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Motivation and aims o JUL'CH

Thermodynamic calculation/prediction Nazo A Ca0O
for slag relevant oxide systems, which
are difficult from the point of view of
experimental measurements

Calculation requires:
Reliable database, based on the

' Y of
experimentaldata T feewesw A| O G

Available databases are not sufficient to
model the complete coal ash (slag) system

. Purpose of out work - development of a new data,balieh is: :
applicable for the slag relevant system contairahgnina, silica, alkali, alkali- earth
. oxides |

. suitable for the calculations and/or predictions tbé phase equilibria and other
. thermodynamic properties by variation of tempemtmd composition
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Modelling of liquid and solid solutions
Applied andchosenmodel for the phases under consideration
Phase name Associate species model Multi-sublattice model
Liquid :;(iqc:jl}l;dszléiei:ecs)xides, binary and ternary )
Mullite Al Si,Op5 AlSibOy31/4, ALO,, SIO-2 | (AI3Y),(AI3H),(AI3*, S),(0%, Va)s (Mao et al., 2005)
Natrium disilicate (Na;_,K,)»Sib,Os: Na,Si,Og, K,Si,05 -

KAIO ,-low T, high T

P ium alumin KAI) ;.. Si,0,: KAIO,, KAISIO .
otassium aluminate | (KA 1,Sk0, 2 a 3 sublattices: (AP, Si*), (K™, va®),(0%),

Nepheline (low T), carnegieite (high T)

Nepheline, carnegieit¢ NaAISiO,: NaAlSiO,, NaAIS,L,O _
P d * 4 2% 4 sublattices: (AF+, S|4+)2Va01(Nal+, Vao)l(OZ)4

NaAlO, - low T, high T

[ [ NaAl),_.Si,O,: NaAlO,, NaAISiO )
Natrium aluminate | (NaAl).SkO, 2 " 3 sublattices: (AF*, Si*"),(Na'", va’);(0%),

St vao Si:Nalt vad St

Composition scheme

Al3+val Al3+:Nal* Alk1+ Al3+
from NaAlISIQ, to SiQ, from AIKAIO, to SiQ,
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Modelling of liquid — Associate species approach’J JULICH

introduced for slag by Spear, Allendorf, Besmang002
Na,O

suitable for this system

relatively simple for using and modification

Na,SiO,

pure liquid oxide NaAlO,

binary liquid species (incl. “virtual”) NagSi,O,
binary compounds (rest) _

ternary compoundand ternary species Na,SIO;

NaAISiO, _-~

. x
-+ NaZS i205 NaAIS|30/8/ PR NaAl 9014
Interaction between Lo S N Al 203
solution components NagSigO1 o X -7 ALSILO.. e KAI O,
______________________________________________________________ K, AE@?I 12019
Si0, &xeziit- - Ao
K
K,0
G = xiGiO +RT  xInx + XX L(ijv)(xi - xj)V
i<j v

LY =AY +BY 5T +C xT AnT +D{’ xT*+...,v=0,1
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Database development

Experimental data: OptiSage in&ctSage’"

phase diagram data,
activity data (if they are available) N

Adjustable parameters:

H.2%% and S*%8for the liquid and solid solution specie
Choice of the suitable model ':{> f ' e SOIC SOIHON SPELIEs

H,2%8 and S*%8for the pure solid compounds (part.)

ﬂ interaction parameters between species

Initial data for pure solid and

liquid substances, liquid and solid
solutions ' @ optimisation

Comparison of the results
with exp. data

..................................................................................
‘

Re-assessment: z
: Gibbs energy for pure oxides were @agreement

changed from FACT to SGTE Pure
Substance database 5
.................................................................................. New dataset
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Results of re-assessment for binary systems-1

Alk ,0-Si0,, Alk=Na, K

180¢
1600 o Morey
O " Lostor
° - 1400¢ + Haller
(D)
-
2 1200} FACT
©
L 1000} SN, T
gl ¢
- glal %
O] 800} gzl = - ,
600 . . . L= A\
00 01 02 03 04 05 06 07 08 09 1c
mole SiQ/SiO,+Na,0
180¢
® Kracek
1600}
O
° 1400}
(O]
S
3 1200f
+—
©
)
o  1ooof S
e <
(] 800} o AL A
" : A
g
600 1 S

