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Alkali +TiO,

Database development: Si4*O, replaced by Ti**O,
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Alk,0O-TiO,

Thermodynamic data

mole%

Compound

Cp

AH,?, SO

Compound

Cp

AH,, S°

Tio,

S as [1] for Na,TiO,

0.333 Na,TiO, FTox [1] S [1]; H;, AH,,, optimised K,TiO, FTox [1] H optimised: AH_ — [1]
0.5 Na,TiO, SGPS [2,3] | S[SGPS]; H - exp. [4] K,TiO, FTox [1] | S as [1] for Na,TiO5; H exp. [4]
0.555 NagTi;04, FTox [1] H, S-optimised
0.6 K,Ti;Og NK H,S optimised; confirmed in [5,6]
0.667 Na,Ti, 05 SGPS Not stable K,Ti,O5 FTox [1] | Sas[1]for Na,Ti,O5; H opt.
0.75 Na,Ti;0; FTox[1] | S-[1], H- optimised K,Ti,0, | | Was nof coneidered. Because fts existence
0.8 K,Ti,Oq NK H,S optimised; confirmed in [7,8]
0.857 Na,TigO,; FTox [1] S— exp. [9]; H-optimised K,TigO,3 FTox [1] | H,S optimised

[1] G. Eriksson, A.D. Pelton, Metal. Trans. B 24 (1993) 795-805.
[2] SGPS - SGTE pure substances database (v13.1) 2017.

[3] I. Barin, Thermochemical Data of Pure Substances, 1995.
[4] B.1. Panfilov, Zh. Neorg. Khim. 10(8) (1965) 1844-1847.

[5] E.K. Belyaev et al., Neorg. Mater. 10(3) (1974) 460-464.
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[6] C.E. Bamberger et al., Applied Spectroscopy 44(1) (1990) 30-37.
[7] A.J. Easteal, D.J. Udy, High Temp. Sci. 4 (1972) 487-495.
[8] F. Yoshinori, Yogyo Kyokai-Shi 90(10) (1982) 76-78

[9] J.M. Stuve, J. Chem. Eng. Chem. 27 (1982) 391-392
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Alk,0-TiO, “phase | descrption (AkNa,K)

slag Alk,0, Ti, Ti,O,, Ti,Os, Ti,0,, Alk,TiO,/2.5

Calculated phase equilibria

Alk, Ti, O, stoichiometric
TiO, - Na,0 -0, TiO, - K,0
p(0,) = 0.21 bar, 1 bar ﬁhctSage‘" 1bar thtSage‘"
2000 T T T T 2000 j T ) ] j ! j I j
A - - x Nisioka [1934] v Endo [1988]
1800 + A Beliaev[1965] < exp., fusion, Bouziz [1971] 1800 ® 0 Schmitz-DuMont [1959] & Bamberger [1990]
F % exp. points, Gicquel [1972] ® exp., equilibria, Bouziz [1971] + Berry [1960] * calculation, Eriksson [1993]
1600 & Tir, eut, per, Gicquel [1972] = Levin[1964] 1600 [ v v NaKTiO, Belyaev [1974,1965] KaTiz0ys, KoTiz0; were not confirmed
| o liquidus, Budnikov [1954] Slag + TiO; 3 Kutolin [1965] K:Tis04s was not mentioned in literature Slag + TiG,
1400 + # solidus, Budnikov [1954] Shg b 1400 + Easteal [1972] 1
F b v + Tm or peritectic, Fujiki [1982]
A1 200 I . (_T'_Of)a e g | 1200 - y ::g?&;ﬁ:&ﬂ,[gﬁéln982] ag 7
Q000 L . - Na@Ti0.), { Slag 5 '53 1 € 1000k o E;E&ﬁ}i&l‘(‘éj}ﬁzﬂssz} . |
e [ Na0(s2) + Shg, ATIO, + = g - ey &
800 -Na20(52)+Na‘TIO‘ % g gf g 1 800 - Sag S GHOT + SIICTIO: = JG TR0 $ ;“: 1
EhiL Na Ti03(52)+Na¢TJ1(4z * = g Ele awall % o1 G o
i Na,0 +NaTiO, O '_0: 3 g.o R S IS, Z s |5s s z
400 L :v ] [ g g“‘ Cg :N ] L K.O(s3) + K.TiO, K,TiO,; + K, TiO, g 5 3 ;—: L
| 3 = = % Z |2 i K02 £ KT, o = : |8 %
200 | NB.TIO, + Na,TiO, = 7 200 | BRI, 5 % = ©
0 . [ NaTic, + N4 TiO . . " ' . . = .
0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Ti0,/(TiO,+Na,0) (mol/mol) Ti0,/(Ti0,+K,0) (mol/mol)

