213.3 0.1
Sr,((PO,)¢Br, —13111.5 —13,103.2 0.1
Sr,o(PO,)6L, —12,926.3 —12,947.6 -0.2
Ba,((PO,)¢F, -13,564.0 —13,584.4 -0.2
Ba,(PO,)cOH, -13,309.0 —-13,318.3 -0.1
Ba,((PO,)Cl, —-13,246.0 —-13,159.4 0.7
Ba,((PO,)¢Br, —13,008.9 —13,044.0 -0.3
Ba,((PO,)¢l, -12,859.1 —-12,880.9 -0.2
Cd,,(PO,)eF, —-8795.0 -8797.7 0.0
Cd,,(PO,)¢OH, —-8565.8 —-8577.6 -0.1
Cd,,(PO,)¢Cl, —8463.0 —8446.1 0.2
Cd,,(PO,)¢Br, —-8365.2 —-8350.7 0.2
Cd,,(POy)l, —8198.8 -8215.7 -0.2
Pb,((PO,)6F, —8466.0 -8471.9 -0.1
Pb,,(PO,)sOH, -8325.2 —-8325.0 0.0
Pb,,(PO,)sCl, —-8248.0 —-8237.3 0.1
Pb,,(PO,)¢Br, —-8180.0 -8173.6 0.1
Pb,((PO,)el, -8072.1 —-8083.6 -0.1
Ca,((AsOy)eF, -11,258.8 -11,258.8 0.0
Ca;((AsOOH,  -10,934.7 —-10,934.7 0.0
Ca,((AsO,)¢Cl, - —10,741.1 -
Ca,((AsO,)¢Br, - —10,600.6 -
Ca,((AsOy)el, - -10,401.9 -
Pb,((AsO,)¢F, —6288.0 -6286.8 0.0
Pb,((AsOyOH,  —6060.0 -6063.3 -0.1
Pb,((AsO4)Cl, -5931.8 -5929.8 0.0
Pb,(AsO,)¢Br, - —5832.9 -
Pbo(AsO,)l, - -5695.8 -

Note: exptlAH%, — experimental data extracted from Table I;
predAH°, — calculated based on Eq. 4; bpredAH"ﬂel — calcu-
lated based on Eq. 5; %diff=100 - (exptlAH°f’e|—bpredAH[’ﬂel) /
exptlAH®;; or %diff =100 - ("predAH o predAH® ) | *predAH°;

determine the AH®, of their vanadate counterparts. Lin-
ear regression coefficient a and b given in Table SI 7 were
used to calculate predAH® ., of V-apatites using Eq. 6:

predAHf,el =aX AHf el OfAOi’ +b (6)

@ Springer

-5500 - 3
Pb,,(AO,).Cl, AsO,
S -6500 -
g 6500
<
e 7500 -
I y=3.1208x - 195.45
< PO,
R?=1.0000
-8500 . .
-1300 -1050 -800

AH®; o of AO,% (kJ mol)

Fig.6 Correlation of experimental AH®; . of Pb-apatites with AH®;
of tetrahedral anion AO43‘, where A=P, V, Cl

The AH® of AO,*~ were extracted from Table SI 3. The
results are summarized in Table 6. It is important to note
that prediction of AH  for V-apatites would not have been
possible without firstly estimating the values of AH% by
the predictive methods described above.

Discussion

Experimental data selected from Table 1 and predicted val-
ues recommended in this work (Table 7) allow for com-
parison of AH®; and presentation of the linear relationships
observed within apatite subgroups (Fig. 8). The dependence
of AH®%  on the molecular weight is apparent. The heavier
halide substituted within any of the apatite subgroups the
less negative AH® ., (apatite is less stable). This relation-
ship is identical within all apatite subgroups studied but the
intensity of this effect varies as evidenced by different slope
coefficients of the trend lines. This observation also applies
to the molecular weight of whole apatite. The lightest phos-
phate apatites have the most negative AH®;, and the heaviest
lead arsenate apatites have the least negative AH®; . There-
fore, Sr,4(PO,)4F, is enthalpically the most stable of all the
apatites studied while Pb;,(AsO,)l, is the least stable one.