00 01 02 03 04 05 06 07 08 09 1C

mole SiQ/SIO,+K.,0
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Alk ,O-AlLO,, Alk=Na, K

4 Rolin, Thanh

2100} @ De Vries, Roth liquid
o Weber, Venero Iqui
1900},
1700 Spear et al
1500}
1300} a e
3l 1= 3
2 =) :.(
1100 o l 5 O: Ci o
2 3 | |z ¢
900 . . A Z, . B
00 01 02 03 04 05 06 07 08 09 1cC
mole ALO,/Al,O,+Na,0
2300F )
o Roth
2100 v Moya
car
19001 3
1700} 3
Ee
1500} FACT &
S
1300} z
g
1100 <
N s ls &
900}o, 9 z 5| ¢
> >4 N E <
700 n n T n . . . —
00 01 02 03 04 05 06 07 08 09 1cC
mole ALO,/AI,O,+K, O
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Results of re-assessment for binary systems-2

—
Mullite N
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Associate species model (introduced by Spear at 2aD02):

4 sublattice model (introduced byMao et al. in 2005)

(AI3#),(AI34), (A1, Sit*),(02, Va),

Liactsye

T T T T T T T T T T T T T
[ & Welch O m Prochazka, Klu ® Galachov et al.
2200r g 1
v Aramaki, Roy v Okada 1987 ¢ MacDowell, Beall
| & Horibe, Kuwabara ¥ Hamano 1986 + Risbud, Pask (1977) ]
2000 oekiugetal )
O i slag + ALO(s) T
) 0 Aksay, Pask . . .
q).. r Incong 0.655-0.661 2163.13 K 1
— 1800 Exp(Klug) 0.657-0.665 2163 K |
S S slag + SMIM 1
e
E L
o 1600 -
o
o 1400 ]
|_ L
1200 | SMIM+ Al ,04(s) _
1000l . . .
0 1 8 9 1

2 3 4 5 6 7
mole ALO,/Al ,O,+SiO,

Temperature, °C

Temperature, °C

2050,

s CONgruent

gl

1850

0.60 0.62 0.64 0.66 0.68 0.70

20000 [ncongruent |
1900} ]

1800f

1700

1600

150

0.60 0.62 0.64 0.66 0.68 0.70

Model parameters are optimised for both

melting behaviour of mullite
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Re-assessment for ternary systemia,O-K ,0O-SIO,

Comparison of the calculated isotherms with the exgrimental points

4 eyatas AL
Ta0 4 %50 £ 8- .~ A0k Y. 80
“K,0-50, 775814 K,025i05 093 752 “Ky0-45i0;T64
(976) (1036) (768)

F.C. Kracek,

The ternary system,BiQ,-Na,SiQ,-SiQ,,
J. Phys. Chem36[10], (1932), 2529-
2542

Interacting components:
Na,Si0;+2/3 - K ,Si0;+2/3
Na,Si,0:*1/2 - K,Si,0:+1/2
Na,Si0;*2/3 - K ,Si,05*1/2
Na,Si,05*1/2 - K,Si05*2/3
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Re-assessment for ternary systeiNa,0-K,0O-SiO, #) 0LICH
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Predicted phase fields and ternary points

Lractsye

A=Na20, B=K20, C=Si02
W@A)  WEB)  WC) C

1: 0.35611 0.24601 0.39788 ~781.52
2: 0.29424 0.61125 0.09451 750.05
3: 0.29690 0.09010 0.61300 736.34
a: 0.22150 0.05839 0.72011 720.30
5: 0.24800 0.35296 0.39904 701.47
6: 0.18708 0.21348 0.59944 698.89
7: 0.12477 0.14950 0.72572 698.30 o
8: 0.08281 0.44184 0.47535 656.45
o: 0.16061 0.78268 0.05671 646.26 4 /
10: 0.06958 0.22589 0.70453 630.80 Z i
11 0.06598 0.26375 0.67027 613.21 ,”-" NaZSIZOS
12: 0.09529 0.74734 0.15737 598.74 PR .
i NagSigO,q
7 S
/ 7))
g a!\ /