Phase equilibrium data for system with K,O are scarce. The assessment was done based on additional

data regarding formation, structure and thermodynamics of the titanates
@) JULICH
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Nazo'Kzo'Tl 02
Thermodynamic modelling

____phase | ____model | description | data_

slag Narotke cesodei meae | Sl 1 Tiy0,, TiyO3, Tiy0,,

Alk,TiO4,/2.5 FzJ, GTT
(K;TiO3):(Na,TiO5)=1:1 stoichiometric Cp — NK; H,S - optimised FZJ
(K,TiO,):(Na,TiO5)=2:1 stoichiometric Cp — NK: H,S - optimised FZJ

Ternary system was modelled/extrapolated based on the experimental data the pseudo-binary section
K,TiO,-Na,TiO;.

Na,O
X
/ Na,Tio,
* agTis0.,
&\Qv o> *\*\* */ Na,Ti;0;,

+ A7 &% 0o T TR~/ Na,Tig0y,
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T(C)

Na20'K20'Ti02

Calculated phase equilibria
Na,Tio, - K,TiO, - 0,
P(0,) = 0.21 bar, 1 bar

LGactsye

1200 T T T T T T T
O visual method, Belyaev [1965]
# thermographic, Belyaev [1965]
¥ primary T, Nisioka [1934]

1000 & monotectic, Nisioka [1934]

+ eutectic, Nisioka [1934]

* Sholokhovich [1955] 3
K.Ti0.)(Na2TiO3) +/se i .
80055 feng m n&maejioa + Na,TieQ,, + HEgHO:(2) + NasTizOl + Slag
" * t ;"“ * ¢ -
g
b
600 | ¥ .
Om o T o]
[ Q b le)
5 ol
S =
400 _ic:)m éf; E (K,TiOs),(Na2TiO3) + Na,TiO,(s2) g_ 4
B o b 09 08 07 06 05 04 03 02 0.1 :
x % }FN Kzo mnla frarfinn T’ 02
£ (]
200 | g -
x &N
(K,TiO;),(Na2TiO3) + Na,TiO,
0 . . . . A A A . .
0 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 0.9 az

Na,Ti0,/(Na,TiO,+K,Ti0,) (mol/mol)

x .
/ Na,Tio,
Na,TiO,
) NagTisO,,

Na,Ti,O
— > 4 273v7
A~/ Na,TigO;

K,O
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Alkali +V,0,

Database development: P>*,0; replaced by V°*,0,

» Phase equilibria in system Alk,0-V,0;
depends on P(O,)

» Composition of ,bronze“ is varied in
literature — not considered yet

500-550°C

0 20 40 nNavo, 60 80 o 100

Na,0 Mol % V,0
&) JULICH
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Na-V-O

Thermodynamic data

Na,0:V,0, Compound Cp AH, S° Slag Remarks
) . Bronze, Y2(Na,0+V,0,+5V,0;) or
1:6 NaVeOis NK optimised Y5(Na0+xV,0,+(6V,0) x=1
1:3 Na,V;0,; NK optimised Bronze: as (Na,O+xV,0,+(3-x)V,05) x=1
2:5 Na,V,,0,; - - Reported in [1,2], but later not confirmed
) Reported in [3] as (5Na,0+xV,0,+
5:12 NasV;,0;, i i (12-x)V,05), but later nét confizrm4ed
. S—optimised;
5:3 Na;V;0,, NK H-exp.[5]
2:1 Na,V,0, [4] [4] Na,V,0,/3
3:1 Na,VO, FTox optimised Na,vO,/2

[1] V. Danek, J. Balajka, K. Matiasovsky, Chem. Zvesti 27(6) (1973) 748-751.

[2] M.P. Glazyrin, A.A. Fotiev, Inorg. Mater. (Engl. Transl.) 4(1) (1968) 67-70.
[3] R.C. Kerby, J.R. Wilson, Can. J. Chem. 51(7) (1973) 1032-1040.
[4] I. Barin, Thermochemical Data of Pure Substances, In: VCH Verlagsgeselschaft mbH, 1995.