The mass of the tetrahedral anion AO,*~ and the mass of
the anion at the X position strongly and equally affect the
AH?;  but the mass of the metal cation Me** does not influ-
ence AH® ., unambiguously. Apatites containing alkaline
earth metal cations (Ca®*, Sr**, Ba*>") are more enthalpi-
cally stable than apatites of other metals, e.g., Pb and Cd
(but also Zn, Cu, Fe, see Drouet 2015, 2019), regardless of
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Fig.7 Plot of AH®;, of apatites -10000 -
with AH®;, of tetrahedral anion
AO,* for Pb- and Ca-apatites.
Empty marks indicate values < -11000 1
calculated from Eq. 6 CE>
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Table 6 Compilation of the

. . Apatite exptlAH®; ,, and exptlAH®; ,, and exptlAH®; ,, and
experimental and predicted a LBl —1 b ol -1 c o el -1
enthalpies of formation for ‘predAH®; . (k] mol™) 'predAH® . (k] mol™") predAH® . (kI mol™")
phosphate, arsenate and A=P A=As A=V
vanadate Ca- and Pb-apatites Cayo(AO,)GEs 13,545 11,259 _12.761

Ca,o(AO,)¢OH, -13,292 -10,935 —12,484
Ca o(AOyCl, -13,201 -10,741 -12,357
Ca,o(AO,)¢Br, -13,063 -10,601 -12,218
Ca;o(AOy)¢l, -12,893 -10,402 -12,038
Pb,((AO,)¢F, —8466 —-6288 -7719
Pb,((AO,)sOH, —-8325 —-6060 -7548
Pb,((AO,)Cl, —8248 -5932 —-7465
Pb,((AO,)¢Br, —-8180 -5833 -7375
Pb,((AO,)L, -8072 -5696 -7257

Note: exptlAH®;, — experimental data extracted from Table 1; “predAH®; — calculated based on Eq. 4;
SpredAH' °te1 — calculated based on Eq. 5; “predAH® — calculated based on Eq. 6
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Table7 Enthalpy of formation Apatite recomAH®; ThermAPAH®; % diff ! SSA AH®; % diff?

from elements AH®, for (kJ mol” 1) k (kJ mol™ 1) k (kJ mol™ 1)

apatites recommended for use

in thermodynamic calculations Ca,((PO,)¢F, ~13,545.0 ~13,598.0 -0.39 ~13,590.4 ~0.34

g‘ffh"g;ﬁlliéf;)ig;g?‘fv‘xi)‘iﬁer Cayo(PO,)OH, 13,2920 _13.373.0 ~0.61 13,3485 043

prediction methods: ThermAP Ca,o(PO,)Cl, ~13,200.8 ~13,258.0 ~0.43 ~13,157.8 0.33

(Drouet 2015) and SSA (Glasser  Ca,((PO,)¢Br, ~13,063.0 ~12,833.0 1.76 ~13,046.2 0.13

2019) Ca,o(PO,)el, ~12,892.7 - - ~12,895.9 -0.02
Sr14(PO,)6F, ~13,604.0 ~13,604.0 0.00 ~13,585.0 0.14
Sr,o(PO,)OH, ~13,373.0 ~13,379.0 ~0.04 ~13,327.7 0.34
Sr1o(PO,)Cl, ~13,233.0 ~13,265.0 ~0.24 ~13,197.6 0.27
Sr1o(PO,)¢Br, —13,111.5 ~12,839.0 2.08 ~13,086.3 0.19
Sr1o(PO, )1, ~12,926.3 - - ~12,926.8 0.00
Ba,,(PO,)sF, ~13,564.0 ~13,558.0 0.04 ~13,483.1 0.60
Ba,,(PO,);OH, ~13,309.0 ~13,333.0 -0.18 ~13,220.7 0.66
Ba,(PO,)Cl, ~13,246.0 ~13,218.0 0.21 ~13,135.2 0.84
Ba,(PO,)sBr, ~13,008.9 ~12,793.0 1.66 ~13,033.3 -0.19
Ba (PO, )], ~12,859.1 - - ~12,878.1 -0.15
Cd,((PO,)¢F, ~8795.0 ~8808.0 -0.15 ~8686.4 1.23
Cd,((PO,);OH, ~8565.8 ~8583.0 -0.20 ~8546.7 0.22
Cd,((PO,)¢Cl, ~8463.0 ~8469.0 -0.07 -8377.5 1.01
Cd,((PO,)¢Br, ~8365.2 ~8043.0 3.85 ~8302.2 0.75
Cd,((PO,)l, -8198.8 - - ~8189.0 0.12
Pb,o(PO,)F, ~8466.0 ~8503.0 ~0.44 ~8944.9 ~5.66
Pb,(PO,)sOH, -8325.2 ~8278.0 0.57 ~8796.9 -5.67
Pb,(PO,)¢Cl, ~8248.0 ~8164.0 1.02 ~8640.3 -4.76
Pb,(PO,)¢Br, ~8180.0 ~7738.0 5.40 ~8559.6 ~4.64
Pb,(PO,)el, -8072.1 - - ~8456.4 -4.76
Ca,o(AsO,)eF, ~11,258.8 - - ~11,124.1 1.20
Ca,o(AsO,)sOH, -10,934.7 - - ~10,882.2 0.48
Ca,o(AsO,)¢Cl, ~10,741.1 - - ~10,691.5 0.46
Ca,o(AsO,)¢Br, ~10,600.6 - - -10,579.9 0.20
Ca,o(AsO,)gl, ~10,401.9 - - ~10,429.6 -0.27
Pb,(AsO,)¢F, ~6288.0 - - ~6004.6 4.51
Pb,(AsO,),OH, -6060.0 - - ~5856.6 3.36
Pb,(AsO,),Cl, -5931.8 - - ~5700.0 391
Pb,(AsO,)Br, ~5832.9 - - -5619.3 3.66
Pb,(AsO,)l, ~5695.8 - - -5516.1 3.16
Cao(VO,)F, ~12,761 - - ~12,561.8 1.56
Ca,((VO,)sOH, ~12,484 - - ~12,319.9 1.31
Ca(VO,)Cl, ~12,357 - - ~12,129.2 1.84
Ca,((VO,)¢Br, ~12,218 - - ~12,017.6 1.64
Ca,(VO,)el, ~12,038 - - ~11,867.3 1.42
Pb,((VO,)¢F, -7719 - - - -
Pb,(VO,)sOH, ~7548 - - - -
Pb,o(VO,)¢Cl, ~7465 - - - -
Pb,,(VO,)¢Br, ~7375 - - - -
Pb,,(VO,)l, ~7257 - - - -

