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Abstract

A thermodynamic model has been developed for the condensed phases of the salt system
(NaCl + NaxCOs + Na2SO4 + NazS>07 + NaxCrO4 + NaxCr20O7 + NaxMoOs + NaxMo,07 +
NaxO + KCI + K>CO3 + K2SO4 + KoS207 + KoCrO4 + KoCroO7 + KoMoOs + KoMo2O7 +

K>0) (diluted in free oxides), which is most often involved in combustion processes for

energy production. This model is relevant in particular for the solid deposits formed



in steel and stainless steel installations containing Ni, Cr, Mo, W, and V as

alloying elements, and permits the accurate prediction of thermodynamic properties and

phase equilibria in the multicomponent system. The (NaCl + NaxCO3z + Na;SO4+ NaxS>07
+ NaxCrO4 + NaxCr207 + NaxO + KCI + K2CO3 + K2SO4 + K2S207 + KoCrOs + KoCroO7 +
K>0O) sub-system was critically evaluated in previous papers. In the present work,
NaxMoOs, KoMoOs, NaxMo,07, and K>Mo020O7; have been added to the previously
developed thermodynamic model. The available phase diagram and thermodynamic data
have been critically evaluated, and model parameters have been obtained. The Modified
Quasichemical Model in the Quadruplet Approximation was used for both the liquid
solution and the high-temperature hexagonal solid solution (Na2CO3 + Na;SO4 + Na,CrOg4
+ NaxMoO4 + K2CO3 + KoSO4 + KoCrO4 + [KoMo0O4]), whereas the Compound Energy
Formalism (CEF) was used for all other solid solutions.

Due to the lack of data, several common-ion binary sub-systems have been investigated in

this work at different compositions by DSC-TGA. In addition, the non-stoichiometric

molybdenum-glaserite phase has been studied at the composition (35 mol% Na;MoO4+ 65
mol% K>MoO4) using SEM-EDS and DSC-TGA, after annealing at 400°C for four weeks.

Keywords: Thermodynamic modeling; Phase diagrams; Alkali molybdates; Alkali
dimolybdates; DSC-TGA
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1. Introduction

Hot corrosion in steels and stainless steels consisting of the alloying elements Ni, Cr, Mo,

W, and V refers to accelerated oxidation occurring at high temperatures (from 600 to

950°C) ! in the presence of combustion gases (N2, CO,, CO, O,, H,0, etc.) containing
contaminants (SO,, Cl,, S,, HCI, etc.), and corrosive products (Na,0O, K,O, NaOH, KOH,

NaCl, KCI, etc.). *> Typical corrosion temperatures for some combustion processes, such


mailto:christian.robelin@polymtl.ca

as black liquor combustion, are of the order of 500°C. The threshold for these temperatures
depends on the lowest melting temperature of the ashes produced.

Hot corrosion is an accelerated attack associated with corrosive deposits accumulating on
the plant walls, specifically NaCl, KCI, Na,CO3, K2CO3, NaxSO4, K2SO4," # 6% NayCrOs4
and KoCrOs * % 19 salts. Further salts are known to promote corrosion, such as Na;MoO4
and KoMoO4 * 1% 1in the solid or liquid form and can dissolve into the previously
mentioned salts.

According to Misra’s investigation, '> MoOj flux created at the interface between the metal
and the scale initiates catastrophic corrosion in molybdenum-containing superalloys. '
The transformation of Na>SO4 into Na2CrO4 can occur long before the onset of catastrophic
corrosion, which is accompanied by the conversion of NaxCrO4 to NazMoO4. A mixture of
Na;MoO4 and MoOs has been attributed to this kind of catastrophic corrosion.

Peters et al. 13

previously reported the oxidation of NaxSO4/NaxMoQOs-coated samples, for
which a Na;SOs-coated (Ni-15% Cr) alloy exhibited a severe corrosion behavior in the
same reaction chamber as the Ni-15Cr-Mo alloys. That is, MoO3 was dissolving in the salt
layer and was then carried into the vapor phase according to the reaction Na>SO4 + MoO3
= Na;MoO4+ SOs.

An accurate thermodynamic model is available for the condensed phases of the (NaCl +
NaxCO3 + NazSOs + NazS207 + NaxCrO4 + NaxCr207 + NaO + KCl + K2COs + KoSO4 +
K2S:07 + KoCrO4 + KoCrO7 + K20) system (diluted in free oxides). The chromium-free

version was originally developed by Lindberg et al. '+ 1

and then extended in our previous
study. '¢ The present paper describes the addition of molybdates (Na2MoO4 and KxMoO4)
and dimolybdates (Na;M 0207 and KxM0,07) to our existing model. In our previous works,
417 an assessment of the thermodynamic properties (standard enthalpy of formation
AHog 15 ¢ from the elements in their stable standard state at 298.15K and 1 atm, absolute
(third law) entropy S,og15 x referenced at 298.15K and 1 atm, and heat capacity Cp as a
function of temperature) was performed for NaxMoO4, K2MoQO4, NaxM0,07 and KoMo,07.
Also, extensive information on the crystal structures of all allotropes of these four
compounds was obtained from the literature, making it easier to identify possible solid
solutions forming with other considered salts.

In the liquid solution of the (NaCl + NaxCOj3 + Na>SO4 + Na2S»07 + NayCrO4 + NaxCr207



+ NaxMoO4 + NaxM0207 + Na;O + KCl1 + KoCO3 + KaSO4 + K2S207 + KoCrOs + KoCr 07
+ KoMoOs + KoMo0,07 + K20) system described in the present article, free oxides are
present in dilute amounts since reactions of the type 2 AoMOs = A2M207 + A20 (where A
= Na, K and M = Cr, Mo) are very limited up to above the liquidus temperatures. !’

The developed thermodynamic model has been calibrated using the CALPHAD approach
(CALculation of PHAse Diagrams), based on the available thermodynamic and phase

equilibrium data from the literature, and also on our differential scanning calorimetry

(DSC)-thermogravimetric analysis (TGA) measurements at several compositions in

the following common-ion binary sub-systems : (Na;COs; + Na;MoOQO4), (NaxSO4 +
NaxMo00Os), (K2SOs + KaMoO4), (NaxCrO4 + NaxMoOs), (K2CrOs + KoMoOy4), and
(NazMoO4 + KoMoOy).

Phase diagram data were very limited for Na;MoOs- and K2MoOs-containing common-
cation ternary sub-systems, reciprocal ternary sub-systems (that is, systems with Na, K,
and two anions), and higher order sub-systems. As will be discussed later, such data were
only available for the (Na2SO4 + Na;CrO4+ NaxMoO4) and Na, K // Cl, MoO4 sub-systems.
The liquid solution exhibits small deviations from ideality. Hence, predictions in the entire
multicomponent system (NaCl + Na;COs + NaxSO4 + NazS207 + NaxCrO4 + NaxCr, 07 +
Na:MoO4+ NaxMo0,07 +NayO + KCl1 + K2CO3 + K2SO4 + KoS207 + KoCrO4 + Ko2CraO7 +
K2MoO4 + KoMo0207 + K>0) (diluted in free oxides) are expected to be reasonably accurate.
All calculations and optimizations have been conducted using the FactSage

thermochemical software. '

2. Thermodynamic data, crystal structures and space groups for the
pure compounds

Thermodynamic data (AH,og45k> Ssosisk. and Cp) for the condensed pure

compounds of the (NaCl + Na,COs + NaSOs4 + NaxS207 + NaxCrO4 + NaCr,O7 +

NaxMoOg4 + Na;Mo,;07 + Na,O + KCI + KoCO3 + KaSO4 + KuS207 + KoCrO4 + Ko CrO7 +



K>MoO4 + KaMo207 + K20) system were previously selected in references “ 1"
1920 and were directly used in the present study. The thermodynamic data for
NaCl and KCI have been evaluated by Chartrand and Pelton. *° Assessments of

the thermodynamic properties of Na,COs3, NaxSO4, K2CO3, K2SO4, NaxS;07 and

K2S:07 have been conducted by Lindberg et al. **2° The thermodynamic data for

NaxCrOs4, K2CrO4, NaxCr207, KoCr20O7, NaxMoO4, KoMoO4, NaxMo0,07, and KoMo,0O7

were taken directly from our previous works. * " Finally, the thermodynamic

properties of Na,O and K>O were taken directly from the FToxid database in FactSage. '8

For every solid compound, the most probable crystal structure and space group
were discussed previously based on the available information from the
literature.

A summary of the crystal structures and space groups of all relevant pure salt
compounds is displayed in Table 1. Note that new information taken from * 7

is presented only for NazMoO4, NaxMo0,07, KaMo0O4, and KxMo204. For all other solid

compounds, the corresponding information was given previously, '° and is repeated here
for the sake of clarity.
The thermodynamic data for the condensed pure compounds optimized in the present study

are given in Table 2.

Table 1: Crystal structures and space groups of all relevant pure salt compounds

Pure Crystal Space group Pearson Symbol
compound Allotrope structure / Reference
Phase Prototype
NaCl NaCl Cubic Fm3m (225) cF8 / NaCl FactSage (FTsalt
database) '8




KClI KClI Cubic Fm3m (225) cF8 / NaCl FactSage (FTsalt
NaxCOs3 ini -
Na:CO3(S;) Monoclinic C2/m (12) mS24 / y database) 2
Na,C0Os-a
NaxCOs(S5) Monoclinic C2/m (12) mS24 / -
Na,CO;-b
Na2C0s3(S3) Hexagonal P65 /mmc (194) hP22 / K,S0,
K>COs KoCOs(S;) Monoclinic P2,/c (14) mP24 /K,CO; | FactSage (FTsalt
K>C0s(S,) Hexagonal P65 /mmc (194) hP22 / K,S0, database) 18
NazxSO4 NazS04(S3) Orthorhombic Fddd (70) oF56 / Na,SO, FactSage (FTsalt
Na2S04(S1) Orthorhombic Cmcm (63) 0528 / Na,CrO, | database) 8,1
Na2S04(S2) Hexagonal P65 /mmc (194) hP22 / K,SO,
Na28207 Na28207 Triclinic P1 (2) aP22 / Cd,P,0, | FactSage (FTsalt
database) 8, 2223
K2SO4 K2SO4(S1) Orthorhombic Pnma (62) oP28 / K,S0, FactSage (FTsalt
d t b 18’ 14
K2504(S2) Hexagonal | P6;/mmc (194) | hP22/K,S0, atabase)
K28:07 K28207(S1) Monoclinic C2/c (15) mS44 / K2S207 | FactSage (FTsalt
18 22
K:5:01(S) - 5 : database) 8,
NaxCrO4 NaxCrO4(S1) Orthorhombic Cmcm (63) 0528 / Na,Cr0, 4,24
Na2CrO4(S2) Hexagonal P63 /mmc (194) ’
NaxCr207 Na2Cr207(S1) Triclinic P1 (2) aP44 / 17,25, 26
NaZCr207
NazCr207(S2) Triclinic AT (2) aP22 / Cd,P,0,
KaCrO4 KoCrO4(S1) | Orthorhombic Pnma (62) oP28 / K,S0, 427
K2CrO4(S2) Hexagonal P63 /mmc (194)
K>Cr207 K>Cr207(S1) Triclinic P1 (2) aP44 / K,Cr,0, 17,22,28
K2Cr207(S2) Monoclinic P2,/c (14) -
NazMoOs | NazMoOa4(S1) Cubic Fd3m (227) cF56 / MgALO4 423,29
NaxMoO4(S2) Orthorhombic Pbn2, (33) -
Na:MoO4(S3) | Orthorhombic Fddd (70) -
NazMoO4(S4) Hexagonal P65 /mmc (194) *
Na:Mo,07 NaxMo207s1) | Orthorhombic Cmca D3} (64) 0S88 / Nax;W207 17,30
Na:Mo0207(s2) Monoclinic - -
KoMoOg4 KoMoOu4siy Monoclinic C2/m (12) mS28 / KaMoO4 422,31
KoMoOys2) Orthorhombic Cmcem (63) -




K2MoOxs3) Trigonal P3ml (164) -
KoMo0207 KaMo207s1) Triclinic P1(2) aP22 / KoMo207 17,22, 32
KaoMo207(s2) Monoclinic P2;/c or C3y, —
(assumption) P2;/n
(assumption)
14

* The corresponding Pearson symbols / prototypes for Na2CrOu(Sz2), K2CrO4(S2) and Na2MoOa(S4) are not available to

our knowledge. Thus, since these three compounds have the same crystal structure and space group as Na2COs(S;),

Na2S04(S2), KoCOs(S2), and K2SO4(Sz2), they were assumed to have the same Pearson symbol / prototype phase (that is,
hP22 / K2SOs4).

** The corresponding Pearson symbol / prototype for Na2MoOa4(S3) is not available to our knowledge. Thus, since this
compound has the same crystal structure and space group as Na2SOu(S3), it was assumed to have the same Pearson symbol

/ prototype phase (that is, oF56 / Na>SOs).

ok

The corresponding Pearson symbol / prototype for K2MoO4(Sz) is not available to our knowledge. Thus, since this
compound has the same crystal structure and space group as NaxCrO4(S1) and Na2SO4(S1), it was assumed to have the

same Pearson symbol / prototype phase (that is, 0S28 / Na2CrOs).

Table 2 : Thermodynamic properties of solid compounds optimized in the present

study
Compound T Range AH30g15 K S298.15 K Cp
(K) (J/mol) (J/mol.K)" (J/mol.K)
Na3CIMoOg4 298.15 to 950 -1,872,914.8 248.5426 171.284592
+0.09489312 T/K
KsNa(MoOs)2 298.15 to 564 -2,976,566.0 389.6457 232.914912
(below 513K) +0.184602264 T/K
+1,094,534.4 (T/K)2

@ Enthalpy relative to the enthalpy of the elements in their stable standard states at 298.15 K.

b Absolute (third law) entropy.