[5] B.G. Golovkin, L.V. Kristallov, M.V. Kruchinina, Russ. J. Inorg. Chem. 40(3) (1995) 496-500.
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K-V-O

Thermodynamic data

K,0:V,0, Compound Cp AH, S° Slag Remarks
1:6 KV¢O,; NK | optimised Bronze 4(K,0+V,0,+5V,0;), stable in air [1]
1:4 K,V;0,, NK | optimised Bronze, reported in [1-3], confirmed in [4]
. H—exp.[5]; Bronze, but currently was modelled as 2
1:3 KV;0, NK ' sopt. (K,0+3V,0)
3:5 K;V:0,, NK g-_oe;(tFnE?s]e q Reported in [3], later confirmed in [4]
. NK S—[6]; H—exp. [5];
1:1 KVO;, (mod.) | AHm —-NaVO; KVO;,
5:3 K5V;0,4 NK | optimised Reported in [4]
) NK S—[6]; H-exp.[5];
2:1 K,V,0, (mod.) | AHM — Na,V,0, K,V,0./3
_ NK | S, H—[6]:
3:1 K;VO, (mod.) | AHm - NazVO, K;VO,/2

[1] V.V. Illarionov, R.P. Ozerov, E.V. Kil disheva, Zh. Neorg. Khim. 1(4) (1956) 777-782.

[2] A.A. Fotiev, M.P. Glazyrin, S.I. Alyamouvskii, Russ. J. Inorg. Chem. 12(5) (1967) 701-703.

[3] M.P. Glazyrin, A.A. Fotiev, Russ. J. Phys. Chem. 42(10) (1968) 1288-1290.

[4] C. Ye-Qing et al., Chin. Phys. B 20(7) (2011) 076401-076407.

[5] M.Y. Khodos et al., Neorg. Mater. 16(3) (1980) 502-504

[6] T.B. Lindemer, T.M. Besmann, C.E. Johnson, J. Nucl. Mater. 100(1-3) (1981) 176-226. '
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K20'V205, Nazo'V205

Calculated phase equilibria

2000

1800
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1400

1200

1000

T(C)

800

600

400

200

K,0-V,0,-0,
p(0,) =0.21 atm, 1 atm

o exp.data of Canneri [1928] cited in Holtzberg [1956]

o

liquidus, Holtzberg [1956]
solidus, Holtzberg [1956]
transitions, Holtzberg [1956]

thermo-opt.data of Glazyrin, Fotiev [1968]

eutectic, DTA, Chen [2011]
peritectic, DTA, Chen [2011]
transitions, DTA, Chen [2011]
melting, DTA, Chen [2011]

K,0/(K,0+V,0,) (mol/mol)

UNDER
CONSTRUCTION
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Na,0 -V,0, -0,
p(0,) =0.21 atm, 1 atm

= exp. Canneri [1928]

2~ XRD, TG; lllarionov [1957]
o o exp (visual, TA, XRD) Slobodin [1965]
* O ¢exp, liquidus, solidus (thermooptical) Glazyrin [1968]
< exp (XRD, DTA) Kolta [1972]
+ exp.points (TA, XRD) Danek [1973]
< Golovkin [1995]

ol Na,VO, + Slag
L g )
i
2 Na,O(s2) + Na,VO,|
L = |
z
= i
= E i
|  [1aVO(s2) + NaVip . % ?? |
o} o |2 2 z
= ) e S 0|3
B = 2 > (=2 _
5 $ = r Na,0 + Na,VO,
NaV0, + Na,V;0,, N&VO, +NaV,0,| £
1 1 1 1
0 0.2 0.4 0.6 0.8 il
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Na,0/(Na,0+V,0.) (mol/meol)

The detail description of the ,bronze“-phase would be desirable taking
account the phase equilibria under various p(O,)

into
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NaZO-KZO-V205

Thermodynamic modelling

____phase | _model | _ description | data |

Non-ideal V, V,0,, V,0;, V,0,,
slag associate V,0s;, Alk,0, FZJ, GTT

model Alk,0:V,05=1:1, 2:1, 3:1
(NaVO,):(KVO;)=3:1 stoichiometric FZJ reported in [1]
(NaVO,):(KVO;)=2:1 stoichiometric Cp — NK: FZJ reported in [2], but not

L1 epaiileee confirmed in [1,3]

(NaVO,):(KVO;)=1:1  stoichiometric FZJ reported in [1-3]
(NaVO,):(KVO;)=2:1 stoichiometric FZJ reported in [2]

[1] J. Perraud, Rev. Chim. minerale 11(3) (1974) 302-326.
[2] ILN. Belyaev, T.G. Golovanova, Russ. J. Inorg. Chem. 13(6) (1968) 859-860.
[3] M.P. Glazyrin, A.A. Ivakin, A.P. Yatsenko, Russ. J. Inorg. Chem. 17(2) (1972) 280-281.