Note: bold — experimental data extracted from Tab. 1; italics — values predicted in this work; %diff 1=
100 - (ThermAPAH®; ,—recomAH®.,) / recomAH®;; %diff 2=100 - (SSA AH®; j—recomAH% ) /
recomAH®
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Fig. 8 Linear relationships -5000 -
between recommended AH® 2 Br |
(Table 8) and AH®;, of X~ and R"=1.000 ol r
V., seen within apatite sub- | 2 _
groups. Empty marks indicate OH cr Br F R*=0.994
values for OH-apatites not F )
included in regression. Error R® = 0.997 R™=1.000
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available 2 2
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substitution at the A or X position. However, the difference
between AH® ., of phosphate apatites containing Ca**, Sr**
or Ba?* is minimal compared to the differences with other
apatites (even though the difference in the molecular mass
of these cations is very pronounced, and the contribution of
the cation to the formula is the largest). This may indicate
that it is the chemical character of the Me?*" bond in the
apatite structure that has also a strong effect on the AH® ).
The chemical character of the bonds is similar within alkali
earth elements (Ca>*, Sr**, and Ba>*) and different for heavy
metals (Pb>*, Cd**, etc.).

Hydroxylapatites fit well into linear regression line in
the relationship between AH®%, of apatite and AH®; of
X~ (Fig. 8A). This is somewhat obvious since the enthalpy
of X~ is the component for the calculation of the enthalpy
of apatite formation. Such complete linear dependencies
are rare. Deviations of hydroxylapatites from the trend line
are more often observed as in the case of AH® of apatite
versus V,, (Fig. 8B). This reflects the dissimilarity of the
OH™ anion from the halide anion, due, among other things,
to the anisotropy of the charge distribution. The presence
of such an anion in the hexagonal tunnel of the apatite

V,, (nm3)

# Ba,(PO,).X, Cd,o(PO,)X, A Cayy(AsO,)X,

® Ca,(VO,)eX,

@ Pb,(PO,)eX, Pb,,(AsO,)sX, @ Pb,(VO,).X,

crystalline structure imposes a higher energy penalty result-
ing in higher AH®;  (more endothermic). The presence of
H* on the OH™ group can also lead to hydrogen bonding
effects within apatite channels, probably causing a stabiliz-
ing effect. Additionally, the OH™ ions in the X-position ions
in the channels within the apatite structure do not occupy
the same positions in the z value along the c-axis. A larger
X-site anion results in more separation from the mirror plane
of the triangular cationic II sites.

The recommended AH®;, (Table 8) show linear corre-
lation also with the electronegativity of the halide X, the
ionization energy of the halide X and the AH®;,, of MeX,
(Figs. SI1, 2, 3). All relationships give a very good or good
linear fit. These correlations have been reported before but
referred only to experimental data (Cruz et al. 2005b; Drouet
2015; Puzio et al. 2022). The fact that the experimental and
predicted values match these lines equally well can be taken
as evidence of their reliability.

