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Abstract. The thermodynamic properties of reactions
involving krennerite (AgAusTeg) and sylvanite (AgAuTe,)
were determined by measuring electromotive forces (EMF)
using a solid electrolyte Ag4RbIs ( up to 500 K) in the Ag-
Au-Te system in the temperature range 332K - 485K. The
dependences E(T) were obtained in all-solid-state
electrochemical cells with a common gas space in
accordance with the following reactions:

Ag + 2Te + 3AuTe, = AgAusTeg
3Ag+4Te+AgAusTeg=3AgAuTe,

Using the reference data, the standard (298.15 K, 1 bar
(10° Pa)) thermodynamic properties (AG°, AS?, AHP) of
krennerite and sylvanite formation from the elements were
calculated: AG°(AgAusTeg) = -78.11 kJ'mol™;
S°(AgAusTeg) = 580.6 J'mol-Kt; AH(AgAusTeg) = -78.26
kJ'mol™ and sylvanite: AG° (AgAuTe,) = -51.22 kJ'mol™;
SY%AgAuTe,) = 326.59 J'mol™-K?; AHC (AgAuTe,) = -
79.83 kJ'mol™,

Keywords: sylvanite, AgAuTes, krennerite, AgAusTeio,
AgAusTes, electromotive force method, Ag-Au-Te system.

Introduction

Tellurides of gold and silver are not widespread
in nature, but are important gold minerals for gold
mining. Knowledge of the thermodynamic properties
of minerals is necessary for the physicochemical
interpretation of chalcogenide gold-silver deposit
paragenesis, such as: determining the forms of
transfer and deposition of ore components, studying
the geochemical parameters of the formation of ore
paragenesis and  mineral  associations. No
thermodynamic data were found in the literature for
compounds corresponding to the formulas of the
minerals krennerite and sylvanite.

The study and analysis of literature data on the
compositions of natural samples of krennerite and
sylvanite was carried out in (Dye and Smyth, 2012),
where in krennerite grains the Ag content varied
from 6.26 to 8.04 at.% (7.14 at.% on average) and in
sylvanite grains the Ag content from 9.03 to 11.93
at.% (average 10.48 at.%). Microprobe analyzes are
consistent with the data obtained using X-ray
diffraction, the average empirical formula of
krennerite is Au,oAgooTes. Microprobe data for
sylvanite show that its average empirical formula is
Au, 3AgyTey. The microprobe analysis data obtained
in (Dye and Smyth, 2012) did not reveal any
superposition  of  krennerite and  sylvanite

compositions, which is consistent with the

experimental data of Cabri (Cabri, 1965).

Theoretical justification of measurements

The Gibbs energy value is calculated from the
temperature dependence of the electromotive force
corresponding to the electrochemical process of the
compound formation reaction, which is written for
krennerite as follows:
Ag=Ag + ¢ left electrode (reference system),
Ag' + ¢ + 2Te + 3AuTe, = AgAusTeg right
electrode (sample system),

Ag + 2Te + 3AuTe, = AgAu;Teg total potential-
forming reaction (R1)
Reaction (R1) implemented in an
electrochemical cell:
(-)Pt] C(graphite) | Ag | RbAgsds | Te, AuTe,,
AgAu;Teg | C(graphite) | Pt (+) (A)
To determine the Gibbs energy of sylvanite
formation:
3Ag = 3Ag" + 3¢
system),
3Ag" + 3¢  + 4Te + AgAu;Tey = 3AgAuTe, right
electrode (sample system),

was

left electrode (comparison

3Ag + 4Te + AgAusTeg = 3AgAuTe, total potential-
forming reaction (R2)

The reaction (R2) is in an
electrochemical cell:

(—)Pt| C(graphite) | Ag | RbAgsls | Te, AgAuTe,,
AgAu;Teg | C(graphite) | Pt(+) (B)

Experimental part

Reagents. The phases were synthesized using Te
powder (99.9999%) obtained by zone melting, gold
(99.99%), and silver (99.99%) in the form of sheets
0.2 mm thick. The solid -electrolyte RbAgls
(99.99%) was prepared at the Institute of
Microelectronics  Technology and  High-Purity
Materials of the Russian Academy of Sciences
(Chernogolovka).

Phase synthesis. The sample systems for the
electrochemical cell were synthesized from elemental
Ag, Au and Te according to the Cabri diagram
(Cabri, 1965). The mixtures were synthesized at a
temperature of 500 °C for a day, then homogenizing
grinding and annealing at 300 °C, grinding and
annealing at 230 °C were performed again.

The phase compositions of the samples before
and after the experiment were confirmed by X-ray
phase analysis: map #85-1310 for AuTe, (Schutte
and De Boer, 1988), #75-1413 for AgAu;Tey
(Pertlik, 1984a), AgAuTe, # 01-073-2879 (Tunnel,
1941) and Te #00-004-0555 (Swanson, 1953).

implemented
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Manufacturing of EMF components of the cell.
Inert electrodes were made from a graphite rod for
spectral analysis with a diameter of 6 mm, which
were connected to a platinum wire. The electrode of
the reference system was a silver pellet ~6 mm in
diameter and 3 mm high.

Polycrystalline RbAgsls was used as a solid
electrolyte. Approximately 0.4 grams of electrolyte
in the form of a powder was pressed at a load of 2.5
tons into a tablet 6 mm in diameter and 3 mm high.

To fabricate electrodes of the sample system,
mixtures of AuTe,, AgAu;Teg, Te and Te, AgAuTe,,
AgAu;Teg were ground (homogenized) in an agate
mortar and pressed under a load of 2.5 tons into
tablets ~6 mm in diameter and 3—4 mm high.

Galvanic cell device. The cell was assembled in a
cell holder in the form of a quartz glass tube (internal
diameter ~6.1 mm). A detailed description of the
experimental setup with solid electrolytes and the
procedure for working with it are given in (Voronin,
Osadchii, 2011). The measurements were carried out
in a flow of dry argon (2-3 c¢cm’min") to prevent
oxidation of cell parts.

Results of EMF measurements

The experimental values of E(T) obtained in the
heating and cooling modes of cells (A) and (B) are
shown in Table 1 and Figure 1.

E, mV

Table 1. Experimental values of E(T) for:
a) cell (A) and b) cell (B).

a) K 577
T,K EmV T,K EmV T,K E,mV
466.00 291.88 360.66  282.75 422.74 288.34
447.17 290.65 351.25 281.56 432.41 288.99
437.62 289.90 355.84 28227 441.96 289.59
418.37 288.06 365.13  283.22  446.69 289.94
408.50 287.45 37440 284.15 461.16 290.79
398.88 286.44 38390 285.14 465.85 291.45
389.19 285.69 393.50 286.00 470.59 292.26
379.50 284.54 403.01 286.86

370.05 283.66 41296  287.54

b) K 578
T,K E,mV T,K E,mV T,K E,mV
494.15 280.15  483.92 280.90 379.96 275.14
474.19 279.82 47391 280.74 385.01 275.73
464.19 279.84 453.96 280.51 390.06 276.92
454.16  279.58  443.93 280.12 395.11  277.60
44421 279.18  433.79 279.83 400.20 277.96
42389 278.63 423.63 279.34 405.36  278.77
439.07 279.53  413.38 278.87 410.54 279.18
449.16 27997  403.03 278.29 410.54  279.17
459.07 280.14  392.88 277.46 415.64  279.56
469.02  280.41  382.82 276.58 420.81  279.89
478.99 28047 372.95 274.18

T.K

Figure 1. Temperature dependence of the EMF of cells (A) and (B).
E(T) dependences have the form of a smooth curve and are described by logarithmic equations:

E(A), mV = 176.61 +1.3928T—0.18658 T'In(T),
K 577, (350 < T/K < 470), k = 25, R> = 0.99571
E(B), mV = 15.12 +4.0844'T— 0.5721 TIn(7),

K 578, (370 < T/K < 490), k = 32, R2 = 0.90444

)
@)
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Thermodynamic properties of minerals and fluids

For the equations, the temperature range of
measurements, the number of experimental E/T
points (k) and the coefficient of determination (R2)
are given. Knowing the temperature dependence of
the EMF of the cell and using the basic equations of
thermodynamics, the following thermodynamic
functions can be determined:

A,G (J-mol™") = -nFEx107

A,S ('K mol™) = nF-(dE/dT)x107

AH (Jmol™) = -nF-[E - (dE/dT)-T)*x10”

where n = 1 or 3 is the number of electrons involved
in the reaction (R1) or (R2), F=96485.33289 C'mol

is the Faraday constant, and E is the EMF in
millivolts.

Using auxiliary data for elements and calaverite
taken from (Barin, 1995) (Table 2), the standard
thermodynamic properties of the formation of
krennerite AgAus;Teg and sylvanite AgAuTe, from
elements at a pressure of 1 bar (10° Pa) were
calculated: (10° Tla): A,GO(AgAu3Teg) = -78.11
kJ'mol; S°%AgAusTe) = 580.6 J-mol K"
AH’(AgAu;Teg) = -78.26 kI-mol” and of sylvanite:
AG" (AgAuTe,) = -51.22 kJ-moms™'; S°(AgAuTe,) =
326.59 J-mol"-K™'; AH’ (AgAuTey) = -79.83 kJ-mol".

Table 2. Standard thermodynamic values of krennerite and auxiliary data for elements and AuTe, at 298.15 K and 1 bar.

Substance AG® Se AH° note (reference) Tunell G. (1941). The
(kJ-mol™) (J-mol’ K™ (kJ-mol™) atomic arrangement of
Ag 0 42.677 0 Barin, 1995 sylvanite // American
Au 0 47.497 0 ~//— Mineralogist V.26, No 8,
Te 0 49.497 0 —//- P. 457-477.
AuTe, -17.194 141.712 -18.619 —//- Voronin M. V., Osadchii
AgAu;Teg -78.11 580.6 -78.26 reaction (R1) E.G. (2011) Determination
AgAuTe, -51.22 326.59 -79.83 reaction (R2) of thermodynamic

Acknowledgments: The authors thank N.A.
Drozhzhina for XRD analyses.
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Abstract. Important problems of magma differentiation,
the formation of native metals and ore formation processes
in the earth's crust are increasingly associated with the
active participation of hydrogen. In this paper, new
experimental data on the crystallization of andesitic melts
at high temperatures (900 — 1250 °C) and hydrogen
pressures (10-100 MPa) were obtained, which clarify the
possible role of hydrogen in the processes occurring in
andesite melts in the earth's crust and during volcanism in
strongly recovered conditions (f(0,) = 107%). In
crystallization experiments, it was found that the
compositions of crystals (pyroxenes and plagioclases)
formed in the experiment on crystallization of andesite
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melt under hydrogen pressure closely correspond to the
compositions of crystals of lava flows of the Avacha
volcano in Kamchatka. This result can be considered as an
experimental confirmation of the participation of hydrogen
in the volcanic process.