— SolSel h O

> Ao

P ,/ & N

K 0.9 0.8 0.7 0.6 0.5 0.4 0.3 \0.2 |
20 K,SiO, K,Si,Os K,Si,0y K;Si,04(s2) S Oz
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Quasi binary section in theNa,O-K ,0-SiO, system

K,Si,O.-
Na,Si,Oc

110C¢

Temperature, °C
~ [es] © '5
S 8 8 8

o]
o
o

500

110

1000

900

®
o
o

Temperature, °C
g

o]
o
o

500

T T

e Kracek

uqui& K zsio3(s>\‘;// .

FACT, ) )
Na,SIO,(s) + K,SiO4(s)

00 01 02 03

04 05 06 07 08 0.9

mass percent N&iO,/Na,SiO;+K,SiO;

1.0

o Kracek

Spear et al.
Liquid + K ,Si,04(s3)

FACT

00 01 02 03

04 05 06 07 08 0.9

mass percent N&i,O-/Na,Si,O:+K,Si,O5
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mole fraction of Na metasilicate

-1000+

'

N

o

o

o
|

-3000

-4000

-5000

-6000

Free energy of mixing,

-7000+

-8000

-9000

0.2 0.4 0.6 0.8 1

= = Metasilicate, exp [Belton et al]
calculated, our datbase /
calculated, FACT database

Y
N ~ P

—

mole fraction of Na disilicate

-1000

-2000

-3000

-4000

-5000

-6000

Free energy of mixing,

-7000

-8000

-9000

0.2 0.4 0.6 0.8 1

= = =Disilicate, exp [Belton et al]
calculated, our database
calculated, FACT database

[Belton et al.] G.R. Belton, U.V. Choudary, D.R. Gaskell,
Thermodynamics of mixing in molten sodium-potassium
silicates, Phys. Chem.Process. Metall.,, Richard€onf.,

(1974), 247-253
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Assessment for ternary systenk ,0-Al ,05-SiO, !} JULICH
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Predicted phase fields and ternary points

Lractsye

KAISi ,O,

L3 ®P APy D IADs Ay

J.F. Schairer, N.L. Bowen, The system K,Si,04
K,0-ALO,-SiO,, Am. J. Sci. 253 Aa=so2 B=k20, C=Apo3
2 273 W(A)  W(B) W(EC) °C

(1955) 681-746. 0.01311 0.24418 074270 1912.52

0.36226 0.23314 0.40460 1708.40 K.Si
0.47085 0.21014 031901 1613.97 22k
0.87363 0.02233 0.10404 1470.06
0.69778 013377 0.16845 1284.86
0.73362 012110 014528 1139.03
0.79763 0.09283 0.10953 995.02 .
0.41262 057991 0.00747 91433 K ,SIO;
052169 0.42185 0.05645 882.60  \. /
10 076447 0.16216 007337 869.8K SO, Y~

KAISi ,O,

11: 0.46682 0.52131 0.01186 751.92

InteraCtlng com ponents 12; 0.65432 0.31411 0.03157 745.84

. 13: 0.72414 0.24992 0.02594 706.01
Al 05— KAISI,Op1/2 e oo omm oo ey S

Al (Si,0,551/4 - KAISi ,051/2 KAI 0.,

S\ T

0.7 0.6 0.5 0.4 0.3 0.2 0.1 AI O
mass fraction KAIGO,,  KAI04 2 J3
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Quasi binary sections in theK ,0-Al ,0,-SIO, system