Ternary system was modelled/extrapolated based on the experimental data the pseudo-binary section
KVO;-NaVOs,.

Forschungszentrum

) l) JULICH

Mitglied der Helmholtz-Gemeinschaft GTT Users’ Meeting 2019



T(C)

Na20'K20'V205

Calculated phase diagrams

T°C
T(min) = 389.50 °C, T(max) = 1245.95°C 1300

KVO, - Navo,
1100
. thtSage“‘
900 T T T T
1%
| I
800 | 4 thermo-optical, Glazyrin [1972] @ melting, visual; Belyaev [1968] ]
® Peraud [1974] ©  mefting, thermogr ; Belyaev [1968] Slag
700 o solis-solid fransformations; Belyaev [1968] i 700
& Tm, Tir, Belyaev [1968]
600 | s
NaVO,(s2) + Slag i 7 e
S A p 5 MNa
500 | Ig o DKNaE’OZ'Igé'an T 3, +Plag o, : o 20
o o 5 1 oy BRAVC R = /\A
RNa,(VO,), + NaVO,(s2) z.e d = — A S
400 = o i . )
KVO, +K,Na(VO,), ol ‘ A
300 = g = ~ i e
5 g g g o S f .
Q = z g z o} Na0(s2) e
= 5 g g 3 = & ;
200 ® Q g z b~ < fof g g
- a p = p % >\ 0.9 08 07 06 05 04 03 02 01
x -3 o -3 [ "3 N o R X 5 £ ¥
Gy o o z 8 ‘ K.O
100 F KNeVOd) + NV Oy = = g z ] 2 mole fraction 2
4 4 r4
4 e e
3]
Z
i : : ' ' Na,O
0 0.2 0.4 0.6 0.8 1 2

KVO,/(KVO,+NaVOy) (mol/mol)

*
/ Na,V¢0,;5

ST ot or T navo,
) N> OV N
+ + 4}%% @9 V205

JULICH
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Oxide database

HotVeGas Project

-

N

HOTVE A

Hochtemperaturvergasung und Gasreinigung

Basic experiments and
thermochemical modelling)

4 U

[E - }[ Database ] ﬁ
xperiments

development

(slag, membranes, trace
elements, etc.; with TA,
XRD, KEMS, MBMS,
Visco, etc.)

Work

systems for the purpose of
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BaO'Zr02

Revision of thermodynamic data on BaZrO;: heat capacity, entropy

Cp, JmolK | Ii:’_K T, K Method H(T) = AH;’_,”&15 + 2931c5:P(T )T
Cpys=101.71 | 124.68 53-297 AC [King 1960] T ¢ (T)

. — S(T)=8), + | =T
Cpygg =101.71 296-1606 H-H,g5,C [Levitskii 1976]** wsis 1
Cp,gg =101.71 1030-1687 H-H,q5, DSC [Nagarajan 1985]

Cp,gg =101.71 407-775 | H-H,q5, DROP |[Cordfunke 1989]
298-1200 STA [Vassen 2000]
Cpyge=107.71 400-1400 DSC [Yamanaka 2003]
Cp,es=107.0 125.5 1.6-298 AC [Ahrens 2006]
Cps044=106.4 | 126.0 1.8-305 PPMS*** [Kurosaki 2006]
124.68 Fact PS
125.5 SGPS
Cpyos=101.71 124.68 our database

AC- adiabatic calorimetry; C-calorimetry
*derivative of H-H,qg **transitions were reported: at 758, 1175K with AH=0, 1.38;
***_hybrid adiabatic relaxation method

) l) JULICH
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BaO'Zr02

Revision of thermodynamic data on BaZrO;: heat content

AH.?, simol T, K Method [Ref]
-1745.0 E [Shibanov 1969]
-1779.5 E [Parker 1971]
-1769.0 [Kubashevski 1993]

evaluated’ on .
-1694.0 KEMS [Odoj 1976]
-1761.9 1673-1873 CB [L'vova 1964]
-1771.4 1068 SC [Takayama 1988]
-1785.42
-1779.55  1180-1320 EMF [Levitskii 1978]
-1765.41
-1776.1 5

(-1721.7%) 1203-1347 P(Ba), KML [Dash 1990]
-1767.7 1203-1347 P(Ba), KML> [Dash 1994]
-1774.8 DROP [Cordfunke 1990]
-1779.45 Fact PS
-1770.0 SGPS
-1779.45 our database

E-evaluation; CB-calorimtric bomb, SC-solution calorimetry
1-evaluated in the book [Cordfunke 1990]; 2-mean value; 3-value from calorimetry;
4-third-law value; 5-Knudsen mass-loss technique

Mitglied der Helmholtz-Gemeinschaft
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Delta Go(kJ)

-1130 | !