Keywords: andesite melt, hydrogen, pressure, temperature,
native metal, crystallization, reducing conditions

The role of hydrogen, the most abundant element
in our galaxy, in natural processes is extremely
diverse and in recent years has attracted increasing
attention from petrologists and geochemists.
Including the problems of differentiation of magmas,
the formation of native metals and the processes of
ore formation in the earth's crust, are increasingly
associated with the active participation of hydrogen
(Bird et al., 1981; Ryabov et al., 1985; Oleynikov et
al.,, 1985; Marakushev, 1995; Levashov and
Okrugin, 1984; etc.). Recently, we obtained the first
results on experimental modeling of the formation of
native metals in the earth's crust during the
interaction of hydrogen with basalt melts and on the
kinetics of differentiation of basalt magma under
hydrogen pressure (Persikov et al., 2019). In this
work, new experimental data on the crystallization of
andesite melts at high temperatures (900 - 1250 “C)
and hydrogen pressures (10 - 100 MPa), which
clarify the possible role of hydrogen in the processes
occurring in andesite melts in the earth's crust and
during volcanism under highly reducing conditions.
The experiments were carried out using a unique
high-gas pressure setup. This device is equipped with
an original internal device, which made it possible to
conduct long-term experiments at such high
temperatures, despite the high penetrating power of
hydrogen. This device is considered in detail in the
work (Persikov et al., 2019, Fig. 1), here we will
explain in a brief form. The device includes a
molybdenum reactor with a molybdenum ampoule
placed in it with an initial sample of remelted
andesite (approximately 150 mg). The reactor is
hermetically connected to the piston equalizer -
separator. The internal volumes of the molybdenum
reactor and the equalizer-separator under the piston
were filled with hydrogen at a pressure of 10 MPa
using a special system. The device assembled in this
way, together with the internal heater, was placed
inside a high-pressure vessel (IHPV) so that the

ampoule with the andesite sample was in the
gradient-free temperature zone of the heater. Due to
the movement of the equalizer-separator piston, the
hydrogen pressure in the internal volume of the
molybdenum reactor was always kept equal to the
gas pressure (Ar) in the vessel during the experiment.
At the beginning of the experiment, the pressure of
argon in the vessel and, accordingly, hydrogen in the
reactor was raised for one hour to the required value
of 100 MPa. Next, the temperature of the experiment
was raised to the required value of 1250 °C.
Withstand the specified parameters in automatic
mode for 1 hour, then reduce the hydrogen pressure
to 10 MPa in isothermal mode for 1 hour, hold for 1
hour, and then reduce the temperature to 1000 °C or
900 'C, exposure for 2 hours (crystallization), After
that, isobaric hardening was carried out with the
internal heater of the installation turned off. The
quenching speed of the samples was ~ 300 'C / min.
The error of measuring the temperature of the
experiment was = 5 'C, and the pressure of hydrogen
+ 0.1 % rel. After isobaric quenching, pressure relief
in the vessel and complete cooling, the internal
device was removed from the high-pressure vessel,
the ampoules with the sample were removed from the
molybdenum reactor for subsequent analysis of the
phases formed during the experiment. The
experiments used natural samples of andesite of the
volcano Avacha (Kamchatka). The chemical
composition of the phases obtained in the
experiments (Tabl. 1, 2) was determined using a
digital electron X-ray microscope CamScan MV
2300 (VEGA TS 5130 MM), with an attachment for
energy-dispersive microanalysis INCA Energy 450
and WDS Oxford INCA Wave 700. The analyses
were carried out at an accelerating voltage of 20 kV
with a beam current of up to 400 nA and a spectra-set
time of 50-100 seconds.

To estimate the magnitude of oxygen fugacity
corresponding to the cessation of redox reactions in
andesite melts in crystallization experiments (No.
2157), equation (1) and the measured amounts of
H,O dissolved in the melt (0.21 wt. %, Tabl. 1).

f(0,) = [f(H,0)/ (f(HL)exp (- AGo(1YRT)P, (1)
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Table 1. Chemical composition (wt. %) and structural-chemical parameter (100NBO/T) of the initial andesite (glass),
minerals and melts (glass) after experiments under hydrogen pressure

Components Ne Ne No No No No Composition Note:
2057 2057 2057 2058 2058 2058 of the original ote:
* %% *kk kdkkk kdkkhk Khdhdk andesite * glaSS, P(Hz) — 100 MPa, T
(glass) = 1250 °C, holding for 1 hour,
SiO, 62.75 4865 65.69 60.44 67.14 5174 588 Eliﬁs frzd“‘?;lg ltge ﬁg:’gjﬁ
U
ALO; 17.88 6.9 18.55 16.3 18.43 13.93 16.62 isothermal mode for 1 hour,
Fe,04 0.00  0.00 0.00 0.0 0.0 0.0 1.0 holding for 1 hour, and then
FeO 2.86 1099 296 435 2.15 5.44 5.66 lowering the temperature to
MnO 0.23 0.16 0.33 0.15 0.13 0.27 0.11 1000 C; hqlding for 2 hours
MgO 185 2995 139 547 067 1385 559 (crystallization) ~and  then
isobaric quenching; ** -
Ca0 734 332 443 729 418 1254 677 pyroxene  crystalss FHE
Na20 4,89 1.18 4.0 4.03 442 1.25 4.15 p]agioclase; Fdokk g]ass, the
K,O 1.54  0.49 1.84 1.26 1.88 0.33 1.32 parameters of the experiment
TiO, 0.66 0.12 0.81  0.68 1.0 0.6 0.59 are . tl}ll'e t.Samte, onlifu thiz
crystallization temperature
PZOi 0.18 0.15 H. 0. H. 0. 0.0 0.0 0.20 900 °C; ***** _ plagioclase;
H,0 - - - - 0.0 0.0 - ##H%% _ pyroxene crystals.
H,O 021  0.00 - 0.37 0.0 0.0 0.11
Sum 100 101.75 100 100.37 100 100 100
100NBO/T 26.6 191 20.1  30.6 224 96 39.1

Table 2. Chemical compositions (wt. %) of metal phases in andesite melts (quenched samples) after experiments under
hydrogen pressure

Note:

1. The results presented in the table are the averages of 7
measurements.

2. The concentrations of all impurity elements (Si, Ca, Ti, P)
in the metal phases are determined approximately, since

Components Ne 2157 Ne 2158
Fe 98.07 98.88
Mg 0.84 0.08

Ti 0.08 0.15

(0] 1.2 0.7

Si 0.16 0.05

Ca 0.23 0.07

P 0.52 0.03
Sum 101.1 99.96

these values are within the analytical errors.

Fig. 1. Raster micrographs in reflected scattered electrons
(BSE) of sample quenching products after experiments on
crystallization of andesite melts under hydrogen pressure.
Run No. 2158, repetition of experiment 2157, only the
crystallization temperature is reduced to 900 ‘C, see the
parameters of the experiment note to Table 1 (white color -
Fe metal alloy, composition - see Tabl. 2, dark color -
residual glass, light gray crystals: pyroxenes, plagioclases,
composition - see Tabl. 1).

Under experimental conditions (1000 °C/10
MPa), the binary fluid (H,O-H,) is close to ideal, so
that f(i) = X(i)-P. Given that X(H,0) + X(H,) = 1 and
AGo(1, 1373K) = -343.6 kJ (Barin, 1995), the
solution of equation (1) leads to the value of logf(O,)
= -14.1, i.e. we have strongly reducing conditions in
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the experiment, about an order of magnitude smaller
than the iron-wustite buffer.

On the basis of experiments, the following
features of the process of interaction of hydrogen
with andesite melt were established. As previously
established in the basalt-hydrogen system (Persikov
et al., 2019), initially homogeneous andesite melts
become heterogeneous and significantly more acidic
compared to the original andesite (Tabl. 1). H,O is
formed in the fluid phase (initially pure hydrogen);
H,O (0.21 — 0.37 wt. %) dissolves in andesite melts,
and small metal droplets of liquation texture are
formed in them at a temperature of 1250 °C, well
below the melting point of iron (1560 'C). The
process of formation of a liquid-like structure of Fe
(predominantly small spheres of several microns,
(Fig. 1, the composition of the Tabl. 2) due to redox
reactions, it is undoubtedly complex.

In crystallization experiments, it was found that
the compositions of crystals (clinopyroxenes and

plagioclases) formed in the experiment on
Woll o
¢-2
&
F
En Fs
(a)

crystallization of andesite melt closely correspond to
the compositions of crystals of lava flows of the
Avacha volcano in Kamchatka (Fig. 2). This result
can be considered as an experimental confirmation of
the participation of hydrogen in the magmatic
process, which is also consistent with the
composition of volcanic gases detected during the
eruption of this volcano (Ivanov, 2008).

It should be noted that native iron of the liquation
structure was not found in andesitic lava flows of
Kamchatka volcanoes (Ivanov, 2008; Karpov and
Mokhov, 2004) , which is apparently due to the
higher viscosity of andesitic magmas compared to
basaltic magmas. And, accordingly, with a slower
rise from intermediate foci to the volcano, which
ensured the oxidation of native iron. At the same
time, native iron was often found in the ashes of
andesitic volcanoes in Kamchatka (Karpov and
Mokhov, 2004). An example of such native iron is
shown in Fig. 3.

Ab An

Fig. 2. Comparison of the composition of crystals formed in experiments No. 2157, 2158 with the compositions of
natural minerals from lava flows of Avacha volcano, Kamchatka (Ivanov, 2008; green symbols). (a) - pyroxenes,

experimental (red color): Wol =29.94, En= 58.01, Fs = 12.05; natural: Wol = 34.2, En= 48.77, Fs = 17.03;

(b) -

plagioclase - experimental (red color - experiment 2157): An=43.04, Ab = 47.39, Ort = 9.57; (blue color - experiment
2158): An=42.71, Ab = 45.6, Ort=11.69; natural: An= 52.49, Ab= 36.52, Ort=10.99 .

50mkm

| Fe
0: 2 -
2 4 6
(b)

oo —

10
E, keV

Fig. 3. A particle of metallic iron from the ashes. Sample 4437; a - is the image in scattered reflected electrons (BSE); b -
is the energy dispersive X-ray spectrum from it (Karpov and Mokhov, 2004)
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Abstract. The calculations of thermodynamic properties of
the CaO-P404, melts in the temperature range 700-2100 K
were carried out within the framework of the developed
semi-empirical model. The calculated values of partial
pressures of vapor species, as well as the oxide activities
and the mixing energies in the melts are compared with
the available information.

Keywords: thermodynamic properties of oxide melts,
evaporation, the CaO—P401o system

Phosphorus is an important minor element of the
lunar rocks. It has moderate volatility and is usually
present as  phosphates (merrilite, apatite).