3. Thermodynamic model for the liquid phase

The liquid phase of the (NaCl + Na;CO3 + NaxSO4 + NaxS207 + Na;CrO4 + NaCr207 +
NaxMoO4+ NaxMo0207 + Na;O + KCl + KoCO3 + K2SO4+ K2S207 + KoCrO4 + Ko CroO7 +
KoMoOs + KoMo0,07 + Ko0O) system (diluted in free oxides) was modeled using the



Modified Quasichemical Model in the Quadruplet Approximation (MQMQA). * The
cations (Na" and K* in this work) and the anions (CI", CO3~, SO3~, S,0%~, Cr03~, Cr,0%",
Mo0%~, Mo0,0% and 0%~ in this work) are distributed over a cationic and anionic
sublattice, respectively. The MQMQA takes into account coupled 1%- and 2"%-nearest-
neighbour short-range order (i.e. between sublattices and within a sublattice respectively).
A quadruplet such as Nax(Mo0O4)2, NaK(Mo00O4)2, Nax(CO3)(M0o0Os) or NaK(CO3)(M0Os)
consists of two 2"%-nearest-neighbour cations and two 2"-nearest-neighbour anions, which
are mutual 1%-nearest-neighbours. Quadruplets all have a Gibbs energy and are assumed to
mix randomly, constrained by an elemental mass balance. The equilibrium quadruplet
composition (configuration) is obtained by minimizing the Gibbs energy of the liquid
solution at a given temperature, pressure and composition, and the equilibrium
configuration reflects 1%- and 2"%-nearest-neighbour short-range order among ions.

The model is described in detail in reference ** and its main features were given in our
previous work. '® A brief summary is provided below.

Second-nearest-neighbour (cation-cation) short-range ordering is described in terms of the

following equilibrium :
[A'X—A]pair+ [B'X—B]pair = 2 [A-X-B]pair; AgAB/XZ (1)

where A and B are two different cations (Na" and K" in this work), and X is an anion. The
Gibbs energy change Agap/x, 1s a model parameter that can be expressed as a function of
composition by an empirical polynomial expression (see equation [11] in reference *). As
Agap/x, becomes progressively more negative, reaction (1) is shifted to the right, [A-X-B]
pairs predominate and 2"-nearest-neighbour (cation-cation) short-range ordering results.
Random mixing occurs when Agag/x, is zero. To a lesser extent, 2"d_nearest-neighbour
anion-anion ordering can play a role. Hence, the following pair exchange reactions are also

taken into account :
[X-A-X]pair + [Y-A-YJpair =2 [X-A-Y]pair; Aga,/xy (2)
where A is a cation (Na" or K* in this work), and X and Y are two different anions.

In the case of reciprocal salt solutions (that is, solutions with two or more cations, and two

or more anions), first-nearest-neighbour (cation-anion) short-range ordering can occur. Its

8



extent is related to the Gibbs energy change for the following exchange reaction :
h
[A-X]pair + [B-Ypair = [A-Ypair + [B-Xlpair; Agpxy - (3)

where A and B are two different cations (Na* and K in this work), and X and Y are two
different anions. Agf\’gc/h;; 8¢ only depends on the Gibbs energies of the four pure liquid
salts. If it is negative, then [A-Y] and [B-X] 1%-nearest-neighbour pairs predominate. For
instance, Agg’;?fa%& 00,) for the exchange reaction NaCl(l) + 0.5 KoMoO4(l) <> KCI(1) +
0.5 NaxMoOuy(l) is calculated to be about -4.3 kJ/mol at 1250K (i.e. above the highest

melting temperature of the four pure salts).

To obtain quantitative fits, small empirical “ternary reciprocal parameters” may have to be
included in the liquid model. These parameters represent the Gibbs energies of formation
of the ABXY quadruplets from the binary quadruplets >* :
%(ABXZ + ABY; + A;XY + B,XY) = 2(ABXY); Agap/xy (4)
The model parameter Agap/xy is expanded as an empirical polynomial in the mole
fractions xa,/x,, Xa,/v,» XB,/x, and xg,/y, of the A>X>, A2Y>2, B2Xz and B2Y» unary
quadruplets as follows:
Agap/xy = Agap/xy t Zizl[giAB/XY(AX)xj%z /x, T gZB/XY(BX)x]gz/XZ +

gZB/XY(AY)x}xz/YZ + g,ith/XY(BY)xliaz/Yz] (5)

The empirical parameters Agag xy and ghs /XY(AX)> €C. may be temperature-dependent and
can be obtained by optimizing thermodynamic and phase diagram data in the ternary
reciprocal system A, B/ X, Y. They are all expected to be relatively small.

The 2"-nearest-neighbour “coordination numbers” are model parameters, and are
permitted to change with composition in the liquid solution. ** Such a flexibility permits to
select the compositions of maximum short-range ordering in the A, B// X and A// X, Y
common-ion binary systems through the ratios (ZEB /X, /785 /Xz) and (Z){2 /XY/ Z ffz /XY),
where Zip /x, and Z};Z /xy are the 2"_pearest-neighbour “coordination numbers” of the ion
i when all i exist in ABX> and A>,XY quadruplets, respectively. “Default values” of the 2"-

nearest-neighbour (cation-cation or anion-anion) “coordination numbers” for the ABXY



quadruplets were proposed previously (equation [23] of reference **). These “default
values” were used for the (NaxSOs + K>SO4 + NaxCrOs + KoCrO4), (NaCl + KCI +
NaxCrO4 + K2CrOs) and (NaxCO3 + KoCOs3 + NaxCrO4 + KoCrOs) ternary reciprocal
systems modeled in our previous work, '® and for the (NaCl + KC1+ Na;MoOs + K2MoO4)

ternary reciprocal system modeled in the present study.

It is required to designate all ternary common-cation sub-systems of the (NaCl + Na;COs
+ NazS0s4 + Na2S207 + NaxCrO4 + NaxCr207 + NaMoOs + NazMo207 + KCl1 + K2COs +
K2SO4 + K2S:07 + K2CrO4 + K2Cr207 + KoMoOs + KoMo0207) main system as either
"symmetric" or "asymmetric". 3* The liquid model consists of the Na* and K* cations, and
of the main anions CI', CO%~, SO3~, S,0%~, CrO%~, Cr,02~, Mo02%~, Mo,02". All anions
are divided into two different chemical groups, based on their valence: group 1 = CI'; and
group 2 = C0%~, SO3~, S,0%7, Cr05~, Cr,02~, Mo0O3%~, Mo,0%".

For all ternary common-cation sub-systems containing NaCl or KCI, two anions belong to
the same group and CI” belongs to another group; a Kohler-Toop-like (asymmetric)
interpolation method is then used with CI" as the asymmetric component. For all ternary
common-cation sub-systems without NaCl or KCI (such as (NaxSOs + Na,CrOs +
NaxMoO4) modeled in the present work), all three anions belong to the same group; a
Kohler-like (symmetric) interpolation method is then used.

Using the available experimental data (such as phase diagram data) for the A, B // X and
A /I X, Y common-ion binary systems, the model parameters Agap/x, (reaction (1)) and
Aga, /xy (reaction (2)) can be optimized through expansion as empirical polynomials in the
composition variables y;; and ;. After selecting an interpolation method for each ternary
common-ion sub-system, x;; and y;; are defined unambiguously. ** For any ternary
common-cation sub-system (AX + AY + AZ) (where A is Na" or K*, and X, Y, Z are three
different anions), terms may be included that give the effect of the third component, AZ,
on the quadruplet-formation energy Agy, /xy of the binary A>XY quadruplet. This is done
by introducing the empirical ternary parameter ggl;XY(Z), which can be obtained by

optimizing thermodynamic and phase diagram data in the common-cation ternary system

(AX + AY + AZ). 3

10



The Gibbs energy of the solution can be expressed as follows:

G =Y njjx Gijjma — T ASOE (6)
where njj i refers to the number of moles of unary, binary, and reciprocal quadruplets;
gij/k1 is the Gibbs energy of the quadruplets, and AS°I8 represents the configurational
entropy of mixing. A random distribution of all quadruplets over “quadruplet positions” is
assumed. However, no exact mathematical expression of AS°™& is available for this
distribution, and an approximate expression was thus proposed (equation [39] in reference
3,

As explained in reference *°, the MQMQA has been improved to address the limitation of

the previous model when the Gibbs energy change Agz)gc/l;;l 8¢ of reaction (3) becomes very

negative. The expression of the configurational entropy has been refined; slight
modifications have been made in the interpolation expression of the Gibbs energy excess
parameters in reciprocal systems; and the parameter {, related to the ratio between the 2"-
nearest-neighbour and 1%-nearest-neighbour “coordination numbers” for a species i
(equation [17] in reference *), is no longer constant. In the improved version of the

MQMQA, the notation G /x is used, and this parameter is defined as follows:

(A/X = 2le;lz/xzzti(z/xz/(Z;lqz/xz +Z/)1(2/X2) (7)
where ZAZ /X, 18 the 2"_nearest-neighbour “coordination number” of the ion i (i = A, X)

when all i exist in A2X> quadruplets.

Tables 3 and 4 list, respectively, the values of the 2"9-nearest-neighbour “coordination
numbers” and of the newly optimized model parameters for the liquid phase of the Na*, K*
// CI,, COs%, 8047, $,07%, CrO4%, Cr207%", M0o0O4>", M0,07*", O* reciprocal system (diluted
in free oxides).

Forthe Na*, K" // CI,, CO3*, SO4>, S,07%, CrO4>, Cr207*", M0oO4>", M0207>", O* reciprocal

system, the values of {/x (equation (7)) are:

Cayx =% Cajc1 =6 (8)

where A =Na*, K*; and X = CO3%, SO+, S207%, CrO4>, Cr207%, MoO4*, M0,0+%, O*.

11



Table 3: 2"%-nearest-neighbour ‘‘coordination numbers’’ for the quadruplets ABXY
of the newly optimized systems of the Na*, K* // Cl-, C03~, S0%~, §,0%~, Cro3~,
Cr,0%~,Mo03~, Mo,0%~, 0%~ liquid phase

A B X Y zZ ﬁ\\B /XY z RB /XY zZ ﬁB /XY 4 XB /XY
Na Na Cl Cl 6 6 6 6
K K Cl Cl 6 6 6 6
Na Na COs COs 3 3 6 6
K K CO; CO; 3 3 6 6
Na Na SO4 SO4 3 3 6 6
K K SO4 SO4 3 3 6 6
Na Na 8207 8207 3 3 6 6
K K S,07 S,07 3 3 6 6
Na Na CrO4 CrO4 3 3 6 6
K K CrOq4 CrOq4 3 3 6 6
Na Na Cr207 Cr207 3 3 6 6
K K CI‘207 CI‘207 3 3 6 6
Na Na MoO4 MoO4 3 3 6 6
K K MoO4 MoOg4 3 3 6 6
Na Na Mo,04 Mo,04 3 3 6 6
K K M0207 M0207 3 3 6 6
Na Na 0] 0] 3 3 6 6
K K 0] 0] 3 3 6 6
Na Na Cl MoOy4 4 4 4 8
K K Cl MoO4 4 4 4 8
Na Na CO; MoOy4 3 3 6 6
Na Na SO4 MoO4 3 3 6 6
Na Na CrOy MoOy 3 3 6 6
K K COs MoOg4 3 3 6 6
K K SO4 MoOg4 3 3 6 6
K K CrO4 MoO4 3 3 6 6
Na K MoO4 MoO4 3 3 6 6
K K Cr,07 Mo,04 3 3 6 6
Na Na MoO4 Mo,04 3 3 6 6
K K MOO4 M0207 3 3 6 6

The 2"-nearest-neighbour "coordination numbers" for the ABXY quadruplets of the Na®,
K* //CI',C03~,S057, S,0%, Cr0%~, Cr,0%~, 02~ liquid phase were given previously by

Lindberg et al. %15 and in our previous work, '® and they were directly used in the present

work.
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Table 4: Model parameters optimized in the present work for the Na*, K* // CI,
C0%,50%,5,0%,Cr03, Cr,0%, Mo0?%~, Mo,0%, 0%~ liquid phase (diluted in

free oxides)

System Model parameter (J/mol)
(NaCl + Na;MoOy) Agna, /ccyMoo,) = 300.0x(c1ymo0,)
(KC1+ K;MoOy4) Agk, /cy(moo,) = —1,100.0 4+ 500.0) (ciy(moo,) — 750.0X(mo0,)(c1)
(N32C03 + NazMoO4) AgNaz/(Cog)(Moo4) = 700.0
(K2C03 + K2M004) Ang/(C03)(M004) = 1,0500 + 650'0X(M004)(C03)
(NazSO4 + NazMOO4) AgNaz/(SO4)(M004) = —5,7000 + 3,000.0){(1\4004)(504)
(KZSO4 + K2M004) Ang/(SO4)(MOO4) = 5000 + 800.0){(504)(1\/]004)
(NaxCrO4 + NaxMoOy) AgNaZ/(Cr04)(M004)
= 1,0000 — 1,200.0){((:1-04)(]\/[004)
+ 1:000-0X(M004)(Cr04)
(K2CrO4 + K2M004) Ang/(CI‘O4)(MOO4) = 2,0000 + 1,500.0){((:1-04)(]\/[004)
(NaZMOO4 + K2M004) AgNaK/(MoO4)2 = _5000 + 7500XNaK
(Na;MoOj4 + Na;M0207) | Agna, /(Mo0,)(Mo,0,) = —450.0X(Mo00,)(Mo,0,) T 3,500.0X (Mo,0,)Mo0,)
(NaCl + Na;MoO4 + KCl Agnak/cnMo0,) = 7,000.0xk, /(Mo0,),
+ K2MoOy)

4. Thermodynamic model for the solid solutions

Several solid solutions were modeled in the Na*, K* / CI', CO3~, SO3~, S,0%™, Cr0%~,
Cr,0%~, Mo03~, Mo,0% main system. Table 5 describes in detail all solid solutions
considered in the present work, and lists all optimized model parameters. A large part of

the information displayed in this table was given previously, '¢ and is repeated here for the

sake of clarity. The new work performed in this study refers to the addition in the

relevant existing solid solutions of Na;MoO4, KxMo0O4, NaxMo0,07, and / or KxMo0,07,

13



and to the introduction of new solid solutions (KaMoOa4(s3)-ht-ss, cF56, and NaxMoOa4(s>)-

ss rich).