Temperature, °C

Temperature, °C

2400

Schairer, Bowen
Extrapol.line, Roth

1.C

® Schairer, Bowen

slag + ALO,

ALO, + KAISI,Of

2100 1
1800
1500
1200
900 | E: SiO,(s4) + KAISO4(s2)
g
600 KAIO ,-high T + KAISIO 4(s2) KAISIOs2) + SI62) i
300 . . . A
0.0 0.2 0.4 0.6 0.8
mass percent KAIGKAIO ,+Si0,
2000
1800k ® Schairer, Bowen 2100r
@)
° 2000}
1600} U
1900}
1400} slag =2
©
1200} o 1800r
3
. 1700}
1000 "‘N S
0 916
800} g = 1600 °
X
600 \ /‘ KZSi%O5 + KAISigos(s) 1500
00 02 0.4 0.6 0.8 1.0 0.0

mass percent
KAISi ,04/K,Si,O-+KAISi .0,
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0.2

mass percent AD,/Al,O;+KAISI,Of

0.4 0.6 0.8 1.0

¢ exp. data [Oeltien]
— calcutated, our database
— calculated, FACT databe

log a (kO)

9.7K,0-17.4Ab05-72.9SiQ

-13.6 1 (composition in mol.%)
'138 Ll Ll Ll Ll Ll Ll 1
0.525 0.530 0.535 0.540 0.545 0.550 0.555 0.560

1000/T, K*

[Oeltjen] L.Celtjen, Diss. RWTH Aachen,1999
[Lecomte et al.]G. Lecomte, B. Pateyron, P.
Blanchart, Mater. Res. BulB9(2004) 1469-1478.

@® Schairer, Bowen
1900f

A Lecomte et al.

1
=
~
o
o

sla
9 AN

1500

=
w
o
o

mullite + slag

Temperature, °C

[

02 04 06 08 10
mass percent

Al 2S i6013/ Al 28i6013+K0.1588i02.079
Folie 13
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Assessment for ternary systenNa,O-Al ,O,-SIO,

Predicted phase fields and ternary points

J.F. Schairer, N.L. Bowen, The system
Na,0-AlL,O,-Si0,, Am. J. Sci. 254(2)
(1956) 129-195.

A=Si02, B=Na20, C=AI203
W(A)  WE) W(C) °C

1 0.40792 0.21201 0.38007 1519.42
2 0.42251 0.19540 0.38209 150551
3: 0.88518 0.01816 0.09666 1470.06
4 0.54021 0.16640 0.29338 1275.75
5: 0.44654 0.39125 0.16221 1254.26
6 0.44174 0.43333 0.12493 1177.65
7 0.67037 0.12095 0.20868 111221
8 0.61689 0.14329 0.23982 1066.45

9: 0.77440 0.08320 0.14240 1048.17
10: 0.35263 0.62645 0.02092 99155
11: 041326 054413 0.04261 982.16
12: 0.17265 0.81468 0.01267 970.05
13: 042828 051801 0.05371 962.79

14: 0.42218 0.53200 0.04583 952.36

0.73407 0.18613 0.07980 869.85
0.71991 0.24417 0.03593 736.29

Interacting components
Na,Si,0.*1/2 — NaAlSi0g*2/5 Na,Sio,
Na,Si,0.*1/2 — NaAlSiO,*2/3

Si,0, — NaAISi,05*2/5

NaAISi,04*2/5-NaAlSiO,*2/3

Na,Sio,

NaGSiZOQ /
15: 0.20999 0.77849 0.01153 93358 NaGSiZO7 o
0.70900 0.24848 0.04252 736.29Na48i04

NaAIO2_HT

® ternary lines

V ternary points

__ NaAlSi,0,

NaAlO, - NaAISiO,*2/3

Na,O

GTT-Technologies, 12th Annual Workshop, 16-18 June 2010

0.8 0.7
mass fraction

0.6

NaAlSiO,
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Available experimental phase diagraniNaAlO,-SIO,

NaAISiO, —-NaAlSi;Oq4 NaAlSi;Og (Albite) - SiO,
Greig, Barth(1938) Schairer and Bowen (1956)
1526°
1118°C
1526°
NaAlO, - NaAISiO,
NaAISiO, - NaAlO,, Thompson (1997), Proposed compositional phase ahagt 1300 °C
Schairer and Bowen (1956) for the system NaAl,,Si,0,, 0 x 1

J.F. Schairer, N.L. Bowen, The system@&l,O,-SiQ,, Am. J. Sci254(2 (1956) 129-195.