Considerable interest in them is caused by the
discovery of the OH—bearing apatites in a number
of mare basalts, that contradicts the early statement
about dryness of the lunar basaltic magmas. To
clarify the conditions of the crystallization of
phosphates from the melt, theoretical calculations
of the thermodynamic properties of the CaO-P,O,,
melts at high temperatures were carried out.

The presence of eight calcium phosphates in the
CaO-P,0y, system has been established. They exist
in various structural modifications depending on
temperature. The Ca;P,0z (6CaO - P,O,p), Ca,P,0;
(4CaO . P4010), CaP206 (2C30 . P4010) and CaP4O“
(CaO - P4O,p) compounds melt congruently at 2076,
1622, 1251 and 1046 K, respectively. The CasP,0q
(8CaO . P4OIO); C34P6019 (SCaO . 3P4010) and
Ca,Pc0y7 (4Ca0 - 3P,0yp) compounds dissociate at
2021, 1242 and 1040 K, respectively. The Ca;yPsO,s
(20Ca0 - 3P40y9) calcium phosphate exists in a
limited temperature range of 1126-1323 K. It
decomposes into a-CasP,09 and B-Ca;P,Og. The
phase diagram of the CaO-P,0,, system according to
the survey data (Hudon, Jung, 2015) is shown in Fig.
1.
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Fig. 1. The phase diagram of the CaO-P,O,, system
(Hudon, Jung, 2015).

List of symbols: 1 — CaO + -Ca4P,0y; 2 — CaO + a-
Ca4P209; 3-CaO + llqu1d, 4 — B—Ca4P209 + B-Cag,PzOg; 5
— a—Ca4P209 + B-Ca3P203; 6— a-Ca4P209 + Ca10P6025; 7—
Ca10P6025 + B-Ca3P203; 8 — a-Ca4P209 + ﬁ-Ca3P208; 9—
(x-Ca4P209 + (x-Ca3P208; 10 — a-Ca4P209 + (l'-Cag,PzOg; 11
—a-CayP,0y + liquid; 12, 13 — o'-Ca;P,04 + liquid; 14 — B-
Ca3P208 + y-Ca2P207; 15 - B-Ca3P208 + B-C32P207; 16 —
(x-Ca3P203 + B-C32P207; 17 — a-Ca3P208 + (X-C32P207; 18
— a-Ca,P,0; + liquid; 19, 20 — a-Ca,P,0; + liquid; 21 — vy-
C32P207 + Ca4P6O]9; 22 — B-C32P207 + Ca4P6O]9; 23 - B-
C32P207 + llqu1d, 24 — Ca4P6019 + y—CaPzOﬁ; 25—
Ca4P6019 + B—Caonﬁ; 26 — Ca4P6O]9 + 11qu1d, 27, 28 — -
CaP206 + hquld, 29 — y—CaP206 + C32P6017; 30 - B-
CaP206 + C32P6017; 31 - Ca2P6017 + a-CaP4011; 32—
Ca,Ps0y7 + liquid; 33, 34 — a-CaP,O,; + liquid; 35 — a-
CaP4O“ + P4010; 36 — P4010 + llquld, 37 — llquld
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The available thermodynamic data on calcium
phosphates are quite contradictory: errors in
determining the values of the enthalpy of compound
formation exceed 10 kJ/mol, and in the values of the
entropy of formation — at least 5 J/(molxK).
Measurements of CaO activity in the CaO—P,0
melt were performed in a narrow concentration range
(11-22 mol % P,0,0) at 1923 K in a single
experimental study (Schwerdtfeger, Engell, 1963)
(Fig. 2). The partial pressures of (PO), (PO,) and
(P4O4¢) vapor species over congruently melting
calcium phosphates (Butylin et al., 1975; Ratkovsky
et al., 1975; Lopatin, Semenov, 1989; Lopatin, 1997)
and mixtures of calcium phosphates with alloys
(Nagai et al.., 2009) were determined by the Knudsen
effusion mass spectrometry method in a wide
temperature range of 800-1900 K (Fig. 3). The

(CaPO,) vapor specie deficient in oxygen was
detected in the gas phase over CasP,0Oz at 2046 K
(Lopatin, Semenov, 1986). Evaporation of calcium
phosphates was carried out from platinum
(Ratkovsky et al., 1975), molybdenum (Lopatin,
Semenov, 1986; Lopatin, Semenov, 1989; Nagai et
al., 2009) and alund (Butylin et al., 1975; Ratkovsky
et al., 1975) effusion cells. The use of the latter can
lead to chemical interaction with phosphate samples
(Lopatin, 1997) and, thereby, distort the
measurement results. Based on the data of Lopatin
and Semenov (1989), it was possible to estimate the
P40y activity in the Ca;P,0Og compound at 1900 K,
equal to 2.21x107*® (Fig. 2). A detailed review of the
available physicochemical data and an assessment of
thermodynamic properties in the CaO—P,0;y system
was recently carried out in (Jantzen et al., 2019).
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Fig. 2. The activities of CaO (1-3) (A) and P4010 (4-6) (B) in the CaO—P4010 melts at 1900 (6) and 1923 (1-5) K
calculated at the present study (1, 4) and in (Hudon, Jung, 2015) (2, 5), and also determined experimentally in
(Schwerdtfeger, Engell, 1963) (3) and (Lopatin, Semenov, 1989) (6).
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Fig. 3. The temperature dependence of partial pressures of (P,0,¢) over CaP,0¢ (A) and (PO,) over Ca,P,0; (B)
calculated at the present study (1) and determined by the Knudsen effusion mass spectrometric method in (Butylin et al.,
1975) (2), (Ratkovsky et al., 1975) (3) and (Lopatin, 1997) (4).
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Fig. 4. The mixing energies in the CaO-P40,, melts at

1923 K, calculated at the present study (1) and in (Hudon,
Jung, 2015) (2).

The theoretical calculations of thermodynamic
properties of the CaO-P,O,y melts in the temperature
range 700-2100 K were performed using a semi-
empirical model (Shornikov, 2019) in order to clarify
its parameters. The model parameters were the values
of the Gibbs energies (AG°) calculated from
experimental and theoretical data for the formation of
simple oxides (CaO and P,0;) and calcium
phosphates (CaP4O”, C32P6017, CaP206, Ca4P6019,
C32P207, C33P208, C310P6025 and C34P209). The
initial values of the Gibbs energies of formation of
CaO and P,Oy in the crystalline and liquid state, as
well as information on possible equilibria in the gas
phase over the melt involving atomic and molecular
vapor species (Ca, Ca,, CaO, P, P,, P;, P4, PO, PO,,
Py0s, P04, P2Os, P30s, PsOg, PsO7, P4Os, P40,
P40y, O, O,, O3 and O,) were adopted on the
reference data (Glushko et al., 1978—1982). The AG®
values of condensed phases and vapor species over
the melt were used to find equilibrium conditions for
a given melt composition and temperature.

A comparison of the results of calculations of the
oxide activities (a;) (Fig. 2) and the mixing energies
(AG™) (Fig. 4) in the CaO-P,0;, melts at 1923 K
obtained at the present study with those obtained by
Hadon and Zhang (2015), as well as with
experimental data obtained in (Schwerdtferger,
Engell, 1963; Lopatin, Semenov, 1989), shows their
satisfactory correspondence. The calculated oxide
activities in the the CaO-P,0;, melt correspond to
the position of the liquid phase in the phase diagram
of the system (Fig. 1). The minimum value of the
mixing energy in the CaO-P,0;p melts is in the
composition region close to Ca,P,0- and is equal to —
210 kJ/mol.

As follows from Fig. 3A, the calculated partial
pressures of (P,01) gaseous phosphorus oxide over
CaP,0q4 calcium phosphate correspond satisfactorily
to the experimental data obtained by the Knudsen
effusion mass spectrometric method in (Butylin et

al., 1975; Ratkovsky et al., 1975; Lopatin, 1997). The
higher partial pressure values of (PO,) gaseous oxide
over Ca,P,0; obtained by Lopatin (1997) are due to
the presence of reducing conditions occurring in the
case of a molybdenum effusion cell (Fig. 3B). The
observed difference between the calculated values of
(PO,) partial pressure and the results obtained by
Butylin et al. (1975) illustrates the above-mentioned
interaction of the phosphate melt with the alund
effusion cell which they used in the experiments
(Fig. 3B).
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Abstract. Within the framework of the developed semi-
empirical model, the thermodynamic properties of the
SiO,—P40;9 melts were calculated in the temperature region
700-2000 K. The calculated values of the oxide activities
and the mixing energies in the melts are compared with
the available information.

Keywords: thermodynamic properties of oxide melts,
evaporation, the SiO>—P4+01¢ system

The physicochemical properties of the SiO,—
P4,O;p system are of considerable interest for
understanding the formation of phosphorus-
containing olivine in lunar meteorites, as well as for
practical application in fiber optics. The existence of
the SiP,0; and Si3(PO,), silicon phosphates has been
established in the Si0,—P40, system (Makart, 1967).
The SiP,O,; (2SiO, - P4O;p) compound exists in
hexagonal (H), two monoclinic (M), tetragonal (7)
and cubic (C) modifications with the transition
temperatures of M-SiP,0O; and 7-SiP,O; equal to
1380 K and 1480 K, respectively, and the last
modification — C-SiP,O; melts congruently at 1561 K
(Baret et al., 1991) The Sl3(PO4)4 (38102 . P40]0)

trisilicon phosphate dissociates at 1392 K into 7-
SiP,0; and liquid (Jantzen et al., 2019). Malshikov
and Bondar (1988) believe that this compound has
the composition of SlsO(PO4)6 (IOSIOZ ' 3P4010) and
decomposes into C-SiP,O; and liquid. One of the
variants of the phase diagram of the SiO,—P,0O
system according to the reviews (Rahman et al.,
2013; Jantzen et al, 2019) is shown in Fig.1.
Thermodynamic information on the compounds of
the SiO,—P,0, system is not numerous. Baret et al.
(1991) determined the enthalpy of transitions of
SiP,0O; and Si;(POg4)s by the DTA method. Flemish
and Tressler (1991) determined the total vapor
pressure over the SiP,O; by the transpiration method
at 1198-1298 K. Lopatin and Semenov (1995)
studied the SiP,O, evaporation from a molybdenum
effusion cell by mass spectrometry and determined
the partial pressures of the (PO) predominant vapor
specie at 1400-1484 K. No other molecules were
detected in addition to the (PO), (PO,) and (SiO)
vapor species. The thermodynamic properties of
compounds and melts were evaluated in (Rahman et
al., 2013; Jantzen et al., 2019) based on the available
physicochemical data on the SiO,—P,0, system.