The Na*, K"/ CO3~, SO%~, Cr03~, Mo0% sub-system displays a hexagonal solid solution
(hP22) at high temperatures with limited solubility of K:MoQOs, and complete mutual
miscibility over the entire composition range for the remaining salts. The MQMQA 3 was
used to model this reciprocal solid solution, with two sublattices (a cationic one and an
anionic one). As explained previously, '® the MQM is more suited than the Compound
Energy Formalism (CEF) 3% to model complex solid solutions such as (Na2SOs + K2SO4)
dissolving divalent cation sulfates like CaSO4, ZnSO4 and PbSOs. In particular, in a recent
work, 3 the MQM was used to add ZnSO4 and PbSOy4 as solutes in the high-temperature
(Na2SO4 + K2S04) hexagonal solid solution. For the sake of consistency, the MQMQA
was retained in the present work to model the hP22 solid solution (with Na* and K" as the
cations, and CO%~, SO2~, CrO2%~, and MoO2%™ as the anions). All other solid solutions
exhibited limited solubility, and were modeled with the CEF. **3¥ In most cases, two
sublattices were required. However, three sublattices were used for the molybdenum-
glaserite phase K3Na(MoO4)2, which exhibits significant non-stoichiometry at
temperatures above 240°C. 4

As an example, let us consider the aP44 solid solution which consists of the triclinic low-
temperature allotropes NaxCr2O7s1), KoCr2O7s1), and KoMo207s1) (mutually soluble)
dissolving Na,Mo0>0O7 . The sublattice structure (Na*, K*)2(Cr,02~, M0,0%7) was used,
where Na* and K reside on the cationic sublattice C while Cr,0%~and Mo,0%™ reside on
the anionic sublattice A. The molar Gibbs energy of the solution is given by the following
expression :

Gm = yI(\:Ia"'yérzO%_ G;\Ja+:Crzo%— + ylc<+yérzo%—G;<+:Crzo§—+ Ylgla’fyﬁozo%— G:\Ia+:MOZO§_
+ yl(é+y1134020%_G;(+:M0203_ + 2RT(yI€Ia+ In y§a+ + ylc<+ lnyl%) +
RT (yérzo%— In yérZO%_ + yfaozo%— lnylelozo%—) +G" (9

The first four terms give the reference Gibbs energy of the solution, where y§a+ and ylc<+ are
. . + + . . A A
the site fractions of Na” and K™ on the cationic sublattice C, and Yer,02- and yy, 0,02 AT€

the site fractions of Cr,02 and Mo,0% on the anionic sublattice A. The standard molar
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Gibbs energies of the end-member components Na,Cr,07, K,Cr,07, NaxMo20O7 and

o <] o

K>2Mo0,07 are represented by GNa+:Cr20%_, GK+:Crzo$—’ GNa+:M020%_ and GK+:MOZO§_’

respectively.

Since the cations and anions are assumed to be randomly distributed on their respective
sublattice, as in the Temkin-type, *!' the fifth and sixth terms in equation (9) correspond to
the ideal entropy of mixing. The final term represents the molar excess Gibbs energy and
is given by:
E__C C_A cC C _A
G" = yNa+yK+YCrzog—LNa+,K+:Crzo%— + YNa+yK+yMozo%—LNa+,K+: Mo,0%~
C A A C A A
+ yNa+yCrzo§-yMozo§-LNa+:Cr20§‘,M020§_ + yK+yCrZO§‘yMOZO§' LK+:CI‘20%_,M020§_
c C_A A
+ YNa*Yk*Yr,02-YMo,02- INa* K*:Cr,02-Mo,03~  (10)

In equation (10), the first four terms are interaction parameters in the four common-ion
binary sub-systems, and the last term is a reciprocal interaction parameter. The L factors
can be made temperature-dependent and also composition-dependent, where Redlich-

Kister terms Liizo(yA — yp)* as a function of site fractions are generally employed.

Table 5: Description and list of optimized model parameters for the various solid
solutions in the Na*, K*// CI, C03~, S03~, S,0%™, Cr03~, Cr,0%~, Mo03™,

Mo,0%™ main system modeled in the present work

Hexagonal solid solution hP22
High-temperature allotropes NaxCO3(s3), K2CO3(s2), Naz2SO4s2), K2aSO4(s2), Na2CrOss2),
K2CrOy(s2), and NaxMoOss4) mutually soluble, and dissolving K2MoO4

P63/mmc space group
Sublattice structure: (Na*, K")2(C03~, SO%~, Cr03~, Mo03")
Use of the MOQMQA

The Gibbs energies of the "end-members" are:
gN32C03 = gN32C03(S3)
8K,C0; = 8K,CO05(s2)

gNast4 = gNaZSO4(52)

8K,504 = 8K,S04(s2)
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8Na,Cro, = 8Na,CrO, sy
8K,Cro, = 8K,CrOy sz
8Na;Mo0, = 8Na,Mo0,(s4)

g;<2M004 = g;(2M004(53) + 10 (J/I’Ilol)

The 2"-nearest-neighbour coordination number of each cationic species is 3.0, and that
of each anionic species is 6.0. Thus, all {a/x are equal to 4.0 (with A =Na", K" and X =

COs%, SO4%, CrO42 and MoO4%).

The following interaction parameters for (NaxCO3; + Na;SOs), (K2CO3; + K2SOs),
(NaxCOs3 + K2CO3), (Na2SO4 + K2SO4) and Na, K // CO3, SO4 were obtained previously:
AgNa,/(cos)(s0,) = 1,106.7 +1,060.0 Yo, (J/mol) 20 (This is a Bragg-Williams type
term and Yo, is the equivalent site fraction of CO3)

Agx, /(cos)s0,) = 1,571.7 +105.0 Yo, (J/mol)

AgNak/(cos), = 4.935.0 — 2,928.2Yy (J/mol) *

AgNak/(s0,), = 3,040.4 +(2,370.9 — 3.1241 x T) Y (J/mol) '+

AgNaK/(C03)(SO4) = 1,401.3 (J/mol) 20

The following interaction parameters for (Na2CO3; + NaCrOs), (K2CO3 + K2CrOs),
(Na2SOs4 + NaxCrOs), (K2SO4 + K2CrO4) and (Na2CrOs + K2CrO4) were obtained in our
previous work '6:

Agna,/(cos)cro,) = 8,000.0 — 1,800.0 Y¢ro, (J/mol)

Agk, /(cos)cro,) = 5,600.0 — 800.0 Y¢ro, (J/mol)

AgNa, /(s0,)(cro,) = 800.0 (J/mol)

Agk, /so)(cro,) = 1,000.0 —500.0 Ysq, (J/mol)
Agnak/(croy), = 2,700.0 + (2,000.0 — 2.4500 X T)Yg (J/mol)

The following MoOj4-based interaction parameters were obtained in the present work:

AgNa,/(cos)(Mo0,) = 100,000.0 (J/mol)
Agx, /(cos)(Moo,) = 100,000.0 (J/mol)
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AgNa, /(s0,)(Mo0,) = 500.0 —5,000.0 Ysp, — 1,600.0 Yoo, (J/mol)
AgNa,/(cro)Moo,) = 500.0 Yero, + 2,500.0 Yyep, (J/mol)

Agk, /(s0,)(Mo0,) = 2,000.0 + 2,000.0 Ysp, (J/mol)

Agx, /(cro,)Moo,) = 600.0 + 3,550.0 Y¢ro, + 2,070.0 Yoo, (J/mol)
AgNak/Mo0,), = 3,500.0 (J/mol)

Solid solution KxMoQ4s3)-ht-ss
Trigonal high-temperature allotrope KoMo0O4(s3) dissolving K2SO4, KoCrO4, NaxMoOs,
NaxSO4 and Na;CrO4

P3m1 space group
Sublattice structure: (K*, Na")2(Mo0%~, SO3~, Cr03™)

The Gibbs energies of the "end-members" are:
g;(2M004 = g;(2M004(s3)

85,50, = 8x,50,(s2) + 6,129.6 (J/mol)
8K,Cr0, = 8K,cro(s2) + 7,363.8 (J/mol)
8Na,Mo0, = 8NayMo0,(se) T 10,250.8 (J/mol)
Enasse’) = BNayso,cs2) + 6:129.6 (J/mol)

o 2 o
gNaZCr(o)4 = 8NayCrog(s2) T 7,322.0 (J/mol)

Solid solution 0S28
Orthorhombic low-temperature allotropes Na;CrOuss1), NazSOss1y and KaMoOsysz)
mutually soluble, and dissolving K>CrOs, Na>xCO3, KoSO4, KoCO3 and NaMoO4

Cmcem space group
Sublattice structure: (Na*, K")2(S03~, Cr03~, Mo03~,C0%")

The Gibbs energies of the "end-members" are:

g;\IaZCrO4 = g;VaZCr04(51)

g;\IaZSO4 = g;1a2504(51)

8NayMo0s = BNazMoOsss, + 6:276.0 (J/mol)

8NayC0s = BNayCOsszy + 7,112.8 (J/mol) ¥

8K,Cr04= 8Ky Cr0sy, + (33:472.0 — 7.7404 X T) (J/mol) '°
8K,50, = BKy504s1, " 334720 (J/mol)

g:(zMOOzl, = g;(2M004(52)
gK2C03 = gK2C03(Sl) + 4,1840 (J/mol) 20
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The following Redlich-Kister interaction parameter for (NaxCOs; + NaxSOs) was
obtained previously:

La/(C05)(s0,) = 3:347.2 (J/mol)

The following Redlich-Kister interaction parameters for (NaxCOs + NaCrO4) and
(Na2SO4 + NaxCrOs4) were obtained in our previous work '°:

La/(crog)(co,) = 100,000.0 (J/mol)
L(I)\Ia/(Cr04)(so4) = 3,000.0 (J/mol)

The following MoOs-based Redlich-Kister interaction parameters were obtained in the
present work:
L(I)(/(C03)(M004) = 100,000.0 (J/mol)

La/(505)(Mo0,) = 100,000.0 (J/mol)
La/(Cros) Moo,y = 500.0 (J/mol)

LY s0,)Mo0,) = — 26,000.0 (J/mol)
L(I)(/(Cr04)(M004) = —19,500.0 (J/mol)
Lak/(Mo0,) = 6:200.0 (J/mol)

Solid solution oP28
Orthorhombic low-temperature allotropes K2CrOgsi) and KoSOgs1) mutually soluble,
and dissolving Na;CrOs, K2CO3, Na2SO4, Na;CO3, K:MoO4 and NaxMoO4

Pnma space group
Sublattice structure: (K", Na*)»(S03~, CrO%~, Mo03%~,C03%")

The Gibbs energies of the "end-members" are:

g;(ZCrO4 = 8;<ZCro4(51)

g;zso4 = 8;2504(51)

8K,C05 = 8K, C05spy + 209.2 (J/mol) 2

8K,M00, = 8K,Mo0,ss) + 13,388.8 (J/mol)

8NayCro,= BNa;Crogesy + (13,3888 +2.7196 X T) (J/mol) '°
8Nay50; = ENayS0ssy, T (29,288.0 — 20.9200 X T) (J/mol) 2°
8NayC0s = BNazCOsspy + 20,920.0 (J/mol)

BnasMos, = ENagMoOssy, + 20,920.0 (J/mol)

The following Redlich-Kister interaction parameters for (Ko2COs3; + KoSO4) were obtained
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previously:
LY/ couys0,) = 3765.6 (J/mol) 2

L}V(C%)(SO‘}) = —2,008.3 (J/mol) %

The following Redlich-Kister interaction parameters for (K2CO3 + K2CrO4) and (K2SO4
+ K2CrOs4) were obtained in our previous work '°:

LY /co(cro,) = 17,500.0 (J/mol)
LY (cosycro,) = 3,000.0 (J/mol)

L(I)(/(Cr04)(so4) = 1,800.0 (J/mol)

Glaserite solid solution hP14
Solid K3Na(SO4)2, K3sNa(CrO4), and K3Na(MoOs), mutually soluble, and dissolving

Na®
P3m1 space group

Sublattice structure: (K*, Na"); (Na") (5027, CrO3~, Mo02%™ )2

The Gibbs energies of the "end-members" are:

8KaNas0s); = 1:5 X 8K,50,s1) T 05 X 8Nays0,(sy — 10,8784 +9.7906 X T (J/mol)
14

ENasNa(s09), = 2 X BNayS0ys, T+ 16,736.0 —10.7110 X T (J/mol) '
8KaNa(Crog), = 15 X 8K,crous1) T 0-5 X 8NayCroy;, — 17,1544 +9.4140 X T

(J/mol) '6
ENasNa(Crog), = 2 X 8NayCroys;, T 12,9704 —8.1588 X T (J/mol) '°

z‘%;(g,Na(MoolL)2 =1.5x g;(2M004(53) + 0.5 X g;\IaZMoo4(s4) —10,460.0 (J/mol)
gNa3Na(M004)2 =2X g;Va2M004(S4) + 23'012'0 (J/m()l)

Solid solution 0F56
Orthorhombic low-temperature allotropes Na>SO4(s3) and NaxMoOys3) mutually soluble,
and dissolving Na>xCrOg4, KoSO4, KoCrO4 and KoMoO4

Fddd space group
Sublattice structure: (Na®, K*)2(S0%~, CrO3~, Mo03")

The Gibbs energies of the "end-members" are:

8Na,S0, = 8Na,S04s3)
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8,505 = 8Ky5041) T 66,944.0 (J/mol) 1

g;\IaZCrO4= g;\IaZCrO4(Sl) + 4‘;100-3 (J/mol) 16
8K,Cr0,= 8Ky Crog sy T 66,944.0 (J/mol) 1
g;\IaZM004 = g;\IaZMoO4(S3)

EK,Mo0, = 8K,Mo0,ss)* (—7,531.2 +37.0284 X T) (J/mol)

The following MoO4-based Redlich-Kister interaction parameters were obtained in the
present work:
LYak /Moo, = —18,000.0 (J/mol)

Liak/Moo, = 15,000.0 (J/mol)
LRa/(50,)(Mo0,) = 100,000.0 (J/mol)

L\a/(Cro,)(Mo0,) = 100,000.0 (J/mol)

Solid solution cF56
Cubic low-temperature allotrope Na2MoOss1) dissolving Na>xSO4 and NaCrO4

Fd3m space group
Sublattice structure: (Na"),(Mo03~,S03%™, Cr03™)

The Gibbs energies of the "end-members" are:

g;\IazMoO4 = g;\fazMOOz}(Sl)
g;\1a2804 = g;\lazso4(51) + (8,368.0 + 16.7360 X T) (J/mol)
g;\IaZCrO4 = g;\lazCr04(51) + (8,368.0 +16.7360 X T) (J/mol)

Solid solution Na2Mo0OQO4s2)-ss-rich
Orthorhombic intermediate-temperature allotrope Na2MoQ4s2) dissolving NaxSO4 and
NaxCrO4

Pbn2; space group
Sublattice structure: (Na*), (Mo0%~,S0%~, CrO%™)

The Gibbs energies of the "end-members" are:

g;\IaZM004 = g;Va2M004(52)
g;\IaZSO4 = g;\IaZSO4(52) + (1,046.0 + 16.7360 X T) (J/mol)
8NasCro, = BNayCrogys;, T (1,046.0 + 16.7360 x T) (J/mol)

Solid solution aP22
Triclinic allotropes Na>S>07 and NaxCr2O7(s2) mutually soluble, and dissolving K>S>O7
and K>Cr,0O7
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A1 space group
Sublattice structure: (Na*, K)2(S,0%~, Cr,0%7)

The Gibbs energies of the "end-members" are:

g;\1a25207: g‘I)\IaZSZOns)

8K;5,0,= BK»5,05(s2) " 29-288.0 (J/mol) 1

g;\IaZCr207: g;\IaZCrZOnsz)

8K,Crs0, = EKyCry0y(s) T 7/531.2 + 5.6484 x T (J/mol) "¢

Solid solution aP44
Triclinic low-temperature allotropes NaxCr2O7s1), K2Cr2O7s1y and KaMo20O7s1)
mutually soluble, and dissolving NaxMo0207

P1 space group
Sublattice structure: (K*, Na*),(Cr,0%~, M0,037)

The Gibbs energies of the "end-members" are:

g;\IaZCrzof g;\IaZCrzonSl)

g;(ZCr207: g;(ZCr207(51)

g;(2M0207: g;(2M0207(s1)

8;a2M02(§3 = ENayMo;0y(s;, T 11,296.8 + 3.8911 x T (J/mol)

The following Redlich-Kister interaction parameter for (Na;Cr,0O7 + K2Cr20O7) was
obtained in our previous study '° :

LYak/cr,0, = 20,000.0 (J/mol)

The following Mo207-based Redlich-Kister interaction parameter was obtained in the
present work:

L(I)</(Cr207)(Mozo7) = 2,000.0 (J/mol)

Solid solution K2Cr207(s.s)
Monoclinic high-temperature allotropes K>Cr207(s2) and KoMo207(s2) mutually soluble,
and dissolving Na>Cr207 and NaxMo0207

P21/c space group
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Sublattice structure: (K*, Na)2(Cr,0%~, M0,0%7)

The Gibbs energies of the "end-members" are:

g(I)<ZCr207: g;(zcrzonsz)
g(l)\IaZCrzO7: g(l)\IaZCrzO7(sz) +11,296.8 +3.8911 x T (J/mol) ¢

g;(ZM0207: gi{zM0207(sz)
o 5 o
gNazMoz(Oz = 8Na,Mo,0, (s + 11,296.8 + 3.8911 X T (J/mol)

The following Mo0207-based Redlich-Kister interaction parameter was obtained in the
present work:

L(I)</(Cr207)(M0207) = 2,000.0 (J/mol)

Rocksalt solid solution cF8
Cubic NaCl and KCI mutually soluble

Fm3m space group

The Gibbs energies of the "end-members" are:
8Nacl ~ 8Nacl(s)

8Kkcl ~ BKcl(s)

The following Redlich-Kister interaction parameters for (NaCl + KCI) were obtained
previously:

Lak/c1 = 15,972.0 +32.7960 X T — 5.593 x T x In(T) (J/mol) **

Liak/c1 = 1,639.0 (J/mol) 2

W@ The “end-members” Na,SO, and Na,CrO, were added to the K,MoOQ,ss-ht-ss solid solution. The
corresponding Gibbs energies are those of Na,SO,s and Na,CrOys,) augmented by a positive Gibbs energy,
respectively. The latter were assumed to be identical to those for the “end-members” K,SO, (i.e. 6,129.6
J/mol) and K,CrO, (i.e. 7,322.0 J/mol), respectively. The “end-members” Na,SO, and Na,CrO, are only
required for calculations in the K, Na // MoO,, SO, and K, Na // Mo0Q,, CrO, reciprocal systems,

respectively, and higher-order systems.

® The “end-member” Na,Mo0, was added to the oP28 solid solution. The corresponding Gibbs energy is that
of Na,Mo0Qys;) augmented by a positive Gibbs energy. As a first approximation, the latter was assumed
to be identical to that for the “end-member” Na,CO; (i.e. 20,920.0 J/mol). The “end-member” Na,MoQ,is only
required for calculations in the K, Na // SO,, MoO, and K, Na // CrO,, MoQ, reciprocal systems, and

higher-order systems.
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@) The “end-member” NazMo0207 was added to both of the solid solutions aP44 and K2Cr207(s.s). The corresponding
Gibbs energies are those of NaxMo0207(s1) and Na2Mo207(s2) augmented by a positive Gibbs energy, respectively. As a
first approximation, the latter were assumed to be identical to that for the “end-member” Na:Cr207 in the K2Cr201(s.s)
solid solution (that is, 11,296.8 + 3.8911 X T J/mol), which was obtained in our previous work. The “end-member”
Na2Mo0207 is only required for calculations in the K, Na // Cr207, M0207 ternary reciprocal system and higher-order
systems.

5. Experimental procedure
5.1 DSC-TGA

Materials and measurements

The present work was carried out using high purity gases (99.999% pure Ar, 99.999% pure
N2, and 99.999% pure CO>) from Oy Linde Gas AB (Finland). For all initial solid reagents
(Na2CO3, NaxSO4, KzS0s4, NaxCrO4.4H>0, KoCrO4, NaMoOs4, and KoMoOs), the

supplier’s name, CAS number and purity are reported in Table 6.

Table 6 : Purity and origin of the solid reagents used in our experiments

Chemical formula Supplier CAS number Purity (%)
NaxCOs Sigma-Aldrich 497-19-8 >99.95
Na>SO4 Sigma-Aldrich 7757-82-6 >99.0

K2>SOq4 Sigma-Aldrich 7778-80-5 >99.0
Na;CrO4.4H,0 Sigma-Aldrich 10034-82-9 99.0
K>CrO4 Alfa-Aesar 7789-00-6 99.9
Na,MoOs4 Sigma-Aldrich 7631-95-0 99.9
K>2MoOs4 Sigma-Aldrich 13446-49-6 98

The binary common-ion sub-systems (Na;COz + NaMoOQO4), (KoSOs4 + KoMoOs),
(Na2CrO4+ NaxMoOs), (K2CrOs + KoM00Os4) and (NaxMoOs + KoMoO4) were investigated
by DSC-TGA using a NETZSCH STA 449 F1 Jupiter® instrument at compositions where
experimental phase diagram data were lacking in the literature. Additional DSC-TGA
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measurements were carried out using the SDT Q600 TA Instrument (New Castle, DE,
U.S.A.). Such measurements were made in the binary common-ion sub-systems (Na>xSOg
+ NaxMo004) and (K2SO4+ KaMoOs). The SDT Q600 TA Instrument can perform baseline-
free runs. Thus, the baseline is not horizontal as shown, for instance, in the thermogram
displayed in Figure 6.

A detailed description of the calibration of the NETZSCH STA 449 F1 Jupiter® instrument
was given in our previous work. * The experimental error for the temperatures was
estimated as +£1°C. The SDT Q600 TA Instrument was calibrated by measuring the
temperatures of fusion of high purity zinc, aluminum and gold. The experimental error for
the temperatures was estimated as +2°C. The mass change and heat flux upon heating and
cooling were measured simultaneously.

All pure compounds used in the present study were dehydrated prior to the DSC-TGA
measurements. Further information can be found in reference *. Pt/Rh (80/20) and Al,Os
(corundum) crucibles were employed for the DSC-TGA measurements, using the
NETZSCH STA 449 F1 Jupiter® instrument and the SDT Q600 TA Instrument,
respectively.

All DSC-TGA measurements performed in the present work are reported in the Supporting
Information (see Tables S1 to S9).

Flow rates of 90 ml/min CO2 and 10 ml/min Ar were used as the shielding gas for all runs
related to the three (NaxCOs3 + NaxMoOQ4) binary mixtures investigated. A saturated CO>
atmosphere was maintained to prevent dissociation of Na;COs at high temperatures into
Na;Os) and COz) and/or partial volatilization. Five other compositions were studied
under CO;-free conditions, including the composition of (78.0 mol% Na>CO3 + 22.0 mol%
Na;MoQg4) previously measured in the presence of COx(g).

A flow rate of 70 ml/min Ar was used as the shielding gas for all runs performed in the
(K2S04 + KoMo0O4), (Na2CrO4 + NaxMoOs), (K2CrO4 + KoMoOs) and (NaxMoOs +
K2Mo0O4) binary sub-systems. Finally, the (Na2SO4 + Na;MoO4) and (K2SO4+ K2MoOs)
binary sub-systems were investigated using a flow rate of 70 ml/min No.

For all DSC-TGA experiments conducted in the present work, an approach similar to that

used in our previous study was adopted. ¢ That is, the sample and reference were initially
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heated from room temperature to 40°C, and then kept at constant temperature for 10
minutes to ensure thermal stability. Then, three consecutive heating-cooling cycles were
conducted for each sample, with a heating/cooling rate of 10°C/min.

Mass loss was measured continuously throughout the experiments, with a maximum mass
loss target of 3%.

Usually, only heating runs were taken into account. Each solid-solid transition was defined
as the temperature at the onset of the peak while each liquidus temperature and eutectic
temperature was defined as the temperature at the maximum of the peak.

To avoid including non-reproducible data resulting from the thermal history of the sample,
the first heating/cooling cycle was usually excluded from our analysis. However, for the
two equilibrated molybdenum-glaserite compositions investigated in this work (see Table
S9 in the Supporting Information), the first heating/cooling cycle was also considered since
the corresponding samples had been equilibrated for four weeks at 400°C prior to the DSC-
TGA measurements.

To perform the equilibration process of the molybdenum-glaserite phase, pre-treated pure
powders of Na;MoOs and K:MoOs were mechanically mixed at the stoichiometric
composition of (35 mol% Na;MoO4 + 65 mol% K>MoOs4). This mixture was sealed in a
fused silica tube, heated from room temperature to 800°C for 50 minutes at a heating rate
of 15°C/min, and then cooled to 400°C at a cooling rate of 15°C/min for 27 minutes in a
muffle furnace. After annealing at 400°C for four weeks under a flow rate of approximately

I ml/min Ar, the equilibrated sample was quenched in air, mechanically ground, and

analyzed subsequently by scanning electron microscopy (SEM)-energy

dispersive X-ray spectroscopy (EDS) and DSC-TGA.

5.2 Scanning Electron Microscopy (SEM) and Energy Dispersive
X-ray Spectroscopy (EDS)

The equilibrated molybdenum-glaserite (solid solution of 35 mol% Na;MoO4 + 65 mol%
K2MoOys) after quenching was analyzed at room temperature with a LEO 1450 scanning

electron microscope (SEM) (Carl Zeiss Microscopy GmbH, Jena, Germany) coupled with
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an Oxford Instruments X-Max 50 mm? energy dispersive spectrometer (EDS) (Oxford

Instruments plc, Abingdon, Oxfordshire, UK).

To confirm the formation of the molybdenum-glaserite phase, EDS analyses were
conducted on six different crystals. The analytical results for those selected crystals are
presented in Table 7, with a corresponding experimental error of £5%. For three crystals,
the estimated compositions of the equilibrated sample were in good agreement with the
composition of the original mechanical mixture, whereas there were some discrepancies
for the other three crystals. Overall, our results confirmed the global homogeneity of the
equilibrated molybdenum-glaserite phase. The estimated composition of this phase is
Ki.29Nag70M00.9803.92 while the original mechanical mixture had the composition
K13Nap7MoOs.

SEM image spots for which the EDS analyses were conducted are presented in Figure S1

of the Supporting Information.