Linear relationships between selected parameters within
apatite subgroups are used to predict missing thermody-
namic data by regression analysis. The proposed complete
procedure consists of 5 steps and is shown in Table 9. The
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Table 8 The prediction method for standard enthalpies of apatites using the molar volume, lattice energy, AH; . of anions A0, or X~ and lin-

ear regression

Step Procedure

1 Compilation of existing experimental molar volume V,, data for apatites and estimation of missing data (where possible) based on the
linear relationship of V,,, with halide ionic radius R;(X™) plotted separately for the halide apatite subgroups

2 Compilation of existing lattice energy Upgy experimental data and estimation of missing data (where possible) based on the linear depend-
ence of Upgp on V,, plotted separately for the halide apatite subgroups (utilizing both experimental V,, and values predicted in step 1)

3 Compilation of existing experimental enthalpies of formation from elements AH; for apatites and estimation of the missing data (where
possible) based on linear relationship of AH® . of apatites with Upqy plotted separately for the halide apatite subgroups

4 Using the experimental AH® | and values predicted for apatites in step 3, estimation of missing values (where possible) from the linear
relationship of AH®;, of apatites with AH®;, of halide anions X" plotted separately for the halide subgroups

5 Using the experimental AH®; | and values predicted in the steps above, estimation of missing values (where possible) based on the linear
relationship of AH®, of apatites with AH®, of tetrahedral anions AO,>~ plotted separately for the apatite subgroups containing the

same Me”" cations and the same X~ anions

order in which the calculations are performed is crucial
because only by supplementing the database with the val-
ues obtained from one prediction could the calculations for
obtaining subsequent prediction values be performed. This
procedure allowed for the prediction of 22 thus far experi-
mentally unknown AH®, values for apatite end-members.
This includes 9 values for iodoapatites which are the least
characterized apatites. The percentage relative difference
which is a measure of precision is in most cases less than
1%. The prediction precision is due to the high regression
coefficients (above R*=0.98). Such precision is comparable
to the experimental uncertainty obtained when reproducing
experimental data using calorimetric measurements or disso-
lution experiments. It is also higher than in other prediction
methods proposed so far.

Using the AH®;; recommended in this work the solubility
constants K 595 15k can be calculated and compared where
available with experimental data. It is based on dissolution
reaction:

298.15K ,1atm.

Mey(A0,) X, —  10Me™ + 640, +2X~ (1)

LogK, 20315k 1s calculated from the equation:

-AG?

lOgKSp,298.15k =loge *r @)

where AG®, is the free Gibbs energy of the dissolution
reaction (7), T is temperature (in K), R is the gas constant
(8.31447 J mol~'K~") and superscript “°” denotes normal
conditions. The thermodynamic data used in calculations
are provided in Tables SI 3 and SI 9. Comparison of the cal-
culated K, 50 15k With previously reported values indicates
very good or good agreement within the experimental error
(Tab. SI 9). This confirms the usefulness and reliability of
the AH®; predicted here for thermodynamic calculations.

@ Springer

Conclusions

A method for predicting the AH®; . of apatites using molar
volume, lattice energy, and AH®; of anions AOS~ or
X~ was proposed and demonstrated on phosphate, arsenate,
and vanadate apatites containing Ca, Sr, Ba, Pb, and Cd at
the cationic positions and F, OH, Cl, Br, and I at the halide
position. The approach is based on regression analysis of
the correlations occurring within apatite subgroups. These
subgroups are formed by Me,(AO,)¢X, apatites with the
same Me”" cations and tetrahedral AO,>~ anions and with
different halides in the X position (or a complex monovalent
OH™ anion). This approach not only leads to more accurate
predictions (with precision comparable with the experimen-
tal uncertainty) but allows to see important relationships
between apatites and should also be used when analyzing
other properties of apatite end-members. The proposed pre-
diction procedure allowed for the prediction of 22 so far
unknown AH®;; and can be applied to a wider range of apa-
tites than other methods. Due to lack of experimental data,
itis still not possible to predict the AH®; for Sr;o(VO,)sX,,
Ba | ((VO,)eX,, Cd g(AsO,)eX,, Srio(AsO,)¢X, or
Ba;((AsO,)¢X,. The new prediction method for AH®%  of
apatites could provide important insights, e.g., allowing
optimization of the chemical composition and properties of
apatite-based materials for their suitability to various forms
of nuclear waste deposited in geological repositories.
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