List of symbols:

1- (X-SiOZ (quartz) + Si3P4016; 2— B-8102
(quartz) + SizP4O4¢; 3 — B-SiO; (tridymite) +
liquid; 4 — B-SiO, (cristobalite) + liquid; 5 —
Si3P40[6 + llqu1d, 6— Si3P4016 + M—SIP207, 7 -
Si3P40[6 + T-SIP207, 8, 9— T-SiP207 + llquld, 10,
11 — C-SiP,0; + liquid; 12 — M-SiP,0; + P40y¢;
13 — M-SiP,0; + liquid; 14 — P40, + liquid; 15 —
liquid.
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Fig. 1. The phase diagram of the SiO,—P,0,, system (Rahman et al., 2013; Jantzen et al., 2019).

The theoretical calculations of  the
thermodynamic properties of the SiO,—P40;9 melts
were performed at the present study at 700-2000 K
using a semi-empirical model (Shornikov, 2019) in
order to clarify its parameters. The model parameters
were the values of the Gibbs energies (AG®)
calculated from experimental and theoretical data for
the formation of simple oxides (SiO, and P,0,,) and
silicon phosphates (SiP,0O; and Si;P40¢). The initial
values of the Gibbs energies of SiO, and P,Oy
formation in the crystalline and liquid state, as well
as information on possible equilibria in the gas phase

over the melt involving atomic and molecular species
(Si, Si,, Si3, SiO, Si0,, Si,0,, P, P,, P3, P4, PO, PO,,
P,0s3, P,O4, P05, P304, P4Os, P4O;, P4Og, P40,
P40y, O, O,, O; and O4) were adopted based on
reference data (Glushko et al., 1978-1982). The AG°
values of condensed phases and vapor species over
the melt were used to find equilibrium conditions at a
given melt composition and temperature.

The calculated oxide activities (¢;) and mixing
energies (AG™) in the SiO,~P,0;y melts compare
with the results obtained in (Rahman et al., 2013) in
Fig. 2 and 3.
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s energies (3, 4) in the Si0,—P,40;, melts at 1100 (1-3) and 1873
(4) K, calculated at the present study (1-3) and in (Rahman et
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Fig. 3. The activities of SiO, (1, 2) and P,04 (3, 4) (A) and the mixing energies (5, 6) (B) in the SiO,—P40;( melts at
1873 K, calculated at the present study (1, 3, 5) and in (Rahman et al., 2013) (2, 4, 6).

Fig. 4. The temperature dependencies of partial pressures of
02 (1), PO (2, 3), POZ (4), P203 (5), P204 (6), P205 (7) and
P40y (8) over the SiP,04 calculated at the present study (1, 2,
4-8) and determined by the Knudsen effusion mass
spectrometric method (Lopatin, Semenov, 1995) (3).

As follows from Fig. 2, the SiO, and P,O
activities at 1100 K show a sharp change during the
transition from the “B-SiO, + Si;P,044” phase region
to the “Si;P4O,6 + M-SiP,O;” phase region, which
corresponds to the phase diagram of the SiO,—P,O
system (Fig. 1, regions 2 and 6). In this case, the
minimum mixing energy value for the SiP,0;
composition is reached, equal to —35 kJ/mol. With an

increase in temperature, the position of the minimum
mixing energy in the melt is maintained with an
increase in the AG” value to —33 kJ/mol at 1873 K
(Fig. 3).

Figure 4 shows the temperature dependencies of
the partial pressures of vapor species over SiP,0,,
calculated at the present study and experimentally
determined by the Knudsen effusion mass
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spectrometric method (Lopatin, Semenov, 1995). The
higher values of the (PO) partial pressures obtained
by Lopatin and Semenov (1995) are due to the

0 20 0 50 30 100
P,O,,, mol. %

presence of reducing conditions caused by the
interaction of the molybdenum effusion cell with the
melt contained therein.

0 20 40 60 80 100
0
P,0,,, mol. %

Fig. 5. The ZnO (1), GeO; (2), SiO, (3) and P,O4, (4-6) activities (A) and the mixing energies (7-9) (B) in the ZnO-
P4010 melts at 1300 K (1, 4, 7), in the GeO,—P,0;, melts at 1423 K (2, 5, 8) and in the Si0,—P40;, melts at 2000 K (3,
6, 9), determined in (Shornikov et al., 1996; Stolyarova et al., 1990) and calculated at the present study, respectively.

A comparison of oxide activities and mixing
energies in the phosphate silicate melts (Fig. 5) with
those for the ZnO—P,0;, (Shornikov et al., 1996) and
the GeO,—P40, (Stolyarova et al., 1990) studied
phosphate melts shows the smallest chemical
interaction in the SiO,—P40,, melts, characteristic of
this series of phosphate melts.
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Abstract. Within the framework of the developed semi-
empirical model, the thermodynamic properties of the
MgO-P,0,, melts were calculated in the temperature range
of 600—-1800 K. The calculated values of the partial
pressures of vapor species as well as the oxide activities
and the mixing energies in the melts are compared with
available information.

Keywords: thermodynamic properties of oxide melts,
evaporation, the MgO-P4O1 system

The formation of phosphorus-containing olivines
found in lunar matter is of considerable interest for
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the Moon geochemistry (Demidova et al., 2019). In
order to understand the conditions of olivine
formation and crystallization at high temperatures,
calculations of the thermodynamic properties of the
MgO-P,O,y melts are performed at the present study.

It has been found four magnesium phosphates in
the MgO-P,0, system — Mg;P,05 (6MgO - P4O,),
Mg2P207 (4MgO . P4010), MngOG (2Mg0 : P4010)

and MgP,O,; (MgO - P,Oyp). They melt congruently
at 1630, 1658, 1438 and 1183 K, respectively (Berak,
1958). The Mg;P,Og compound exists in two
polymorphic forms with a transition temperature
equal to 1328 K. A variant of the phase relation in
the MgO-P,0,, system according to the survey data
(Ding et al., 2015) is shown in Fig. 1.

List of symbols:

1 —MgO + B-Mg;P,0s; 2 — MgO + a-Mg3P,0g;
3 —MgO + liquid; 4, 5 — a-Mg3P,05 + liquid; 6
- B-Mg3P208 + Mg2P207; 7— (I-Mg3P208 +
Mg2P207; 8, 9— Mg2P207 + llquld, 10 —
Mg,P,0; + MgP,0g; 11, 12 — MgP,0¢ + liquid;
13 - MgP206 + MgP4011; 14, 15— MgP4011 +
llquld, 16 — MgP4011 + P4010; 17 — P4010 +
liquid; 18 — liquid.
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Fig. 1. The phase diagram of the MgO—-P,O,, system (Ding et al., 2015).

The few data on the thermodynamic properties on
compounds and melts in the MgO-P40,, system are
reviewed in (Jung et al., 2013; Ding et al., 2015). The
heat capacities and enthalpy of melting of Mg;P,0g
and MgP,0; were determined in (Oetting,
McDonald, 1963). The phosphorus oxide activity
was determined by the EMF method at 1673 K in a
single study (Iwase et al., 1987) in a narrow
concentration range (8-14 mol. % P40;). The
evaporation of magnesium phosphates of Mg;P,0s,
Mg,P,0; and MgP,O¢ from platinum and
molybdenum effusion cells was studied by mass
spectrometry (Lopatin et al.,, 1986; Lopatin,
Semenov, 1989; Lopatin, Shugurov, 2005). The
temperature dependencies of the partial pressures of
vapor species of (P;O,9) over MgP,O¢ (1263-1388
K), (PO,) over Mg,P,0; (14161524 K), as well as
(PO) and (Mg) over Mg;P,05 (1695-1810 K) were
determined. The (MgPO,) and (MgPO;) gaseous
oxides deficient on oxygen were found in the gas
phase over the mixtures of magnesium oxide and
magnesium phosphates at 1680-2009 K (Lopatin,
Shugurov, 2005).

The values of oxide activities (a;) and mixing
energies (AG") in the MgO-P,0,y melts were
calculated at the present study at 600—1800 K. The
used semi-empirical model was described in detail
earlier (Shornikov, 2019). The initial data were

information of Glushko et al. (1978-1982) on the
Gibbs energies (AG®) of formation of simple oxides
(MgO and P,0y), as well as data of Jung et al.
(2013) and Ding et al. (2015) for calculations of AG®
of magnesium phosphates (Mg;P,Os, Mg,P,05,
MgP,0¢ and MgP,01;) in the crystalline and liquid
phases. Calculations took into account the presence
of the following vapor species in the gas phase over
the melt: Mg, Mg,, MgO, P, P,, P;, Py, PO, PO,,
P,05, Py0s, Py0s, P3O, P4Og, P4O;, P4Os, P40,
P4010, MgPOz, MgPO3, O, Oz, 03 and 04. The AG®
values of condensed phases and the gas phase species
over the melt were used to find equilibrium
conditions for a given melt composition and
temperature.

A comparison of the results of calculating oxide
activities and mixing energies in the MgO-P,0,
melts obtained at the present study (Fig. 2) at 1400—
1800 K with those obtained by Ding et al. (2015), as
well as with experimental information obtained in
(Iwase et al., 1987; Lopatin et al., 1986; Lopatin,
Semenov, 1989) shows their  satisfactory
correspondence. The calculated oxide activities in the
MgO-P,0,y melts correspond to the position of the
liquid phase in the phase diagram of the system (Fig.
1). The minimum value of mixing energy in the
MgO-P,0y melts at 1673 K is in the composition
region close to MgP,0q and is equal to —175 kJ/mol.
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Fig. 2. The activity of MgO (1, 2) and POy, (3—8) (A), as well as the mixing energy (9—11) (B) in the MgO— P40,y melts
at 1400 (6), 1600 (7), 1673 (1-5, 9, 10) and 1800 (8, 11) K calculated at the present study (1, 3, 9) and in (Ding et al.,
2015) (2, 4, 10), and dedermined experimentally in (Oetting, McDonald, 1963) (5), (Lopatin et al., 1986) (6, 7) and

(Lopatin, Semenov, 1989) (8, 11).
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Fig. 3. The temperature dependencies of partial pressures of (O,) (1), Mg) (2, 5), (PO) (3, 6) and (PO,) (4, 7) vapor
species over Mg;P,0g (A) and Mg,P,0; (B) calculated at the present study (1-4) and determined by the Knudsen
effusion mass spectrometric method in (Lopatin, Semenov, 1989) (5, 6) and (Lopatin et al., 1986) (7).