Table 7: EDS analysis results of selected spectra for the quenched molybdenum-

glaserite sample with an estimated experimental error of £5%

Element Spectrum 3 Spectrum 5 Spectrum 7 Average
(0] 4.275 3.644 3.841 3.920
Na 0.700 0.700 0.700 0.700
K 1.272 1.234 1.364 1.291
Mo 0.954 0.945 1.032 0.977
K/ (Na + K) 0.645 0.638 0.661 0.648
(Na+K)/ Mo 2.066 2.050 1.999 2.037

6. Molybdate-based common-ion binary sub-systems

This section describes all MoOs-based and Mo02O7-based common-ion binary sub-systems
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for which thermodynamic data (mainly phase equilibria) were available. Calculation of the
phase diagrams was made in air (p(O2) =0.21 atm). The gas phase was assumed to be ideal,
and all gaseous species were taken from the FactPS database in FactSage '8. These were C,
C2, Cs, C4, Cs, O, O, O3, CO, C20, CO2, C302, Na, Naz, NaO, S, Sz, S3, S4, Ss, S¢, S7, Ss,
CS, CSz, SO, SO, SO3, SSO, COS, NaxSOs, Cl, Clz, CCl, C2Cl, CClz, C2Cl2, CCl3, C2Cl3,
CCly, CoCly, CoCls, C2Clg, CoCls, CIO, ClO2, ClOs, CL120, CIOOCI, CIOCIO, CICIOO,
COCl, COCl, NaCl, (NaCl)z, SCI, S2Cl, SClz, CISSCI, SOClz, SO2CL, K, Kz, KO, K2SOs4,
KCl, (KCl)z, Cr, CrO, CrO», CrOs3, CrS, CrCl, CrCla, CrCls, CrCls, CrCls, CrCls, CrOCI,
CrOxCl, CrOCl,, CrO.Cl,, CrOCl;, CrOCls, Mo, Moz, MoO, MoO2, MoOs, Mo0,0e,
Mo0309, M04O12, M05O15, Mo(CO)s, MoCls, MoCls, MoCls, and MoOCl>.

The possible reactions 2 AoMO4 = A;M>07 + A2O (where A = Na, K and M = Mo, Cr)
were taken into account in the calculated phase diagrams for all MOs-based binary sub-
systems. However, those reactions were shown to be very limited up to temperatures above

the liquidus. !’

6.1 The (NaCl + Na;MoOQOy) system

The phase diagram has been measured by Bukhalova and Mateiko ** using the visual-
polythermal method. These authors reported the existence of the intermediate compound
NaCl.NaxMoO4 melting congruently at around 644°C, with the presence of a flat
maximum. Bukhalova and Mateiko ** reported two eutectics at 40.8 mol% Na;MoO4 and
628°C, and at 68.1 mol% Na,MoO4 and 606°C. The calculated characteristics of these
eutectics are 42.6 mol% NaMoO4 and 642°C, and 77.6 mol% NaxMoOs and 612°C,
respectively. The experimental characteristics of the two eutectics have limited accuracy
owing to the experimental technique that was used.

The compound Naz;CIMoO4 was considered in the present work. Its Gibbs energy was
estimated by starting with a Gibbs energy of formation from the pure end members [NaCls)
+ NaxMoOssi) = NasCIMoOgs)] equal to zero. Then, AH,og,5x and S,ogq5K Were
adjusted to best reproduce the measured eutectic temperatures and temperature of fusion,
* while ensuring that the compound was calculated to remain stable at room temperature.

The optimized thermodynamic properties (AHyog15k» Szosisk> and Cp) of solid
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NazCIMoOys are given in Table 2; they correspond to an enthalpy of formation of 4,075.1
J/mol and an entropy of formation of 17.0000 J/mol-K. The calculated (NaCl + NaxMoO4)
phase diagram in air (p(O2) = 0.21 atm) is shown along with the measurements in Figure

1.
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Figure 1: Calculated (NaCl + Na:MoOs4) phase diagram in air (p(O2) = 0.21 atm).
Experimental data from Bukhalova and Mateiko * (@)

6.2 The (KCI + K:MoOQy) system

The phase diagram has been measured using the visual-polythermal method. ** According
to Bukhalova and Mateiko, * (KCI + K>MoO4) is a simple eutectic system with no reported
solid solutions or intermediate compounds. These authors reported a eutectic at 36.9 mol%
K>MoO4 and 622°C. The calculated characteristics of the eutectic are 36.0 mol% KoMoO4
and 624°C.

The calculated (KCI1 + Ko:Mo0Os) phase diagram in air (p(O2) = 0.21 atm) is compared to

the measurements in Figure 2.
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Figure 2: Calculated (KCI + K:Mo0O4) phase diagram in air (p(O2) = 0.21 atm).
Experimental data from Bukhalova and Mateiko * (@)

6.3 The (Na:COs+ Na:MoOQy) system

The phase diagram has been measured by Shurdumov et al. *° using thermal analysis. A
eutectic was reported by these authors at 67.0 mol% NaxMoO4 and 588°C. The calculated
characteristics of the eutectic are 66.8 mol% NaxMoO4 and 586°C. No solid solutions or
intermediate compounds were reported. The measured limiting slopes of the Na>CO3 and
NaxMoOs4 liquidus curves at x(NaxCO3) = 1 and x(Na2MoO4) = 1 respect the limiting

liquidus slope equation (11), which assumes no solid solubility :

RTA i
(d dar ) _ ®fusion(m) at [xm — 1] (11)

Xliquidus T AR .

m fusion(m)

where Ah;usion(m) and Ttusion (m) are, respectively, the enthalpy and temperature of fusion
of the pure salt m. The high-temperature allotropes Na>COj3(s3) and Naz2Mo0Oys4) have the
same hexagonal crystal structure and space group P6s/mmc (see Table 1). A constant

interaction parameter of +100,000.0 J/mol was introduced in the hP22 solid solution in
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order to calculate negligible mutual solid solubility.

In the present work, DSC-TGA measurements were performed for several binary mixtures
with various contents of NaMoQys, in the absence or presence of CO2(g) : 2.5, 12.7, 22, 90
and 95 mol% (from 300 to 860°C, and in the absence of CO2(g)); 22 mol% (from 300 to
830°C, and in the presence of CO2(g)); and 50 and 85 mol% (from 300 to 700°C, and in
the presence of CO2(g)). As an example, the DSC thermogram for the binary composition
(78 mol% NaxCOs + 22 mol% Na>xMoOs) in the presence of COx(g) is displayed in Figure
3.

The calculated (Na;CO3 + NaxMo0Os) phase diagram in air (p(O2) = 0.21 atm) is shown
along with the experimental data in Figure 4. As seen in this figure, our experimental
thermal arrests agree satisfactorily with the solid-solid transitions Na;MoOys)) =
Na;MoOys2) 4, NaaCOss2) = NaxCOss3), 2° and NapMoOuss) = NaaMoOusay. ¢ Our
measured liquidus temperatures in the presence of CO»(g) at 22, 50 and 85 mol% Na;MoO4
are in excellent agreement with the data of Shurdumov et al. **. At 22 mol% Na:MoOs, our
measured liquidus temperatures were about 787°C and 768°C, respectively, in the presence
and absence of COx(g). This temperature shift of about 19°C is believed to be mainly
attributed to the partial dissociation of Na;COj3(s3) to form liquid Na,O (dissolved in the
molten salt phase) and CO2(g). The calculated isobar at 1 atm is displayed in Figure 4, and
shows that such a dissociation occurs. However, it is calculated to be extremely limited
(mole fraction of Na,O of the order of 10®). The calculated liquidus temperature of the (78
mol% Na;COs3 + 22 mol% NaxMoOs) binary mixture is 779°C, and becomes about 775°C
if 1 mol% of NaxCO3; decomposes into Na,O (dissolved in the liquid) and CO»(g). This
calculated decrease in temperature is consistent with the trend observed experimentally.
When a COz(g) saturated atmosphere was used in our DSC-TGA experiments, such a

decomposition was avoided.
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Figure 3 : DSC thermogram for the mixture (78 mol% Na2CO3+ 22 mol%
Na:MoOy4) in the presence of CO2(g) (2"? and 3™ heating/cooling cycles only)
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Figure 4 : Calculated (Na2CO3 + Na:2MoOs4) phase diagram in air (p(O2) = 0.21 atm).
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6.4 The (K:CO;+ K:Mo00Qy) system

The phase diagram has been investigated by Shurdumov et al. *’ using thermal analysis. A
eutectic was reported by these authors at 41.0 mol% K>MoO4 and 728°C. The calculated
characteristics of the eutectic are 40.7 mol% K>MoO4 and 729°C. No solid solutions or
intermediate compounds were reported. The measured limiting slope of the K:MoOs
liquidus curve agrees with equation (11), which shows that there is negligible solid
solubility of KoCOs in the high-temperature allotrope K2MoO4(s3). Since no phase diagram
measurements are available for K2COs-rich binary mixtures, it is not known if KaMoOg is
partly soluble in the high-temperature allotrope K2COj3s2), which is present as an “end-
member” in the hexagonal hP22 solid solution. By analogy with the (NaxCO3 + NaxMo0O4)
binary system, this solid solubility was assumed to be negligible, and a constant interaction
parameter of +100,000.0 J/mol was thus introduced in the model for hP22 (see Table 5).
Note that K:MoO4 was introduced as an “end-member” in the latter model in order to
reproduce its experimental solubilities in K2SO4s2), KoCrO4s2) and NaMoOys4y (which
are all hexagonal with the P6s/mmc space group), as will be discussed later in the sections
devoted to the (K2SO4+ KoMo00y4), (K2CrOs + KoMo0O4) and (Na;MoO4 + KoMoOs) binary
common-ion sub-systems.

A regular parameter of +100,000.0 J/mol was introduced in the 0S28 solid solution in order
to calculate a negligible solid solubility of KoCO3 in KaMoOys2) (see Table 5).

The calculated (KoCO3 + Ko:MoOs) phase diagram in air (p(O2) = 0.21 atm) is compared to
the measurements in Figure 5. According to the calculated isobar at 1 atm shown in this
figure, K2CO3s2) partly decomposes into liquid K>O (dissolved in the liquid solution) and
COx(g). Nevertheless, this decomposition is calculated to be extremely limited (mole

fraction of K20 of the order of 10°'%).
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Figure 5 : Calculated (K2CO3 + K2Mo00O4) phase diagram in air (p(O2) = 0.21 atm).

Experimental data from Shurdumov et al. 43 (@)

6.5 The (Na:SO4+ Na:MoOy) system

The phase diagram has been measured by the method of cooling curves with visual
readings and optical observations, ¢ and by the visual-polythermal method. *7- 4%

A complete solid solution at high temperatures exhibiting a minimum at about 70 mol%
Na:MoO4 was reported by Boeke. *® Belyaev and Doroshenko, *’ and Mateiko and
Bukhalova *® also observed the existence of a complete solid solution with a minimum at
75 mol% Na;MoO4 and 673°C, and at 70 mol% NaxMoO4 and 672°C, respectively.

The data of Boeke *® suggest in particular a small solubility of Na>SO4 in the low-
temperature allotrope NaxMoOuys) (see Figure 7). In this work, DSC-TGA measurements
were conducted for several binary mixtures with very high concentrations of NaxMoOa:

90, 92, 95, 98, and 99 mol% (from 120 to 730°C). As an example, the DSC thermogram
for the binary composition (5 mol% Na2SO4+ 95 mol% Na;MoO4) is shown in Figure 6.
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The calculated (Na;SO4 + NaxMo0O4) phase diagram in air (p(O2) = 0.21 atm) is shown
along with the measurements in Figure 7.

The high-temperature allotropes Na>SOus2) and Na;MoOQOyss) have the same hexagonal
crystal structure and space group P63/mmc (see Table 1), and therefore a high-temperature
solid solution (hP22) was modeled over the entire composition range. Three interaction
parameters (see Table 5) were introduced to best reproduce the experimental data of Boeke
46 at intermediate temperatures.

Then, the liquid solution was modeled in order to reproduce our experimental high-
temperature data and those of “*¥. No experimental data (such as enthalpy of mixing or
activity data) were available to calibrate the liquid phase. As seen in Table 4, the two model
parameters required for the liquid have a significant amplitude. The enthalpy of mixing of
the liquid calculated at 900°C (that is, above the melting temperatures of the pure salts
Na;S04 and NaxM00Os) has a minimum of about -4.45 kJ/mol. Thus, the common-cation
liquid displays negative deviations from ideality. It was expected to be close to ideal owing
to the close similarity of the anionic radii (2.31 A for SO4* and 2.33 A for MoO4>" *°). The
SO4* and MoO4> anions have a significant mass difference, which may lead to a
substantial vibrational entropy at high temperatures. This may explain the negative
deviations from ideality of the binary liquid.

In order to best reproduce our DSC-TGA measurements and the data of Boeke *® at low
temperatures, some solid solubility of NaxSO4 was introduced in NaxMoOus1) (see the cF56
solid solution in Table 5). By analogy with the (NaxCrOs4 + NaxMoOj4) binary system
(discussed later) for which NaxCrOy is partly soluble in NaxMoO4s2), some solid solubility
of Na>SO4 was also introduced in NaxMoOy(s2) (see the Na2MoO4s2)-ss-rich solid solution
in Table 5). NaxSOu4s2) and NaxCrOgs2) have the same crystal structure and space group
(see Table 1). Therefore, the Gibbs energy of the “end-member” Na;SOs in the
NayMoOys2)-ss-rich solid solution was that of Na>SO4s2) augmented by a positive Gibbs
energy identical to that for the “end-member” Na>CrOs. The latter model parameter was
obtained from reproduction of the available phase diagram data in (NaxCrO4 + NaxMoOs).
Finally, a regular parameter of +100,000.0 J/mol was introduced in the 0S28 solid solution

to calculate a negligible solid solubility of NaxMoO4 in Na2SQOysi), and also in the oF56

solid solution to calculate negligible mutual solubility between Naz2MoOa(s3) and
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Na2S04(s3) (see Table 5).

6.6 The (K:SO4+ K:MoOy) system

The phase diagram has been measured by the method of cooling curves with visual
readings °°, and by the visual-polythermal method. " 3> Amadori *° reported a complete
solid solution at high temperatures with a very flat minimum at about 6°C below the
melting temperature of K;MoOj4 (that is, at about 920°C). Similarly, Bergman et al. °!, and
Mateiko and Bukhalova 2 observed the formation of a complete solid solution with no
marked minimum.