-1180 |

-1230

-1280

-1330

-1380 |

-1430 [

-1480 |

-1530

-1580

-1630 |

-1680

T
H(T) = AH;’,,M“ ¥ j ¢, (T)dT
298.15
. T ¢, (T)
S(T): S298,15 + .[ T
298.15

REACTION
Ba(T,s) + 1.5 02(T,g1) + Zr(T,s1) = BazZrO3(T,s)

based on KEMS [Odoj 1976]
emf [Levitskii 1978]
est. by [Dash 1996] based on KEMS [Matsui 1994]

est. by Dash_1996 based on emf [Levitskii 1974]

emf, cited in Dash [Deo 1976]

DROP [Cordfunke 1990]

-

Database

7

L L L L L L L L L L L L L L L
400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
T

/.

JULICH

Forschungszentrum



Delta H(kJ)

BaO'Zr02

Revised thermodynamic data on BaZrO,

BaZrO, taken from

Cp, H-Hygg

[Nagarajan 1985]

AHL=-1779.45 kJ/mol

[Levitskii 1978]

Bazro3 S0=124.68 J/mol*K

[King 1960]

200 i T ] T i T ] T T L T i T L T i T L T i T L T a T L T
[ #
180 [ 2 FactPS = )
| s #
i = SGF;/ P
160 | & ~ .
[ s 3 -~
i g = %
2 o “ ]
140 C =, b ;
3 & i o
L % v : s
120 = 0 : & ]
i G b
o 1 i
100 | 8 " A 1
L H
| =
wn
F i
60 L A exp., Calver calorimetry [Banerjee1997]
* exp., drop calorimetry [Cordfunke 1989]
40 # exp., calorimetry [Levitskiy 1976] 1
O smoothed, calorimetry [Levitskiy 1976]
20 | 4 exp., DSC [Nagarajan 1985] B
3 — —fitted H content [Nagarajan 1985]
0 E- 1 1 1 1 1 1 1 1 1 1 1 1 1

300 400 500 600 700
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i Database
#* LT calorimetry [King, Weller 1960]
;f o LT Cp, PPMS [Kurosaki 2006]
g: ——-calorimetry [Levitskii1976]
S 4
u —fitted Cp based on H-H298, HT [Nagarajan 1985]
- B m
g ——based on H-H298 [Cordfunke 1989]
s ——DSC [Vassen 2000]
-z 4
& ——Eq. based on DSC in Ar [Yamanaka 2003]
- S -
g
1 1 1 1 1 1 1 1 1
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BaO - ZrO, - 0,

(o) =0.21 atm, 1 atm &d53ge"
B a O -Z ro 2 & TA [Shevchenko 187] ; " ¢ Massen2000] ' ]

3000 # DTAinHe [Shevchenko 1967 & exp data [Adamson 1985)
+ scan data [Shevchenko1087] & expodata [Von Warenbeng 1931]
@ scan dala [Von Warenberg 1931)

4
Lia
A'::L:_ BaZr0, + LG

Calculated phase equilibria

Eazm¢+k A.:::' L
Q Bazro, + Ba,Zr0
= 1500 | Bazr0, + ZrO2-MT
+ 72+ Ra2+\((O)2- e
(Zr4 ’ Zr ’ Ba )(O_’ Va)Z 1000 F = '*;i
(ZrO,, BaO,), s |2
BaZrO, + ZrO2-LT tg" %
500 } . = BaO + Ba,Zr0,
o
@
0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1
BaO/(BaO+Zr0,) (mol/mol)

phase model description data sozoe o
Liquid Modified associate species Ba, Zr, Ba,0,, Zr,0,, O FZJ :’::"‘@ _/
MeO2-HT | Sublattice model (Zr?*,Zr** Ba?*)(0%,Va), GTT-FZJ R >
ZrO2-MT  Sublattice model (ZrO,, Ba0,) GIrrz) | & e il e
gas ideal SGPS I |
BazrOs Stoichiometric, thermodynamic BaO:Zr0,=1:1 FZJ wl N N | N |
Ba;Zr,0, | data are revised based on the Ba0:Z2r0,=3:2 FZJ  SHOUSHOHr0) (molimol)
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Calculated phase equilibria
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» Thermodynamic data are included
along with phase equilibria — ©

» Solid solubility is modelled based on
5:2 (La/W=5)- ©
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