As follows from Fig. 3, the calculated partial
pressures of (Mg), (PO) and (PO,) vapor species over
Mg;P,0g and Mg,P,0;, satisfactorily correspond to
the experimental data obtained by the Knudsen
effusion mass spectrometric method in (Lopatin et
al., 1986; Lopatin, Semenov, 1989). Higher
experimental values of partial pressures of (PO) and
(PO,) gaseous oxides as well as (Mg) over the
magnesium phosphates under consideration, are due
to the presence of reducing conditions caused by the
use of a metal effusion cell.
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Abstract. The mathematical apparatus of description,
modeling and calculation of thermodynamic functions is
given. The main criteria for the completeness and
consistency of thermodynamic information have been
developed. The effectiveness of the developed databases is
illustrated by the results of modeling and calculation of
transformations and equilibria for conditions of the ceramic
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air.
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1. Problems of thermodynamic databases
development

There are many problems, the solution of which
requires knowledge of the thermodynamic
characteristics of substances of various nature. They
are especially important in the study of high-
component systems with many chemical and phase
transformations, = where the possibilities of
experimental methods are limited and computational
and model methods are more promising (Barry,
1988; Carmichael, Eugster, 1992; Kubashewski,
Alcock, 1982; Uspensky et al., 2017). However, the
information available even in the most serious
thermodynamic  data systems and reference
publications is often very approximate, incomplete,

and inconsistent (Glushko et al., 1965-1981; Gurvich
et al., 1978-1982; Naumov et al., 1971; Chase, 1998;
Robie, Hemingway, 1995; Wagman et al., 1982;
Yokokava et al, 1988). This applies both to thermal
constants (under standard conditions, 298.15 K, 1
bar) and, in particular, to functional P,7-
dependences, where data are often sparse or absent.

Another aspect of efficiency in creating a
database (DB) is associated with the construction of a
thermodynamic description of the system and tools
under study — determining the range of necessary
substances and extracting them from the DB,
calculating their thermodynamic characteristics,
modeling and calculating transformations and
equilibria using the DB (Barry, 1988; Gurvich et al.,
1978-1982; Slobodov et al., 2015, 2017).

2. Construction of thermodynamic description of
a substance

For a detailed analysis and solution of the
problem of developing thermodynamic systems and
databases, it is advisable to first consider a set of
thermodynamic characteristics necessary to build a
complete thermodynamic description of a substance.

It should be noted, firstly, that by determining
one or another choice of independent state
parameters and the corresponding characteristic
functions, various, equivalent to each other, forms of
the thermodynamic description of the system are also
determined. At the same time, all of them are easily
transformed one into another, and any of them
equally allows (using the calculation apparatus of
thermodynamics of the type and in the spirit of
Maxwell's equations, thermodynamic equations of
state, etc.) to investigate various properties of both
the system as a whole and components, phases and
substances that make it up.

From both theoretical and practical points of
view, the most convenient choice in constructing
such a description is the choice of pressure P and
temperature T as independent external parameters of
the state. The corresponding characteristic function is
then, as is known, the Gibbs energy G(P,T,n) (n={n;}
is the molar composition vector) of the system under
study, determined by the chemical potentials ; and
the content n; of substances that describe its
component and phase composition:

oG
G=2—n; EZuini (1)

i On;

In turn, the chemical potential p(P,7) of the i-th
substance is determined through its value p,°(P,T) in
the so-called. standard state:

ul.(P,T)=p;.’ v s+ y ~RTIna, 2)

where a; is the activity of the i-th substance (relative
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to the accepted standard state).

As is known, the most stable phase state under
the given (P,7) conditions is usually taken as the
standard one for individual substances; for the
components of solutions, both a pure substance and a
dissolved one. At the same time, due to (1), (2), the
quantities p;° are molar (when a pure substance is
chosen as a standard) or partial molar (if the standard
state is a solution) Gibbs energies G;°(P,T). Since for
carrying out equilibrium calculations it is sufficient
to know not the full values of G,°(P,T) (which are
practically impossible to determine), but only their
relative changes, the functions of the formation of
compounds from the corresponding simple
substances are often used as the required "reference
scale" — A;G°(P,T) (hereinafter, the index i of the
substance is omitted). It seems more appropriate, but
less commonly used, to use as G°(P,T) (i. e., and
u°(P,7)) another, also thermodynamically correct

value:
O

Go\‘ a‘/—‘—'jvo\*()»‘o/ ' LVO\‘ se ) VO\‘OM()/J (3)’
here Py, T, are respectively the standard values of
pressure and temperature, for which the values are
currently accepted: Py = 1 bar (105 Pa), 7o = 298.15
K (sometimes the old standard is also used Py, = 1
atm = 101325 Pa, 7, = 0 K or 293.15 K).

For the enthalpy H°(P,7) and other
characteristic functions, the calculation is similar to

3).

Obtaining functions

G(P.D),

H °(P,T) does not require, in contrast to A;G°(P,T),
knowledge of the thermodynamic characteristics of
simple substances (determining the composition of a
given complex) under (P,T)—conditions different
from from standard. Since the temperature
dependences for the thermodynamic characteristics
of substances are most studied at pressures close to
the standard one, it is advisable to “tie” the potential

of the type

G °(P,T) (3) to the value P = P,, representing the
transition from the state (Po,7p) to (P,T) first along
the isobar: (Py,Ty) — (Po,T), then along the isotherm:

(Po,T) — (P,T):
GO(P:T) - GO(POsTo) =
[G°(Po,T) - G°(Po,To)] + [G'(P.T) - G"(Po, T)]  (4).

Further substituting (4) into (3) and using the theory and mathematical apparatus of thermodynamics for
the components of expression (4), after a series of transformations, it is easy to obtain:

GO\A »A/*‘—‘j\—'o\lgplo/ vo\l(),‘()/\* ‘O)+ (5)
k Tj C:[[’,[) Tj ° - N ° | n

+>|\7r | L——dadr — | Cj Up-L4)al + | —— — 1 | U,L ;) |+ ) V o\ x sx yuex’
AT, T -1 ij J J %o

2

where the last term in (5) corresponds to the second
transition in (4) (isotherm), all the previous ones
correspond to the first one (isobar). It makes sense to
divide thermal constants and functions in (5) into 4
groups:

1. A/G°(Po,Ty) = A;Gros®, S°(Po,Ty) = Sxos° —
standard (at Py = 1 bar, 7o = 298.15 K) the Gibbs
energy of formation and the entropy of matter,
respectively;

2. T,=T,, AH°(P,,T)) = AH,° — are, respectively,
the temperatures and standard enthalpies of phase
(polymorphic, aggregate, etc.) transformations of
matter (if they take place);

3. C°(Po,t) = Cp°(Py,t) = OH’/Ot — temperature
dependences of isobaric heat capacities for each of
the k phases of matter existing in the intervals [7},,

7}]: (G ULk To=T,, T =T);
4. V°(p,T) is the baric dependence of the standard
molar volume in the interval [Py, P] at temperature 7.
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3. Structure and criteria of thermodynamic
information quality

Note, firstly, that due to the definition (3) of the
functions G°, H° (let us denote them below, as well
as the usual formation functions, A;,G°, A;H° ) and
the identity AH = AG + TAS (valid for any isothermal
changes in the state of the system), for any values of
P and T (including standard ones — P,y,7;) these
functions are interconnected by the ratio:

/ \

e} o o o e} o 5 6
Y R A Y A \" i) ©
where n; , S are, respectively, stoichiometric
coefficients and standard entropies of simple

substances determined by the elemental composition
of the compound under consideration.

Expression (5) is a complete thermodynamic
description of this substance. From it, as noted
above, one can obtain (with some other choice of
independent state parameters) other descriptions
equivalent to (5), and also calculate all the necessary
thermodynamic characteristics (of the type H =
a(G/T)/6(1/T), §° =—-0G°/0T, etc.).

Thus, the necessary and sufficient condition for
the completeness and correctness of the
thermodynamic description of the physicochemical
system is the "security" of calculations (5), i.e. the
presence for each of the substances included in the
system under study, the above four groups of its
thermodynamic characteristics.

From here follow the following general criteria
(as a whole considered above), characterizing in
aggregate the quality of any system or database of
thermodynamic data:

1. The degree of chemical completeness - in
terms of the substances included in it.

2. The degree of thermodynamic completeness —
in accordance with the presence (absence) of data
necessary to ensure calculations (5) that satisfy
requirement (6).

3. Degree of reliability of thermodynamic data
required for calculations (5).

At the same time, in calculation (5), only the
influence of its last baric component is taken into
account [V°(p,T)dp does not present (with some
reservations) significant difficulties — the molar
volume of many individual substances is a relatively
simple and well-studied characteristic. Thus, for
condensed (solid and liquid) phases, its value V°(P,T)
is usually insignificant and relatively weakly depends
on temperature and pressure in a fairly wide range.
Therefore, the contribution of the baric component to
the value G°(P,T) of potential (5) is, as a rule, easily
estimated and is often negligible. The behavior of
gases in this region is usually close to ideal, and then
the well-known equations are applicable (ideal gases

P;V° = RT, van der Waals, virial, etc.).

And then for the calculation of (5) the data of the
first three groups of thermodynamic characteristics -
constants (at standard temperature and at
temperatures of phase transformations) and
temperature dependences Cp°(7) become decisive. In
a practically important special case of conditions
close to standard (1 bar, 298.15 K) it is enough to
have data only for the first group — thermal constants
under standard conditions.

4. Implementation of the developed databases

The above aspects were used in the development
of databases of thermodynamic characteristics of
individual inorganic substances — for condensed
(solid and liquid) and for gaseous states. A database
management system (DBMS) was also developed —
for procedures for extracting the required set of
substances from the database, calculating their
thermodynamic  characteristics  (depending on
temperature and pressure), etc.

For each of the condensed substances , the
database contains its chemical formula, standard

enthalpy A Hjand Gibbs energy of A Gy

formation, entropy Sso, as well as for all phase
(aggregate and structural) states - temperature and

enthalpy A, H; for each of the phase (polymorphic

or an aggregate (solid — liquid)) transformations, the
temperature interval of the existence of this state and

the coefficients of the equation Cp(T)on this

interval. For elements of the "gas base" the data
structure is naturally simplified due to the absence of
phase transitions.

A set of methods for modeling and calculating
the equilibrium compositions of multicomponent
systems in a wide range of state parameters
(temperature, pressure, composition) has also been
developed, where the developed databases are used.
The complex has found wide application for studying
a number of natural and technological processes in
which chemical and/or phase reactions occur. These
are, for example, problems of mineralogy and
geochemistry, atmospheric phenomena, processes of
synthesis of ceramic, glassy, phosphor materials,
problems of metallurgy (Slobodov et al., 2015, 2017 ,
2021; Uspensky et al., 2017).

As an illustration of the application of the
developed databases and modeling methods, the
figure shows some results of calculations of the
phase-chemical composition of a 14-component
inorganic system that simulates the process of
synthesis of a ceramic shard from natural raw
materials.
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Fig. 1. Influence of temperature on the phase composition of the moisture-containing (0.5%) ceramic mass (lg (mol/kg))
at the boundaries with the gas phase of the interaction products in air-containing pores (10~ m*/kg).