According to Amadori, *° it was difficult to measure the thermal arrests at around 450°C,
and between 50 and 90 mol% KoMoOs. This author suggested that K»SO4 and KoMoO4 are
mutually soluble at intermediate temperatures, with the formation of a continuous solid
solution.

In this work, DSC-TGA measurements were performed using the NETZSCH STA 449 F1
Jupiter® instrument for several binary mixtures with various contents of K2MoOs4 : 60, 80,
and 95 mol% (from 150 to 930°C). DSC-TGA measurements were conducted using the
SDT Q600 TA Instrument over the same temperature range at 70 and 80 mol% K>MoOsa.
No systematic difference was observed between the two apparatuses, which were both used
to investigate the (20 mol% K2SO4+ 80 mol% K2MoO4) mixture. As an example, the DSC
thermogram for the binary composition (30 mol% K2SO4 + 70 mol% KoMoOg) is displayed

in Figure 8.
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Figure 8 : DSC thermogram for the mixture (30 mol% K2SO4+ 70 mol% K:Mo004)
(2" and 3" heating/cooling cycles only)

The calculated (K2SO4+ KoMoOs) phase diagram in air (p(O2) = 0.21 atm) is compared to
the measurements in Figure 9. This phase diagram displays four different solid solutions :
a high-temperature hexagonal solid solution (hP22) rich in K»>SOus2) and existing over a
large composition range, a high-temperature trigonal solid solution (K2Mo0OQus3)-ht-ss) rich
in KoMoOys3) and diluted in K2SO4, an orthorhombic low-temperature solid solution
(0P28) rich in K2SO4s1y and diluted in K2MoOs, and an orthorhombic low-temperature
solid solution (0S28) rich in KoxMoO4s2) and diluted in K>SOs4.

The high-temperature allotropes K>SOss2) (hexagonal, P63/mmc) and K>MoOys3)
(trigonal, P3m1) do not have the same crystal structure (see Table 1). Therefore, two
terminal solid solutions (hP22 and KxMoO4s3)-ht-ss) were introduced at high temperatures.
The hP22 solid solution was first modeled to best reproduce the low-temperature data of
Amadori; > two interaction parameters were required (see Table 5).

Simultaneously, some solubility of KoMoOs in K>SOsis1) (0P28 solid solution) was
introduced in order to improve the agreement between our calculations and the
corresponding measurements ° for K»SOs-rich mixtures. Note that K,SOusi) and
K2CrOys1) are mutually soluble in oP28. The Gibbs energy of the “end-member” KaMoO4

in 0P28 was selected in this work to best reproduce simultaneously the (K2SO4 + KoMoOs)
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and (K>CrO4 + K2Mo00Os) experimental phase diagrams. (The latter system will be discussed
later). Once the hP22 solid solution was optimized, the (K2SO4 + K2Mo00O4) liquid was
modeled in order to best reproduce the high-temperature measurements. The KoaMoOu4s3)-
ht-ss solid solution was then modeled; the maximum solubility of K2SO4 in KoMoO4s3)
was arbitrarily set to about 6 mol%.

Finally, some solubility of K2SO4 in KoMoO4s2) (0S28 solid solution) was introduced to
best reproduce the low-temperature thermal arrest of Amadori >° at 93.3 mol% K:MoO4
along with our low-temperature DSC thermal arrest at 95 mol% K>MoOs.

The Gibbs energy of the “end-member” K2SO4 in the 0S28 solid solution was previously
obtained by Lindberg et al. '* upon optimization of the (K2SO4 + Na>SO4) binary system.
A very negative (-26,000.0 J/mol) constant Redlich-Kister interaction parameter had to be
introduced by us between KoSO4 and K2MoOs in the 0S28 solid solution (see Table 5).

No experimental data (such as enthalpy of mixing or activity data) were available to
calibrate the (K2SO4 + KoMoO4) liquid phase. As seen in Table 4, this common-cation
binary liquid exhibits small positive deviations from ideality. It was expected to be close

to ideal owing to the very close similarity of the radii of the SO4> and MoO4*" anions. *°
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Figure 9 : Calculated (K2SO4+ K2Mo00O4) phase diagram in air (p(O2) = 0.21 atm).

Experimental data from Amadori 5 (O ), Bergman et al. 5! (), Mateiko and

Bukhalova 32 (<), and this work (blue symbols) (DSC using the NETZSCH STA
449 F1 Jupiter® instrument // © : 2" heating, © : 379 heating; DSC using the

SDT Q600 TA Instrument // ® : average of temperatures from 2" and 3"

heating runs)

6.7 The (Na:CrO4+ Na:MoOy) system

The phase diagram has been measured by visual observation with a Pt/Pt-Rh thermocouple
and a sensitive millivoltmeter. *® Mateiko and Bukhalova ** reported a complete solid
solution at high temperatures with no minimum.

In this work, DSC-TGA measurements were conducted for several binary mixtures with
various contents of NaxMoO4 : 10 mol% (from 200 to 790°C), 30 and 50 mol% (from 200
to 765°C), and 70 and 90 mol% (from 200 to 725°C).

As an example, the DSC thermogram for the binary composition (10 mol% NaCrO4+ 90
mol% NaxMoOQy4) is shown in Figure 10.

DSC(mW/mg)

TExothermic

01—

Onset: 598.9°C — —
! Onset: 599.5°C

Peak: 699.3° C
200 300 400 500 600 700
Temperature / °C

Figure 10 : DSC thermogram for the mixture (10 mol% Na2CrO4+ 90 mol%

39



Na:MoOy4) (2" and 3" heating/cooling cycles only)

The calculated (Na2CrO4 + NaxMoOQ4) phase diagram in air (p(O2) = 0.21 atm) is shown
along with the measurements in Figure 11. This phase diagram exhibits four different solid
solutions : a high-temperature hexagonal solid solution (hP22) existing over the entire
composition range (owing to the fact that NaCrOas2) and NaMoOus4) are both hexagonal
with the space group P63/mmc as seen in Table 1), an orthorhombic low-temperature solid
solution (0S28) rich in Na;CrOss1y and diluted in Na;MoQs4, an intermediate-temperature
orthorhombic solid solution (Na;MoOys2)-ss-rich) rich in NaMoOys2) and diluted in
NayCrOs, and a cubic low-temperature solid solution (cF56) rich in NaxMoOss1) and
diluted in Na;CrOs.

Those four solid solutions were modeled simultaneously to best reproduce our low-
temperature DSC thermal arrests. Two positive interaction parameters were required for
hP22. The Gibbs energy of the “end-member” Na;CrO4 in the NazMoQOys2)-ss-rich solid
solution was selected to best reproduce our DSC data at 50, 70 and 90 mol% Na>MoOs.
Then, by analogy with the (Na2SO4 + Na;Mo0Q4) binary system (previously discussed) for
which NaxSOy is partly soluble in NaxMoOys1), some solid solubility of NaxCrO4 was
introduced in NaxMoOysi) (see the cF56 solid solution in Table 5). NaxSOgsiy and
NaxCrOgs1y have the same crystal structure and space group (see Table 1). Therefore, the
Gibbs energy of the “end-member” Na>xCrOs in the cF56 solid solution was that of
NaxCrOqs1) augmented by a positive Gibbs energy identical to that for the “end-member”
Na>SOs, which was obtained from the low-temperature data of Boeke * in (Na;SO4 +
NaxMoOs4). The 0S28 solid solution was then modeled to best reproduce our low-
temperature DSC measurements at 10 and 30 mol% Na;MoO4. For the first composition,
an intense peak was observed at about 406°C while a low intensity peak was measured at
about 446°C. As seen in Figure 11, the former temperature is satisfactorily reproduced by
our model.

The (NaxCrOs + NaxMoOs) liquid phase was modeled to best reproduce the high-
temperature phase equilibria. Again, no enthalpy of mixing or activity data were available
to calibrate the liquid. As seen in Table 4, the three optimized model parameters are not

large. The enthalpy of mixing of the liquid calculated at 800°C (that is, above the melting
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temperatures of the pure salts NaxCrO4 and NaMoOQs) is always positive, with a maximum
value of about 0.84 kJ/mol. The common-cation liquid thus displays small positive
deviations from ideality. It was expected to be close to ideal due to the very close similarity
of the anionic radii (2.32 A for CrO4>, and 2.33 A for MoO4> ).

A regular parameter of +100,000.0 J/mol was introduced in the oF56 solid solution in order

to calculate a negligible solid solubility of Na>xCrO4 in NaxMoOu4s3) (see Table 5).
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Figure 11 : Calculated (Na2CrO4+ Na:MoOQOs) phase diagram in air (p(O2) = 0.21
atm). Experimental data from Mateiko and Bukhalova * (U) and this work (blue
symbols) (DSC, blue © : 2" heating, blue © : 3'9 heating)

6.8 The (K:CrO4+ K:Mo0OQy) system

The phase diagram has been measured by the method of cooling curves with visual
readings, °° and the visual-polythermal method. > A complete solid solution was reported
at high temperatures, without any marked minimum. >

According to Amadori, *° owing to the large mutual solubility existing between K>CrOs4
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and KoMoOy at 25°C, a complete solid solution is likely to exist between K>CrOss1yand
K2MoOys2)y at 450°C, with the presence of a minimum in the range of 65 to 100 mol%
K>MoOs.

In the present work, DSC-TGA measurements were performed for several binary mixtures
with various contents of KoMoOy4 : 75, 85, and 95 mol% (from 200 to 965°C). As an
example, the DSC thermogram for the binary composition (15 mol% K>CrO4 + 85 mol%
K>oMoOy) is displayed in Figure 12.
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Figure 12 : DSC thermogram for the mixture (15 mol% K:CrO4+ 85 mol%
K2Mo00s) (2" and 3" heating/cooling cycles only)

The calculated (K2CrO4+ KoMoO4) phase diagram in air (p(O2) = 0.21 atm) is compared
to the measurements in Figure 13. Its morphology is very similar to that of the (K2SO4 +
K2Mo0O4) phase diagram discussed previously. There are four different solid solutions: a
high-temperature hexagonal solid solution (hP22) rich in K>CrOxs2) and existing over a
large composition range, a high-temperature trigonal solid solution (K2Mo0O4s3)-ht-ss) rich
in KoMoOgys3) and diluted in K2CrOs, an orthorhombic low-temperature solid solution
(oP28) rich in KoCrOgs1y and diluted in KoMoOs, and an orthorhombic low-temperature
solid solution (0S28) rich in K2MoO4(s2) and diluted in K2CrOs. Since the high-temperature
allotropes K>CrOxs2) (hexagonal, P63/mmc) and KxMoOxs3) (trigonal, P3m1) do not have

the same crystal structure (see Table 1), two terminal solid solutions (hP22 and
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K>oMoOs4s3)-ht-ss) were considered at high temperatures.
The hP22 solid solution was first modeled to best reproduce the low-temperature data of

Amadori *°

and our low-temperature DSC thermal arrest at 75 mol% K>;MoOs; three
positive interaction parameters were necessary (see Table 5). Some solubility of KoMoO4
in K>CrO4s1y (0P28 solid solution) was introduced to improve the agreement between our
calculations and the data of Amadori *° for KoCrOs-rich mixtures. As explained previously,
the Gibbs energy of the “end-member” KoMoO4 in oP28 was obtained by optimizing
simultaneously the (K2CrOs + KoMoO4) and (K2SO4 + K2MoO4) phase diagrams. The
K2MoOys3)-ht-ss solid solution was then modeled to best reproduce our low-temperature
DSC thermal arrest at 85 mol% KoMoOs.

Once the hP22 solid solution was optimized, the (K2CrO4 + KoMoOj4) liquid was modeled
in order to best reproduce the available high-temperature phase equilibria. No enthalpy of
mixing or activity data were available to calibrate the liquid. As seen in Table 4, it exhibits
positive deviations from ideality. The enthalpy of mixing of the liquid calculated at 1000°C
(that is, above the temperatures of fusion of KoCrO4 and K2Mo00QO4) has a maximum value
of about 1.75 kJ/mol. The common-cation liquid was expected to be somewhat closer to
ideal owing to the very close similarity of the radii of the CrO4>" and MoO4*" anions. *°
Finally, some solubility of KoCrO4 in K2MoO4s2) (0S28 solid solution) was introduced to
best reproduce the low-temperature measurement of Amadori >* and our low-temperature
DSC thermal arrest at 95 mol% K>MoOs. The Gibbs energy of the “end-member” KoCrO4

16 upon optimization of the

in the 0S28 solid solution was previously selected by us
(K2CrO4 + NaxCrOg) binary system (K2MoOu(s2) and NaxCrOgs1y are mutually soluble). In
this work, a very negative (-19,500.0 J/mol) constant Redlich-Kister interaction parameter
had to be introduced between KoCrO4 and K:MoOs in the 0S28 solid solution (see Table

5).
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Figure 13: Calculated (K2CrO4+ K2Mo00Q4) phase diagram in air (p(O2) = 0.21 atm).
Experimental data from Amadori > ( O), Mateiko and Bukhalova 52 (O) and this
work (blue symbols) (DSC, blue ® : average of temperatures from 2"¢ and 3"¢

heating runs)

6.9 The (Na:MoO4+ K:Mo0Oy) system

Several studies have been performed on the (NaxMoO4 + K2MoQ4) binary phase diagram.
44,5355 Amadori >* used the method of cooling curves with visual readings, while Belyaev
and Sholokhovich 3 used the visual-polythermal method. The latter authors reported the
formation of a complete solid solution at high temperatures, with the presence of a
minimum at around 21 mol% K>MoOs and 656°C. According to Amadori, >* two terminal
solid solutions (based on the high-temperature allotropes of Na,MoO4 and K:MoO4) were
formed at high temperatures, and the intermediate compound NaxMoO4.KoMoO4 was
formed upon cooling.