The data in the figure illustrate the effect of
temperature on the phase-chemical transformations
occurring in the pore-containing ceramic mass. The
results obtained give reasonable answers to the
questions — what and in what quantities are phases
formed, the temperature conditions for their
formation and decomposition, the fields of phase
stability, their transformation and chemical
interaction, dependence on the composition and
atmosphere of synthesis, the formation and
composition of gaseous products, etc.
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Koroleva O.N. Nonlinearity of dynamic and
relaxation properties of mixed-alkali silicate
glasses
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Abstract. The aim of the study was to determine the
structure of non-crystalline silicate glasses containing
several alkali cations. A study of silicate glasses containing
lithium and potassium in various ratios was carried out.
Extremes of the functional dependence of properties on
composition when replacing one cation with another are
shown to correlate with the distribution of alkaline cations
between silicon-oxygen structural units of varying degrees
of polymerization.

Keywords: mixed-alkali effect, glass structure, structural
units.

One of the important problems concerning the
structure of silicate glasses consists in providing an
accurate description of the spatial distribution of
modifier cations and the ordering of their immediate
environment. Traditionally, the locations of such
cations were believed to be statistically distributed in
the disordered network of a glass near non-bridging
oxygen atoms. However, it was subsequently
proposed that modifier cations adapt to their local
environment by creating coordination polyhedra
similar to those observed in crystalline silicates. Such
local ordering of the nearest environment of modifier
cations is a consequence of the average order in
silicate glasses (Gaskell, 1998). Glasses containing
two or more modifier cations are characterized by the
so-called “mixed alkali effect” (MAE), which is
expressed in the nonlinear dependence of the
physico-chemical properties of the glass on the
cation ratio. A number of authors note that the MAE
is manifested not only in terms of changes in ionic
conductivity, but also according to other
physicochemical properties, such as density,
mechanical strength, viscosity, and elasticity.

The aim of the present work is to present a
structural description of mixed alkali silicate glasses
according to the physico-chemical modeling
approach along with a determination of the effect of
chemical composition, type of cation modifier, and
temperature on the structural features of silicate
systems having two or more modifier cations. The
physico-chemical modeling approach  was
successfully applied earlier in order to study the
structure of binary silicate, germanate and borate
glasses and melts (Koroleva et al., 2021; Koroleva et
al., 2022; Koroleva and Shtenberg, 2023). As a result
of modeling silicate systems with correction by high-
temperature Raman spectroscopy data, information
was obtained not only about their structure, but also

concerning the distribution of structural units
depending on composition and temperature.
Additionally, the coordinated thermodynamic

characteristics of structural units of glasses and melts
were calculated. According to the obtained
thermodynamic functions of the components of
silicate systems, the structure of Li20-K20-SiO2
system was then modelled across a wide range of
compositions and temperatures. The universal
“Selektor-C” software complex was used as a tool for
studying physicochemical processes in silicate melts.

It should be emphasized that not all properties of
mixed alkaline glasses exhibit significant deviations
from additivity or linearity. In particular, dynamic
properties associated with the movement of alkaline
cations, such as electrical conductivity and diffusion,
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viscosity and chemical resistance, demonstrate the
greatest deviations from additivity. This can be seen
in Figure la, where the change in the molar volume
of glass of composition 33(Li,0+K,0)-67SiO,
(hereinafter 33(LK)67S) is almost perfectly linear:
the density shows small positive and negative
deviations from additivity, whereas the deviation
from additivity for electrical resistivity is almost five
orders of magnitude higher (Day, 1976).

In this regard, the proposed study of the structure
of multicomponent melts by physico-chemical
modeling is relevant. A composite section having a
content of 33 mol % alkali metal oxide 33(LK)67S
was studied. The simulation was carried out for a
multi-alkaline system in a temperature range up to
1500°C. The formation of a model for a glass-
forming mixed alkali system is based on the same
principles as those for binary systems.

The list of possible components of the melt
model of composition 33(LiK)67Si includes Li,SiOs,
KSiO, s, LiSiO, 5 and K,Si0;, whose thermodynamic
characteristics correspond to the characteristics of
sheet (Q”) and chain (Q°) structural units coordinated
by lithium or potassium cations. SiO, corresponding
to the structural units Q° present in the melt is
additionally taken into account when modeling melt
structure of the disilicate composition.

The results of modeling the structure of (1-
x)K,0-xLi,0-2Si0, glass depending on the
composition are shown in Figure 1b. It can be seen
that, when potassium cations are replaced by lithium
cations in glasses containing Q°, O’ and O’ structural
units, the concentration of Q and O’ tetrahedra
increases slightly. The obtained data, which are in a
good agreement with the results of Raman
spectroscopy (Koroleva et al., 2013; Koroleva et al.,
2023), are confirmed by calculations (Koroleva et al.,
2021): potassium silicate glass of disilicate
composition contains more Q’ tetrahedra than lithium
silicate glass of the same composition.

A simultaneous substitution of Q°(K) for Q°(Li)
and O°(K) for Q’(Li) is observed in the glass
structure along with an increase in the Li"/K" ratio.
However, it should be noted that, while the content
of Q’(Li) is equal to the same of Q’(K) in a glass
containing 15 mol % of Li,O, the ratio of chain
structural units associated with different types of
cations O°(Li)/Q°(K) is greater than three. Such a
difference in the distribution of lithium and
potassium cations between structural units of
different types is certain to affect the possibility of
their movement through the formed channels of
different sizes.
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Fig. 1. Dependence of the molar volume, density and
resistivity of 33(LK)67S glass on the composition (Day,
1976) (a); distribution of structural units Q°, 0°, 0 in
glass (b) and melt at 1200°C (¢) 33(LK)67S depending on
the content of potassium oxide.

This conclusion partially agrees with the data
obtained by Greaves (Greaves, 1985), who proposed
a modified random network (MRN) model. The
model is based on the notion that, when two ions of
different sizes, such as K" and Li’, share an ion
channel, the resultant diffusion is limited by energy
factors, since an atom needs more energy to “jump”
into the adjacent space recently vacated by an atom
of a different size (Greaves et al., 1991). The authors
suggest that both the energy and the time needed to
adapt to the changing types of sections are
responsible for reducing the jump speed. Indeed, as
can be seen from Figure 1b, the total number of sheet
structural units O°(K) and Q’(Li) in a mixed glass is
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greater than in pure potassium silicate glass, which in
itself already indicates a deviation of the properties
of mixed alkali silicate glass from additivity. This
behavior is likely to indicate the ability of O’ units to
interact with modifier cations in a glass-forming melt
at lower temperatures than 7g of binary potassium-
and lithium-silicate glasses. Thus, the more ordered
distribution is probably due to the reduced influence
of the entropy factor on the formation of Q". The
obtained nonlinear dependence on the composition of
O’ units (to a greater extent), as well as O’ and O’
units (to a lesser extent), is consistent with the data
on the relationship between the decreasing glass
transition temperature of mixed glasses with a linear
correlation (Bedker et al., 2020).

It is also interesting to note that the maximum
dependence of the content of structural units O’ does
not occur at equal concentrations of two alkaline ions
in the glass, but is shifted towards the potassium
silicate glass (Figure 1b). This result explains the
position of the maximum dependence of the
electrical resistance in terms of a function of the
difference in the size (mass) of alkaline cations (Day,
1976). Thus, based on our calculations, the most
likely reason for the shift of the inflection point of
electrical resistance towards a larger cation is the
uneven distribution of structural units of the same
type between modifier cations characterized by
different ionic strengths.

The effect of temperature on the MAE can be
estimated from comparing the melt and glass
structures  of  three-component K,0O-Li,O-SiO,
system. The results of calculating the mixed alkali
melt structure of 33(LK)67S composition at 1200°C
are shown in Figure 1c. Here, the ratio of chain units
Q’(Li))Q°(K) at the equilibrium point of sheet
structural units can be seen to increase to 1.7 with
increasing temperature. The indicated increase in
disorder in the system should lead to a decrease in
the MAE. However, the dependence of the total
number of Q- units still has a nonlinear positive
deviation, whereas the distribution of Q" and the sum
of O’-units has a negative deviation from additivity

Thus, the deviation from the additivity of the
dynamic properties of mixed-alkali glasses and melts
is obviously related to the selectivity of modifier
cations in the distribution between structural units of
various types. Modifier cations associated with
anionic groups in the melt are in dynamic
equilibrium, characterizing the continuous breaking
and creation of new cation-anionic complexes. This
is to some extent consistent with the polyelectrolyte
model, according to which the dynamic equilibrium
between cations and anions is described by
introducing “free” and “bound” modifier cations

During vitrification, the structure of these
individual regions of the melt changes according to

the effect of temperature on the structure of each
individual binary system. As a result of the modeling
of the mixed alkali system depending on temperature,
a redistribution of modifier cations between
structural units, even those of the same type, was
detected. The observed change in the system’s
structure when the melt cools down is determined by
energy factors. By considering the resulting glass as
a union of cationic-anionic regions of various
morphologies, it becomes possible to determine their
structure according to the proposed and carried-out
modeling studies.

Based on the simulation results, chain structural
groups Li'K'Q’ represent complexes enriched with
lithium cations, whereas sheet structural units
containing a predominance of potassium cations can
be designated Li’K"Q’. Such an approach may help
to explain the observed decrease in cation diffusion
and consequent reduction in ionic conductivity when
substituting alkaline cations in glass. Accordingly,
the narrow channels formed by lithium cations
predominating in Li'K'Q’ -type sites can become
"clogged up" when more massive potassium cations
attempt to move through these channels. Conversely,
the larger channels formed by potassium cations in
Li'K'Q’-type regions, although predominating in
sites of this type, cannot provide greater diffusion of
cations than in binary glass. Thus, the formation of
conducting channels of different sizes and
characteristics in the glass network can be explained
in terms of the non-statistical distribution of alkaline
cations between silicon-oxygen structural units. The
interpretation of the MAE obtained from the
simulation results can also help to explain the
extremes of the functions of ionic conductivity and
other dynamic properties of glass.