Using the visual-polythermal method, Bukhalova and Mateiko ** observed a eutectic at 19

mol% K>MoO4 and 667°C, and also two transition points at 37 mol% K2MoO4 and 686°C,
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and at 54 mol% KoMoO4 and 737°C, respectively. They suggested the formation of two
intermediate  compounds (NaxMoO4+.KoMoOs and NaxMo04.2K2MoO4) melting
incongruently.

Ding et al. > conducted DTA and XRD measurements at both low and high temperatures.
In particular, they investigated by XRD two (Na2MoOs + K2Mo0QOs) binary mixtures at 50
and 66.7 mol% K>MoOs, and the high-temperature allotropes of Na2MoO4 and Ko:MoOs.
They ruled out the eutectic and the two intermediate compounds reported by Bukhalova
and Mateiko. ** According to Ding et al. >, the visual-polythermal method used by
Bukhalova and Mateiko to identify incongruently melting compounds cannot provide
reliable results.

The calculated (Na2MoOs + KoMoOs) phase diagram in air (p(O2) = 0.21 atm) is shown
along with the measurements in Figure 14. This phase diagram displays five different solid
solutions : a high-temperature hexagonal solid solution (hP22) rich in Na;MoOQO4s4) and
existing over a large composition range, a high-temperature trigonal solid solution
(K2MoOys3)-ht-ss) rich in KoMoOgs3) and diluted in Na;MoOs, an intermediate-
temperature orthorhombic solid solution (0F56) rich in NaMoOss3) and diluted in
K>MoOs, a low-temperature orthorhombic solid solution (0S28) rich in K2MoOxs2) and
diluted in Na;MoOs4, and the non-stoichiometric phase KzNa(MoOs)> (molybdenum-
glaserite, hP14). These various solid solutions and the optimized model parameters are

described in detail in Table 5.

45



1050_'"'|""|""|""|""|""|""|""|""|""

950 K2Mo04(S3)-ht-ss + liquid

850 F liquid

750 :—687°C ‘ //Q/Q/./IQMOO4(S3)'N'& ]
LYy c & oo § @ X065 646°C ~ 1

650

e X X076 677°C XX /i‘;fg’?\\%\\g ]

i " / <)
~ 4
@) %{ \\\ hP22 + oF56 hP22 // \ <) e 1
g 550 B ~. o hP14 + hP22 X © ]
= @ % §§\ K hP14+ 22 N ]
[ OF56 . % |, nP1a \2 2
450 ¥ "%=0.368 461°C *\ :
' \ T\¥ N hP14 + oF56 \ \ hP14 + 0528 0528 ]
350 | Na,MoO, " oF56 X AN 8 .
Lo o #X X Na,MoO, + hP14 *\ \ X % 3
050 | a [ K,MoO, + hP14 ]
[ 239°C o 244°C
i KsNa(MoO,), + Na,;MoO, S ]
L <3 K;Mo0, + K;Na(MoO,), A
150 | 2 b
[ T
[ Z,
[0 i S B P T B T S B I T SR
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Mole fraction of K,Mo00O,

Figure 14: Calculated (Na2Mo00O4 + K:2Mo0O4) phase diagram in air (p(O2) = 0.21
atm). Experimental data from Amadori 3¢ ( ©), Belyaev and Sholokhovich 3 (&),
Bukhalova and Mateiko 4 (©O) , Ding et al. 3 ( X ), Fabry et al. 4 (<) and this work
(red and blue symbols) (DSC , red A : 1% heating for molybdenum-glaserite
equilibrated at 400°C for 4 weeks, red A : 2"d heating for molybdenum-glaserite
equilibrated at 400°C for 4 weeks, red 4 : 37 heating for molybdenum-glaserite
equilibrated at 400°C for 4 weeks, blue © : 2" heating for mechanical mixtures of
pre-treated reagents, blue I : 374 heating for mechanical mixtures of pre-treated

reagents)

Ding et al. > claimed that the high temperature allotropes of Na;MoOs and K-MoOy are
isomorphic (i.e. same crystal structure and space group). However, based on our previous
work, * NazMoOus4) (hexagonal, P63/mmc) and KxMoOxs3) (trigonal, P3m1) do not have
the same crystal structure (see Table 1). Therefore, two terminal solid solutions (hP22 and
K2MoOuys3)-ht-ss) were modeled at high temperatures in the present work.

For the molybdenum-glaserite phase KzNa(Mo0Oa)a, a solid-solid transition occurs at 513K

40 between a stoichiometric compound (monoclinic, space group C2/c), which is stable at
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room temperature, and a non-stoichiometric phase (trigonal, P3m1). ** 3¢ There is some
similarity with cryolite (Na3zAlF¢), for which a solid-solid transition occurs at about 834K
between a stoichiometric compound (monoclinic, space group P2i/n) and a non-
stoichiometric phase (cubic, space group Fm3m). >’

As shown in Table 5, the high-temperature non-stoichiometric glaserite phase (hP14) was
modeled with the following sublattice structure : (K*, Na*);(Na")(S03~, CrO%~, Mo03 " )s.
The sulfur-glaserite '* and chrome-glaserite '® phases were modeled previously, and the
corresponding model parameters were used directly in this work. To model the
molybdenum-glaserite phase, the two new “end-members” K3Na(MoQO4), and
Na3;Na(MoOs), were added in the existing hP14 solid solution. Their Gibbs energies were
the only model parameters. That is, no interaction parameters were required in this work.
To our knowledge, the enthalpy change for the solid-solid transition between the two forms
of molybdenum-glaserite has not been measured. As a first approximation, the
corresponding entropy change was estimated as half that for the transition NaxMoOus1) =
NaxMoOsys2) plus 1.5 times that for the transition KoMoOa4s1) = KaMoOss2). Note that the
temperatures and enthalpy changes for these two solid-solid transitions were directly taken
from our previous study. 4

The enthalpy change for the solid-solid transition of K3;Na(MoOs), was estimated as
21,733.4 J/mol at 513K. The low-temperature stoichiometric compound K3Na(MoQO4), was
introduced in this work. Its Gibbs energy was estimated by starting with a Gibbs energy of
formation from the pure end-members [0.5 NaxMoOgsiH+ 1.5 KoMoOgssiy =
K3Na(MoO4)xs)] equal to zero. Then, AH,og,5x and S,og.5x Were adjusted to best
reproduce the experimental temperature *° and assessed enthalpy change for the solid-solid
transition of molybdenum-glaserite. The reactions 0.055 NaxMoOgssiy + 0.945
K3Na(Mo0Oa4)zs)=0.973 hP14 and K3Na(MoO4)2s)=0.961 hP14 + 0.079 KoMoOss1) were
calculated at 239°C (enthalpy change of 21,746 J/mol) and 244°C (enthalpy change of
20,346 J/mol), respectively.

The optimized thermodynamic properties (AH,9515K, Soosisk» and Cp)of the

stoichiometric compound K3;Na(MoOs), are given in Table 2. The Open Quantum

Materials Database (OQMD) %> reported an enthalpy of formation at 0 K of -3,139,247

J/mol derived from Density Functional Theory (DFT) calculations. The corresponding
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value given in Materials Project ® is -2,955,539 J/mol.

In this work, DSC-TGA measurements were conducted for mechanical mixtures of the pre-
treated reagents NaMoOs4 and K2MoOs. Nine different binary mixtures with various
contents of KoMoO4 were investigated : 5, 15, 30, 40 and 50 mol% (from 45 to 750°C), 65
mol% (from 45 to 860°C), 80 mol% (from 45 to 890°C), and 90 and 95 mol% (from 45 to
950°C). In addition, DSC-TGA measurements were performed for the molybdenum-
glaserite composition of (35 mol% NaxMoO4 + 65 mol% KoMoOys) equilibrated at 400°C
for four weeks, to which an excess of Na2MoO4 or K:MoO4 was added subsequently. Two
binary mixtures at 62.5 and 70 mol% K>MoO4 were studied under those conditions, from
180 to 840°C. All measured thermal arrests are listed in the Supporting Information (see
Tables S8 and S9). As an example, the DSC thermogram for the mechanical mixture (70
mol% NaxMoO4 + 30 mol% K2MoO) is displayed in Figure 15.
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Figure 15 : DSC thermogram for the mixture (70 mol% Na:MoO4+ 30 mol%
K2Mo00s) (2" and 3" heating/cooling cycles only)

No experimental data (such as enthalpy of mixing or activity data) were available to
calibrate the (NaxMoO4 + K>2MoO4) liquid phase. First, a constant parameter of -1,419.6
J/mol was used by analogy with the (Na2SO4 + K2S04) '* and (NaCrO4 + K2CrO4) 6 liquid
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phases, which were modeled previously. However, it was not possible to obtain a set of
parameters for the five solid solutions permitting the calculation of a satisfactory phase
diagram. Finally, two model parameters (including one composition-dependent parameter)
were used for the (NaxMoO4 + K2MoOy) liquid (see Table 4). The enthalpy of mixing of
the liquid calculated at 950°C (that is, above the temperatures of fusion of NaxMoO4 and
K>Mo00s) has a minimum value of about -0.28 kJ/mol, which is reasonable. The common-
anion liquid was expected to be close to ideal owing to the similarity of the radii of the Na*
and K" cations. °!

Then, the hexagonal solid solution (hP22) was modeled in order to best reproduce the high-

temperature measurements (i.e. phase equilibria with the liquid solution) and the maximum

extension of the molybdenum-glaserite phase (hP14) at about 646°C and 65.5 mol%

K,M00,. Only one positive model parameter was required for hP22, and the

Gibbs energies of the two “end-members” K3Na(Mo0O4), and NazNa(MoOQ4), in hP14 were

optimized simultaneously. To model the oF56 solid solution, the data of Ding et al. >

were
favoured, and four model parameters were used : two parameters (including one
temperature-dependent parameter) for the Gibbs energy of the “end-member” KoMoOs,
and two Redlich-Kister interaction parameters. As seen in Figure 14, the calculated extent
of oF56 is reasonable, and the eutectoid reaction hP22 = oF56 + hP14 is calculated at about
36.8 mol% K>MoO4 and 461°C. Finally, the Ko2MoO4s3)-ht-ss and 0S28 solid solutions
were modeled to best reproduce, respectively, the high-temperature and low-temperature

measurements of Amadori >* and Ding et al. °> The maximum solubility of Na;MoOs in

KoMoOuys3) was arbitrarily set to about 4.3 mol%.

6.10 The (K:Cr:07+ K:M0:07) system

The phase diagram has been measured by Amadori %2 using the method of cooling curves
with visual readings, and a complete solid solution was reported at high temperatures.
The calculated (K2Cr20O7 + K2Mo0,07) phase diagram in air (p(O2) = 0.21 atm) is compared
to the measurements in Figure 16.

To our knowledge, there are no enthalpy of mixing or activity data to calibrate the liquid
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solution. The latter was assumed to be ideal (that is, Agy, /(Cr0,)(Mo,0,) = 0) owing to the
expected similarity of the radii of the anions Cr.07* and M0,O7*". As seen in Table 1, the
high-temperature allotropes KoCr2O7(s2) and KoMo020O7(s2) are both monoclinic with the
space group P2i/c. Therefore, a high-temperature solid solution (K>Cr2O7(s.s)) was
introduced over the entire composition range. One positive regular parameter was used to
reproduce the experimental solidus of Amadori % from 0 to about 90 mol% K,Mo,07.
Amadori reported for K:M020O7 a melting temperature about 14°C lower than our selected
value, which was based on the available data from the literature !”. Hence, it was not
possible to reproduce the experimental solidus of Amadori ¢ above 90 mol% K>Mo0207.

The low-temperature allotropes K2Cr2O7s1) and Ka2Mo207(s1) are both triclinic with the
space group P1 (see Table 1). Thus, a low-temperature solid solution (aP44) was modeled
over the entire composition range. Owing to the lack of relevant phase diagram data, as a

first approximation, a regular parameter identical to that in the K2Cr2O7(s.s) solid solution

was used.
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6.11 The (Na:Mo0O4+ Na;Mo0:07) system

63, 64 and

The (Na2MoO4 + M00O3) phase diagram has been measured by thermal analysis
DTA. ® The relevant compositions were expressed in terms of the (Naz2MoO4 + Na;Mo0,07)
binary sub-system. These various authors reported a eutectic at 37.0 mol% NaxMo207 and
551°C, 35.1 mol% Na:Mo,07 and 556°C, and 25.0 mol% Na;Mo,07 and 559°C,
respectively. The calculated characteristics of the eutectic are 35.4 mol% Na:Mo0207 and
555°C. Using thermal analysis, Mokhosoev and Fedorov ®® measured the (NaxMo,O7 +
NaxCOs3) phase diagram, and claimed that “this system can be represented as two binary
systems : (NaxMo0207 + NaxMoOs) and (Na2MoOs + NayCO3)”. Measurements were
provided graphically for the (Na2Mo0,07 + NaxMo0Os) phase diagram, and a eutectic was
reported at 40.0 mol% Na;Mo,0O7 and 538°C.

The calculated (NaxMoO4 + NaxMo0207) phase diagram in air (p(O2) = 0.21 atm) is shown
along with the measurements in Figure 17. The data of Mokhosoev and Fedorov % were
discarded since it is not clear how they were obtained. Also, the corresponding
experimental liquidus of Na2Mo207 substantially disagrees with those of the other studies.
63-65 The measurements of Groschuff ¢ were favoured in this work since, at the same time,
this author obtained satisfactory data for the (K2CrOs + K,Cr,07) phase diagram. '¢ As
seen in Table 4, one of the two model parameters required for the (Na2Mo0O4 + NaxM0207)
liquid has a significant amplitude. The enthalpy of mixing of the liquid calculated at 700°C
(that is, above the melting temperatures of the pure salts NaMoO4 and NaMo>07) has a
maximum of about 1.07 kJ/mol. Thus, the common-cation liquid exhibits positive
deviations from ideality. It was expected to be relatively close to ideal owing to the

similarity of the two anions.
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Figure 17 : Calculated (Na2Mo0O4 + Na:Mo0:07) phase diagram in air (p(O2) = 0.21
atm). Experimental data from Groschuff % ('V ), Hoermann % ( X)), Caillet 65 ( O ),
and Mokhosoev and Fedorov % (2 )

6.12 The (K:Mo0O4+ K:Mo0:07) system

The (K2MoO4 + MoO3) phase diagram has been measured by thermal analysis % ¢7 and
DTA. % The relevant compositions were expressed in terms of the (K2MoO4 + K2Mo0,07)
binary sub-system. Amadori ® and Caillet ® reported a eutectic at 475-480°C, and 61.3
mol% K>Mo207 and 480°C, respectively. The calculated (K:MoOs + KoMo0207) phase
diagram in air (p(O2) = 0.21 atm) is compared to the measurements in Figure 18. The
(KoMoOs  + KzMo0207 ) binary liquid was assumed to be ideal (that is,
Agxk, /(M00,)(Mo,0,) = 0). Under those conditions, the experimental liquiduses of KaMoO4
from Amadori %7 and Hoermann ® are satisfactorily reproduced by the model up to about
80 mol% K2Mo0,07. The calculated characteristics of the eutectic are 88.3 mol% KoMo0207
and 484°C. The latter is close to the measured eutectic temperatures of Amadori ¢’ and

Caillet. ©
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Figure 18: Calculated (K2M00O4 + K2M0207) phase diagram in air (p(O2) = 0.21

atm). Experimental data from Amadori 7 (£), Hoermann ® (X ), and Caillet % (
0O)

7. Molybdate-based common-cation ternary sub-systems : (Na:SQ4+

Na:CrOs+ Na:MoOy)

To our knowledge, experimental data are available only for the (Na2SO4 + NaxCrO4 +
Na;MoOQ4) sub-system. The liquidus surface of this system was investigated by Mateiko
and Bukhalova *® using visual observations. Six isoplethal sections were measured. The
calculated liquidus projection is shown in Figure 19; the hexagonal solid solution hP22
precipitates from the liquid phase over the entire composition range. As an example, three
calculated isoplethal sections are compared to the available data in Figures 20 to 22. The
remaining three isoplethal sections are given in the Supplementary Information (see
Figures S2 to S4). No ternary excess parameter was included for the liquid phase. That is,

calculations were made using solely the optimized model parameters for the three
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common-cation binary sub-systems. The (NaxSOs + Na;CrO4) binary sub-system was
modeled previously, '® and the corresponding model parameters were used directly in this
work. Measurements in Figures 20, 22, S2 and S4 agree better with the calculated liquidus
whereas data in Figure 21 agree better with the calculated solidus. Overall, agreement
between the calculations and the measurements of Mateiko and Bukhalova *® is

satisfactory.

Na2M°04 0.9 0.8 0.7 0.6 0.5 - 0.4 0.3 0.2 0.1 Nazcr04
(687°C) mole fraction (793°C)

Figure 19 : Calculated liquidus projection of the (Na2SQ4 + Na2CrO4+ Na:MoOy)

system
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Figure 20 : Calculated isoplethal section in the (Na2SO4+ Na2CrQ4+ Na:Mo0Oy4)
system ((Na2CrO4)o.5(NazMo00QO4)o0.5-Na2S04). Experimental data from Mateiko and
Bukhalova 48 (®) and this work (blue symbols) (DSC, blue O : 2" heating, blue < :
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Figure 21 : Calculated isoplethal section in the (Na:SO4+ Na2CrQ4+ Na:MoOy4)
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system ((Na2S04)0.5(Na2M00QO4)0.5-Na2CrO4). Experimental data from Mateiko and
Bukhalova 8 (@)
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Mole fraction of Na,CrO,

Figure 22 : Calculated isoplethal section in the (Na2SO4+ Na:CrQO4 + NazMo0O4)
system ((Na2S04)0.3(Na:Mo00QO4)0.7-Na2CrQO4). Experimental data from Mateiko and
Bukhalova *8 (@)

8. Molybdate-based ternary reciprocal sub-systems : (NaCl + KCI +
Na;MoO4 + K:2Mo0QO4)

To our knowledge, experimental data are available only for the (NaCl + KCI + NaxMoOg4
+ KoMoO4) sub-system. Seventeen isoplethal sections (including the (K:MoO4 + NaxCly)
and (NazMoO4 + K>Cly) diagonal sections) were measured by Bukhalova and Mateiko **
using the visual-polythermal method. In each case, a pure salt was added to a common-
cation or common-anion binary mixture. The calculated liquidus projection of this system
is displayed in Figure 23. In the reciprocal square in this figure, the four apices correspond

to the pure salts: NaCl, KCIl, Na;MoOs, and K:MoO4. The compositions are expressed in
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terms of cationic and anionic equivalent fractions to ensure that tie-lines are straight lines.
The X-axis corresponds to the cationic molar ratio ng/(ny, + ng) while the Y-axis
corresponds to the anionic molar ratio n¢ /(n ¢ + 2n M0, ). A small ternary reciprocal
parameter was introduced for the liquid phase (see Table 4). The (NaCl + KCl) common-

anion binary sub-system was modeled previously, !

and the corresponding model
parameters were used directly in this work.

As an example, five calculated isoplethal sections are compared to the available
measurements in Figures 24 to 28. The remaining twelve isoplethal sections are given in
the Supplementary Information (see Figures S5 to S16). In these various figures, the filled
circles refer to the original data while the empty circles refer to interpolated liquidus
temperatures that were determined from the intersections with other sections. In most
cases, these two series of symbols agreed well, and thus no major inconsistency was
detected in the reported data of Bukhalova and Mateiko. ** Overall, agreement between the
calculations and the available measurements is satisfactory.

In Figures 24, 26, S5, S6, S9, S10, S15 and S16, a solid-solid miscibility gap, which can
be attributed to the (NaCl + KCl) solid solution (cF8), is calculated at low temperatures
(below 500°C).
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Figure 23 : Calculated liquidus projection of the (NaCl + KCI + NaxMoO4 +
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K2MoOy) system
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Figure 24: Calculated isoplethal section in the (NaCl + KCI + Na2M00O4 + K2Mo00O4)
system (Na2Cl2-K:MoOs4). Black lines: final calculations (with one ternary reciprocal
parameter); red lines: predictions (without any ternary reciprocal parameter).
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Figure 25 : Calculated isoplethal section in the (NaCl + KCI + Na:2MoO4 + K2Mo00Q4)
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system (K2Cl2-Na:MoOs4). Black lines: final calculations (with one ternary reciprocal
parameter); red lines: predictions (without any ternary reciprocal parameter).

Experimental data from Bukhalova and Mateiko * (®, O)
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Figure 26 : Calculated isoplethal section in the (NaCl + KCl + Na2Mo0O4 + K:2Mo00QO4)

system ((Na2Cl2)0.75(K2Cl2)0.25-K2M00O4). Black lines: final calculations (with one
ternary reciprocal parameter); red lines: predictions (without any ternary

reciprocal parameter). Experimental data from Bukhalova and Mateiko * (®, O)
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Figure 27: Calculated isoplethal section in the (NaCl + KCI + NaxMo0O4 + K2M00O4)
system ((NazMo0Q4)0.85(K2M004)0.15-K2Cl2). Black lines: final calculations (with one
ternary reciprocal parameter); red lines: predictions (without any ternary

reciprocal parameter). Experimental data from Bukhalova and Mateiko * (®, O)
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Figure 28 : Calculated isoplethal section in the (NaCl + KCl + Na2Mo0O4 + K:2Mo00QO4)
system ((K2Cl2)0.35(K2M0Q4)0.6s-Na2MoQ4). Black lines: final calculations (with one
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ternary reciprocal parameter); red lines: predictions (without any ternary

reciprocal parameter). Experimental data from Bukhalova and Mateiko + (@, O)

9. Multicomponent system (NaCl + Na>;CO3; + NaxSO4 + NazS:07 +
Na,CrO4 + Na;Cr,07 + Na;MoO4 + Na;Mo:07 + Na;O + KCI +
K:CO; + KaSO4 + Ki2S:07 + KaCrO4 + KaCr207 + Ko:MoO4 +
K:Mo0,07 + K;0) (diluted in free oxides)

The MQMOQA described in section 3 was used for the liquid phase of the 18-component
system (diluted in free oxides). Phase diagram data were very limited for Na;MoOs- and
K>MoOQj4-containing ternary common-cation sub-systems, ternary reciprocal sub-systems
(i.e. systems with Na, K, and two anions) and higher-order sub-systems. Satisfactory
predictions were obtained in the (Na;SO4 + Na,CrO4 + NaxMoOs) system, whereas one
small ternary reciprocal parameter was required for the (NaCl + KCl + NaxMoO4 +
K>MoOs) system. In our previous work, '® satisfactory predictions were obtained in the
(KCI1 + K2COs3 + KoCrOs), (Na2CO3 + NaxSO4 + NapCrO4), (Na2SO4 + KoSO4 + NaxCrOg4
+ KoCrOy4), and (NaCl + KCI1 + NaxCrO4 + K2CrOs) systems, while one small ternary
excess parameter and three small ternary reciprocal parameters were necessary for the
(K2CO3 + KoSO4 + KoCrO4) and (Na2CO3; + KoCO3; + NaxCrOs + KoCrO4) systems,
respectively. For all ternary and ternary reciprocal sub-systems evaluated in the present

14-16. 20 1o, or only small, ternary or ternary reciprocal excess

work and previously,
parameters were necessary to reproduce the available experimental data. Therefore,
assuming that ternary or ternary reciprocal excess parameters can be neglected for all
ternary and ternary reciprocal sub-systems for which data are lacking is expected to lead
to accurate predictions of the 18-component liquid phase (diluted in free oxides).

Various multicomponent solid solutions (hP22, 0S28, oP28, hP14, oF56, cF56,
K2MoOys3)-ht-ss, NaxM0Og(s2)-ss-rich, KoCr2O7(s.s), aP44 and aP22) were modeled in this
study and previously '*1%2% using the MQMQA for hP22 and the CEF described in section

4 for all other solid solutions. In the present work, experimental phase equilibria involving

hP22, hP14 and K2MoOus3)-ht-ss were satisfactorily reproduced in the (Na;SO4+ Na2CrO4
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+ NaxMoOs) and (NaCl + KCI + NaxMoOs + KoMo0O4) systems without introducing any
additional parameters in the models for those solid solutions. Similarly, in our previous
work, '® measured phase equilibria involving hP22, hP14 and oP28 were satisfactorily
reproduced in the (Na;SO4 + K2SO4 + NaxCrO4 + K2CrOs) and (NaCl + KC1 + NaxCrO4 +
K>CrO4) systems without any additional parameters. Therefore, the developed
thermodynamic model is expected to predict accurately phase equilibria in the

multicomponent system.

10. Conclusions

A thorough critical evaluation of all available phase diagram and thermodynamic data for
all condensed phases of the (NaCl + Na;CO3 + Na;SO4 + NaxS207 + NaxCrOs + NaxCr2 07
+ Na;MoO4 + Na;Mo0,07 + Na;O + KCI + K>CO3 + K2SO4 + K2S207 + KoCrO4 + KoCr2 07
+ KoMoO4 + KaMo207 + K20) system was conducted in the present study and previously
1416 "and optimized model parameters were obtained. Since the reactions 2 A;MOs =
A2M207 + A>O (where A =Na, K and M = Cr, Mo) are very limited up to above the liquidus
temperatures, !’ the free oxides were present in the liquid phase in dilute amounts. The
present paper describes all molybdate-based and dimolybdate-based sub-systems for which
experimental data (mainly phase equilibria) were available. Due to the lack of data, DSC-
TGA experiments were performed at several compositions in the common-ion sub-systems
(Na;CO3+ NaxMo0Os4), (Na2SO4+ NaMoOs), (K2SO4+ KoMo0Os), (NaxCrO4+ NaxMoOs),
(K2CrO4+ K2Mo00s), and (Na2MoOs + KaMoOs).

No solid solubility was introduced at low temperatures in (Na2CO3z + NaxMoQOj4) since our
DSC thermal arrests were consistent with solid-solid transitions for the Na,CO3 and
Na;MoOs pure compounds. In (Na;SOs + NaxMoOs4), overall our DSC results for
NaxMoOs4-rich compositions agreed with the experimental data from the literature. Owing
to the same crystal structure and space group of Na>SOqs1)and NaxCrOysi), the (Na2SO4 +
Na;MoO4) and (Na2CrO4 + Na2MoOs4) phase diagrams were modeled simultaneously; two
Na;MoOgy-rich solid solutions (Na;MoOgs2)-ss-rich and cF56) were introduced at

intermediate temperatures. In (NaxMoO4 + Ko:MoOs), particular attention was paid to the
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molybdenum-glaserite phase (hP14). Mechanical mixtures of the pre-treated reagents and
an equilibrated sample (to which an excess of NaMoOs or K:MoO4 was added
subsequently) were both studied to best characterize the compositional range of hP14 and
its phase boundaries.

The Modified Quasichemical Model in the Quadruplet Approximation (MQMQA) was
used to model the liquid solution and the high-temperature hexagonal solid solution hP22,
while the Compound Energy Formalism (CEF) was used for all other solid solutions. All
experimental data from the literature and from this study were reproduced within

experimental error limits.

Using the model parameters obtained for the binary, ternary common-cation
and ternary reciprocal sub-systems along with suitable interpolation methods,
it is possible, from the MQMQA, to predict accurately the thermodynamic

properties of the multicomponent liquid. The developed thermodynamic model

18

is compatible with the FactSage software package *° and can be used to

calculate phase equilibria in the multicomponent system, thus permitting the
investigation of high-temperature corrosion, in particular between 600 and

950° C.
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