The structural modeling of the mixed alkali
system explains the temperature dependence of the
conductivity and other dynamic properties of glasses
in terms of the changing ability of modifier cations to
associate with different Q" tetrahedra upon heating.
The results obtained in this work are consistent with
the temperature dependencies of the equilibrium
constants of reactions between structural units
obtained from the values of the Gibbs free energies
of the Q" (Koroleva et al., 2021; Koroleva et al.,
2023). All the predicted structures of glasses and
melts containing two or more modifier cations were
obtained only on the basis of ready-made corrected
models of binary glasses and melts of the
compositions LizO_SiOQ, NaZO—SiOZ and KQO_SiOQ.
Therefore, the correction stage taking into account
the experimental data from Raman spectroscopy was
not carried out for models of three- and four-
component systems. The calculated distributions of
the main structural groups were used to identify the
roles of chain structural units of Li'K'Q’ type
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(enriched with lithium cations) and sheet structural
units of the Li'K*Q’ type (containing a predominance
of potassium cations). The behavior of these
structural groups determines the MAE in mixed
systems, as well as its dependence on composition
and temperature. Consequently, the set of
thermodynamic characteristics of structural units
previously obtained from binary alkali-silicate
models are sufficient to develop a physico-chemical
model of multicomponent silicate glass (melt). On
the basis of the comparative analysis of the physico-
chemical modeling results with the available
experimental data, the developed method can be
recommended as promising for studying the structure
and properties of complex multicomponent oxide
melts depending on their composition and external
conditions.
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Abstract. Troilite (FeS) was synthesized and its Mdssbauer
spectra in the temperature range 90-295 K were obtained.
The equilibrium isotope factors (B-factors) of iron troilite
were estimated from the temperature shift (TS) in the
Mdssbauer spectra. The traditional estimation method
using the Debye model to describe the >’Fe phonon
spectrum in troilite resulted in B-factor values for iron
troilite that were significantly different from those
determined from nuclear inelastic resonant X-ray scattering
experiments. Estimates of the iron B-factor for troilite
accounting for anharmonic effects, based on both the
Debye model and the Thirring expansion, showed good
agreement with the inelastic resonant X-ray scattering data
on >’Fe nuclei.

Keywords: troilite; Mdbssbauer spectra;
shift;SOD; the iron B-factor for troilite

temperature

For iron isotopes, along with traditional methods
of experimental determination of equilibrium
fractionation factors (B-factors), it is found possible
to use x-ray-resonance methods — nuclear elastic x-
ray-resonant scattering (Mossbauer spectroscopy)
and nuclear inelastic y-resonance scattering
(NRIXS). In contrast to traditional experimental
methods that allow the determination of equilibrium
fractionation coefficients between minerals, x-ray-
resonance methods make it possible to determine -
factors, which experimental determination was
previously considered impossible (Polyakov, 1997;
Polyakov et al, 2005b). The equilibrium
fractionation factor between to compounds A and B
(ayp) is directly expressed through the B-factors of
these compounds (/4 and fp, respectively):

Ay ::BA/ﬂB (1a)

The application of first-order thermodynamic
perturbation theory allows expressing the -factor of
iron through the kinetic energy of vibrations of the
"Fe nuclei for which the Mdossbauer effect is
observed. Thus, for the *’Fe/**Fe fractionation, the B-
factor can be written in the form (Polyakov, 1997):

_ ’/’/1571;e _m54Fe K57 Fe 3
" Poree = ZRT 2 ®
54 Fe

57 54
where m57Feand My, ~are masses of 'Fe and "Fe

nucleuses, respectively; K, is the vibration kinetic

TFe
energy of >'Fe per 1 mole; z is the number of iron
atoms in the chemical unit; R is the universal gas
constant, 7" is temperature in Kelvins. The use of
nuclear x-ray resonant scattering makes it possible to
determine the vibrational energy of 'Fe nuclei and
thereby evaluate the corresponding B-factor by Eq.
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(2). In the case of Mdossbauer spectroscopy, the
kinetic energy of the vibrations of *’Fe nuclei is
expressed through the temperature shift (TS) in
Maossbauer spectra due to the second order Doppler
(SOD) shift, i.e., changes in the isomer shift, the
"center of gravity" of the Mdssbauer spectrum with
temperature:

K, /z=8m, c 3)

where S is the SOD shift, expressed in units of the
Doppler speed of the source relative to the absorber,
c is the speed of light.

Substituting (3) into (2), allows expressing
*"Fe/**Fe B-factor through the SOD shift that is can
be measured in the Mdssbauer experiment:

Mg  —Ms, Sm 575.C 3
ln = Fe Fe Fe _ = 4
ﬂ Fe/ > Fe ms, . ( R T 2 ] ( )

The SOD shift is usually described by the Debye
model. In this case, it is expressed using the
Maossbauer temperature, Gy

9RO T\ g
S(T)=—— 1+8[—J [ ———a¢
8ms, ¢ Oy o exp(&) -1
&)
In the case of the NRIXS synchrotron

experiment, the projection of the vibration density of
states (PDOS) on vibration of “Mdssbauer isotope”
(*’Fe for iron) is measured. The vibration kinetic
energy of “'Fe can be calculated from its PDOS by
the following equation (Polyakov et al., 2007):

K., =%RT [ Ee.)g(e)de (6)
0

where g(e) is the PDOS normalized per

unity: I g(e)de =1; E(e) is the Einstein function for
0

the energy of a harmonic oscillator of frequency v =

e/h (h is the Planck constant) at temperature 7

b
EeT)y=— /LKl 0.5% r (7)
e _ B
o0 %]
kz in (7) is the Boltzmann constant. Substituting (6)
in (2) with (7) allows us to calculate In ;.. .

In both Méssbauer spectroscopy and NRIXS, the
application of the Thirring expansion by inverse odd
degrees of temperature to kinetic energy (Thirring,
1913, 1914; Housley and Hess, 1966) allows us
express the B-factor through even moments of PDOS
(Polyakov et al., 2005a):

m —
_ M1,

m54 e > i+ Bi 01- &
1nﬂ57Fe/54Fe_—Fz(_1) 172(72) (8)

n’lsthe i=1

In (8) By; is the Bernoulli numbers (B,=1/6, B4=1/30,
B=1/42,  Bg=1/30, B(=5/66,...), and the

characteristic temperature, 6;, is directly related to
the 2i-th moment of PDOS:

1/2i
0, = (1) =i{ [ g(e)ez’de] )
kB kB 0

In the case of the Debye model, characteristic
temperatures are expressed through the Mdssbauer
temperature (Housley, Hess, 1966):

3 1/2i
o, = o
* (2i+3] M

As with traditional methods, equilibrium
fractionation factors are considered reliable when the
results obtained by different methods match.

The iron p-factors for troilite (FeS) were
previously calculated (Polyakov et al., 2007;
Polyakov, Soultanov, 2011) based on results of
NRIXS experiments (Kobayashi et al. 2004). A
subsequent NRIXS experimental study (Polyakov et
al., 2013) confirmed both the correctness of the
experimental data (Kobayashi et al., 2004) and the
iron B-factor calculations (Polyakov et al., 2007) for
troilite. In the present study, aimed an estimation of
reliability of the previously obtained B-factor values,
we determined the iron B-factor for troilite by the
Mossbauer spectroscopy technique. In the course of
the study, new techniques for processing
experimental data were used to evaluate the SOD
shift in Mossbauer spectra.

Polycrystalline troilite (FeS) was obtained for the
study by dry synthesis (Kullerud, 1971). The
presynthesis was carried out by pyrosynthesis, for
which stoichiometric amounts of carbonyl iron and
elemental sulfur (high purity grade) after
homogenization were placed in a quartz glass
ampoule and the mixture was ignited. After the
reaction, the charge was ground and poured into
another ampoule, the ampoule was sealed under
vacuum and placed in a horizontal resistance furnace
for 14 days at temperature of 700°C. X-ray phase
analysis (Bruker D8 ADVANCE diffractometer)
showed the presence of only the phase with the
structure of troilite.

295K

150 K
o

Transmission
1

N “ Speed, mm/s 4 &
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Fig. 1 Mossbauer spectra of troilite (FeS).

The Mossbauer experiment was carried out in
the absorption geometry using the MS1104em
Maossbauer spectrometer (developed by the Research
Institute of Physics, South Federal University,
Rostov-on-Don) operating in constant acceleration
mode with a triangular form of changing the Doppler
speed of the source relative to the absorber. The
Mossbauer spectrometer was calibrated at room
temperature (22°C) using a standard o-Fe absorber.

Mossbauer spectra of troilite were measured in the
temperature range between 90 and 295 K. The
accuracy of temperature maintenance was £ 0.15 K.
The hours. The spectra were processed using the
UnivemMS software package (Bruegeman et al.,
1993). The obtained spectra are shown in Fig. 1, and
the temperature dependences of the isomer shift are
presented in Table 1.

Table 1. Temperature dependence of the isomer shift in the Mdssbauer spectra of troilite.

Isomer shift, mm/s
Temperature, . Unsertainty Traditional Conside.rir}g .
K Experiment s approach, anharmonicity ,
O =263 K Ou=321K

295 0.7574 0.0002 0.7580 0.7574
270 0.7751 0.0002 0.7755 0.7752
250 0.7886 0.0007 0.7893 0.7893
230 0.8025 0.0006 0.8030 0.8032
210 0.8168 0.0006 0.8165 0.8169
190 0.8304 0.0002 0.8298 0.8303
170 0.8433 0.0006 0.8428 0.8434
150 0.8575 0.0006 0.8555 0.8560
130 0.8682 0.0006 0.8676 0.8679
110 0.8790 0.0020 0.8790 0.8789
90 0.8875 0.0019 0.8901 0.8886

"The anharmonic contribution to temperature dependence of isomer shift is: -2.691x10°7 (mm/s).

According to usual methodology the temperature
dependence of the isomer shift satisfies to the
following equation:
8s(T)=6,+S(T) (11)
where, Jis is the isomer shift, Jy is the temperature
independent quantity and the SOD shift, S(7), is
described by the harmonic Debye model (5).
Applying this model to fit the temperature
dependence of the isomer shift (Table 1) results in
the Mdssbauer temperature 6y = 263 K. Despite the
apparently good description of the temperature
dependence of the isomer shift (Table 1), the B-factor
values for troilite calculated using 6y = 263 K differ
significantly from the results of the NRIXS-based
calculations (Polyakov et al., 2007, 2013) (Fig. 2).
Since the Debye temperature of troilite is low,
anharmonic effects appear at temperatures close to
room temperature. This leads to a weak linear
dependence of d, on temperature in expression (11)
(De Grave, Van Alboom, 1991; De Grave, Eeckhout,
2003). Inserting such an additional term (-2.691x107
T mm/s) into (11) raises the Mossbauer temperature
to 6y = 321 K. Only one estimate for the Mdssbauer

temperature, 6y = 260 K is available from literature
(Townsend et al., 1976). Calculations, based on data
(Oshtrakh et al., 2016) result in 8y, =316 K.

In tandem with the Debye model, we also
processed the experimental results based on the
Thirring decomposition. Within this model, the
following expression, similar to (8), is valid for SOD:

S:_%Z_le—g(—l)i(z_?),(%)q

The challenge is reduced to determining the
characteristic temperatures ¢,;, We added 1.5RT/mc,
to all experimental values of the isomer shift, i.e.,
added the value of the contribution to the SOD due to
classical mechanics, which does not depend on the
characteristic temperatures 6,;. We used three terms
in  Thirring expansion (12) for temperature
dependence for the isomer shift. Data obtained at 90
K were not used, since keeping three terms in (12) is
not sufficient for correct description of the
temperature at this low temperature.

(12)
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Fig. 2. Comparison of temperature dependences of iron B-factors for troilite obtained by Mdssbauer spectroscopy and

NRIXS.

We chose as input parameters for the calculation
of 6,; all possible differences between increased by
1.5RT/mc values of isomer shift. A total of 45 values
in the temperature range from 110 to 295 K were
selected. The obtained values of characteristic
temperatures: 6, = 256.3 K; 6, = 441.5 K; 65 = 489.3
K, allow calculating the *'Fe/**Fe B-factors for troilite
by equation (8).

Comparison of the found iron B-factor values for
troilite with those published earlier (Fig. 2). showed
good agreement between the results obtained on the
basis of Mossbauer spectroscopy and NRIXS. This
allows us to recommend the found values of B-factors
for use in geochemical applications. From (4), (8)
and (10) after simple transformations we obtain the
temperature dependences in the polynomial form:
10°Ing = 0.42921x - 0.52650x10°x + 1.00466x10x’

(13)
10°Ing = 0.45615x - 4.39817x107x + 3.78214x10°x°

(14)
where x=10%T"2. Equation (13), which corresponds to
the Debye model with 6y = 321 K, is apparently
more reliable, because it agrees better with the
literature data.

This study was carried out under government-
financed research projects for D.S. Korzhinsky
Institute of Experimental Mineralogy of the Russian
Academy of Sciences and Vernadsky Institute of
Geochemistry and Analytical Chemistry of the

Russian Academy of Sciences.
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Abstract. In the Ag-Pd-Se ternary system, for the
equilibrium association Ag,Pd;. .- Ag,Se- Agi1+,Pd;1.,Ses,
the temperature dependence of the EMF in an
electrochemical cell with a solid electrolyte Agl was
determined:

C|Ag|AgI|(Ag,Pd;.,Ad,Se, Ady1+yPd1;.,Ses)|C

Based on the data obtained and the literature data, the
possibility of determination of

1) thermodynamic properties for the phase (Ag,Pd),,Seq
2) activity of silver in a silver-palladium alloy.

Keywords: Thermodynamics, silver, palladium, selenium,
chalcogenides, EMF, electrochemistry.

Introduction. Except the native elements Ad, Pd
and Se, there are four minerals: palladseite

(Pd;;Se;s), verbeekite (monoclinic PdSe»),
naumannite (Ag,Se) and chrisstanleyite (Ag,Pd;Se,)
in the Ag—Pd—Se system. Minerals of the Ad—Pd—Se
system are found in various geological environments.
Palladium selenides are known to occur in gold-
bearing mineralizations, also known as “jacutinga”
type ores, in Minais Gerais and Serra Pelada in Brazil
(Clark et.al. 1974, Davis et.al. 1977, Olivo&Gauthier
1995, Cabral et.al. 2002, Cabral&Lehmann 2007)
and were observed in carbonaceous Precambrian
black shales of the Voronezh crystalline massif in
Russia (Rudashevskiy et.al. 1995). Chrisstanleyite
was found in gold-bearing carbonate veins in Middle
Devonian limestones in Hopes Nose, Torquay,
Devon in England (Paar et.al. 1998), and also, as
reported, at the Musonoi Cu-Co-Mn-U mine in Shaba
province in the Democratic Republic of the Congo
(Roberts et.al. 2002), Tilkerode in the East Harz
Mountains in Germany (Stanley et.al. 2002), in
selenide mineralization in El Chira in Argentina
(Paar et.al. 2004), in uranium mineralization in
Przedborzice, Czech Republic (Paar et.al. 2005), in
the Eastern Pilbara region in Western Australia
(Nickel 2002) and in Gongo Soko in Minas Gerais,
Brazil (Cabral &Lehmann 2007). Verbeekite is
known from the location of its type - the Musonoi Si-
Co-Mn-U mine in the Democratic Republic of the
Congo (Roberts et.al., 2002) and Hope Nose in
Devon in England (Paar et.al., 1998).

Selenides are closely related to sulfides, oxides,
tellurides and native elements in various mineral
complexes; Se often replaces S in sulfides. Simon
(Simon et.al. 1997) examined the mineralogy of
selenides in  natural ore deposits  using
thermodynamic data and calculated equilibria for
binary selenides presented by Simon&Essene (1996).

Selenides are formed from hydrothermal fluids
under conditions of a high fugitivity Se/S. According
to Simon et.al. research (1997), an oxidizing medium
(close to the anglesite-galena buffer) and Se-rich
fluids are necessary for the formation of most
selenide minerals. Selenium-rich, relatively reduced
(below the hematite-magnetite buffer) hydrothermal
fluids can only precipitate Ag selenides; no other
selenide minerals can precipitate from such fluids.
Selenides are found in four main types of deposits:
telethermal selenide veins, uranium deposits
associated with inconsistency, uranium deposits in
sandstones and epithermal Au-Ag deposits (Simon
et.al., 1997). Telethermal deposits of selenide vein
type include well-known selenide-containing
deposits in the Harz Mountains in Germany
(Clausthal, Lerbach, Tilkerode, Trogtal, and Zorge;
Tischendorf 1959, Wallis 1994, Stanleyatal. 2002),
and in Bolivia (ElDragon, Grund-mann et.al. 1990;
Pacajake, E.G., Ahlfeld 1941) and Argentina (the
province of La Rioja, for example, Paar et.al. 1996)
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The U deposits associated with the discrepancy
contain selenide-containing mineralization in the
Bohemian Massif (Przedborzice, Petrovice, Habry;
Kvacek 1979, Johan, 1989), in the Central Massif in
France (for example, Johan et.al., 1982) and in the
Athabasca region in Saskatchewan (for example,
Robinson 1955). Palladium selenides are known to
occur mainly in telethermal selenide veins and U-
deposits associated with inconsistency; in these
deposits they were formed at low temperatures below
300°C (Simon et.al., 1997).

In this study, an attempt was made to determine
the thermodynamic parameters of the Ag;;.,Pd;;.ySeg
phase (Vymazalova A. et.al., 2014).

Sey

Ag

The EMF of the element (A) is determined by the
difference of the chemical potentials of the element
in the sample (the composition is showed Fig.1.) and
the pure element.

ClAglAgl|(Ag.Pd, «,Ag,Se, Agii:yPdi1,See)|C  (A)
expected chemical reaction:

4.54*3Agy51Pdy27S€02015.23Ag=6.77 Agy,Pd0g 5+

+Ag,Se (823K)

4.54*3Ag51Pdj27S€02,14.56Ag=6.1 AgsPd0,,+

+Ag,Se (623K)

Gibbs energy of reaction:
A.G=-nFE(A)/RT,
n— the number of electrons involved in the reaction,
R (universal gas constant) and F(Faraday constant)
from [IUPAC , T the temperature in Kelvins.

To calculate the thermodynamics of the phase,
the following values were taken for the Gibbs energy
Ag,Se  AG(B-Ag,Se) =-35062-42.18*T(1x/Momb)

Experimental. The composition selected for the
study (Ag-0.3762 g, Pd-0.1038 g, Se-0.0688 ¢g)
indicated on the Fig.1. (Vymazalova A. et al., 2014).
Palladium powder (AldrichChem. Co., 99.95%
purity), silver (AldrichChem. Co., 99.99% purity)
and selenium (AldrichChem. Co., 99.99% purity)
were used to make the sample. The synthesis was
carried out in a horizontal furnace in a vacuum
ampoule at a temperature of 550 C by two
intermediate grindings in an agate mortar to
homogenize the composition. Agl (AldrichChem.
Co., 99.99% purity) was used as the solid state
electrolyte.

Fig.1. Isothermal section of
ternary Ag-Pd-Se phase diagram
at T=350 °C

(FengD., TaskinenP., TesfayeF., 2013).

Solid-state electrochemical cell. The schematic
of the electrochemical cell (A) for determining EMF
is a column of 3 tablets with a diameter of 6 mm and
a thickness of 1 to 5 mm. The reference electrode
(Ag), the test sample
(Agdel_x,AgZSe, Angden_ySeé)
electrolyte(Ag) between them.

and the

The cell elements (Fig. 2.) are placed in the cell
holder (and are compressed by a spring for reliability
of electrical contacts. The cell holder is placed in a
quartz glass container and then evacuated.

Experiment in Geosciences 2023 Volume 29 N 1

75



AAAAAA
VVVVVVY

| H
L8

Fig. 2. Schematics of EMF Cell. 1- copper wires, 2-
vacuum tube, 3 — spring, 4- quartz tube, 5- graphite plate,
6 — sample, 7 — Agl solid electrolyte, 8- Ag comparison
sample, 9- graphite plate, 10 — ceramic stopper, 11 —
thermocouple, 12 — furnace, 13 — quartz cell body.

Results. Temperature dependence of (E, mV)
shown Fig.1.
E(mV)=-33,65+0.08027(K)
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Fig.3. EMF dependence cell (A)

Conclusions. Comparing the obtained EMF
dependence with the existing data (Fig.4.) and
considering the investigated ternary association
Ag/Pd;. - Ag,Se- Ag,1:,Pd; Ses, it can be assumed
that at a fixed temperature in the electrochemical cell

(A), the activity of silver in the alloy and the
hypothetical reaction are simultaneously measured:
4.54*3Ag0_51Pd0.27SCO.22‘|’5.23Ag=6.77 Ago_gQPdOo.lg
+Ag,Se (823K)

4.54*3Ag 51Pdy275€0.2,14.56Ag=6.1
+Ag,Se (623K)

AggPd0,

21— Ag, ,Pd, , (Feng D., Teskinnen P. 2014)
244 m Cell (A) 7
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Fig.4. Comparison of the obtained data with the literature
(FengD., TaskinenP. 2014)

In the studied temperature range, the alloy
composition varies from Ag0.8Pd0.2(623 K) to
Ag0.78Pd0.22 (823 K). Adjusted for the error (both
our data and those given by Taskinen), we assume
that at T=623 K the dependencies intersect, which
fully confirms with our assumption.

Thus, for our calculations, we can assume that
AGy (AgosPd0y 15)=-3923.1(J/mol) (823K)( Feng D.,
Taskinen P., 2014)

AG; (AgosPd0y )= -3643.3(J/mol) (623K) ( Feng D.,
Taskinen P., 2014)

AG/‘ (Ag().s1Pdo_27seo_22):(5.23*F*E+AGf (AgQSe)-ir
677AGf(Ag082Pd0018))/454

AG/‘ (Ago_s1Pd0,27Seg,22)=(4.56*F*E +AGf (AgQSe)-ir
6.1AG, (AgysPd0,,))/4.54

Accordingly:
AG/(Ag()ijdo_nseo_zz):-10636.8-2.98*T(J/mOl)
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