Greig J.W., Barth T.F.W., Am.Jour.Sci., 5th s@sA, p.93-112 (1938)

Thompson J.G., Melnitchenko A., Palethorpe S.R.,aftR.L., J.Solid State Cherh31, p.24-37 (1997)
Thompson J.G., Withers R.L., Melnitchenko A., Palgilh S.R., Acta CrystB54, p.531-546 (1998)
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Current results of the assessment for the system

NaAlQ, (low T, high T), Nepheline, Carnegieite are
represented by sublattice approach. The parametérshe
solutions are optimised to obtain good descriptioh the
available experimental data.

2050- T T T T T T T T 1
- O exp.data, Greig and Barth (1938)
3 @ exp.data, Schairer and Brown (1956)
185 EACT O exp.points+sol-sol, Thompson .
| Structure types, Thompson 1
1650} slag
9 [ NaAlO2_HT 1
é 1450_‘ & ]
............................................................................................. . 3 [ ortho, Pbca, ‘é‘&x cam, Fpa )
§ § E 1250 iﬁ ortho, Pbca % O e‘:m i O ] -
: Problems: ) S
: » ) : g— [ slag + SiQ(s3)
Unknown solubility boundaries for NaAJQ § 1050} )
| . - | v 0.52)+ 5063 |
: (low T, high T) solutions L gsol NaAiSi0,(2) + S0(:3) ]
Possible presence of a series of saglid Z . NeAIOZ_LT + neph ]
. . . ks N \‘vy SO T NSO
 solutions  with  different  crystallographic 650 & e s sy |
i structure between NaAl@nd NaAISiQ P 450 . . . . [—— . ———
%0 ee0000000cccceeeeteesssscccceceeeeecesssscceceeeeetesssssssceeceeeeccsssssssceceeeeecesssns 0'0 0.1 0'2 0'3 0.4 0'5 0.6 0'7 0.8 0.9 1'C

mole SiQ/SiO,+NaAlO,
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Quasi binary sections in theNa,O-Al ,0,-SIO, system

210( T T T T T T T T T
1900} ® O Schairer, Bowen ASlagliq + ALOJs) ]
U slag + ALO,(s)
° 1700} 1
[¢)]
P -
3 1500 slag + ALO,(s)
= L i
P ASlag-liq + Mullite
8_ ASlag-lig + Mullite + ALO,(s4)
c 1300} b
C
1100& ‘,/7777777_
900 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
00 01 02 03 04 05 06 07 08 09 1
mass percent AD,/Al ,O;+NaAlSi;,Oq
210( T T T T T T T T T
slag
1900t O @ Schairer, Bowen E
O slag + ALO4(s)
° ASlag-lig + ALO(s4)
O 1700t ]
S
=)
e
E slag + ALO4(s) + AllNaO,,(s)
o 1500
Q. Carnegieite + AlO;(s4) + NaALO,(s)
g carn + ALO4(s) + AlyNaO,,(s)
— 1300 1
1100 L L L L r\eplh+ALOJ(S)+AL.NaOM(S) . . .
00 01 02 03 04 05 06 07 08 09 10

mass percent AD,/Al,O;+NaAISIO,
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120(: T T T T T T T T T
® Schairer, Bowen
1100
O
° 1000
()]
—
B 900
E NaAISLO,+liquid
(]
Q gool Nasio.tliquid 1
= 5
|q_) Na,SL,O,+NaAlSL,0,
700F b
600 1 1 1 1 1 1 1 1 1
0 0.1 02 03 04 05 06 07 08 09 1
mass percent NaAlgD/Na,Si,Os+NaAlSi;Oq
1600+ 1
@) o Schairer, Bowen FACT
o
"1400 I liq + Carnegieite |
e sla; + camg
B 1200 1
©
—
81000 [ slag ASlag-lig Nepheline + ASlag-liq
% Q neph + slag
800}
\”/ Nepheine + NiSIO.(5) + NaSiO(2) _penph + slag + SINZO) ;A | s
600 neph + SiNaOs(s) + SiNa,0s(s) HEN + imZ!@E 5(S)
AN
400 Nephleline + l\llgSiO3(s) I+ NqSiZC?_r,(s)

00 01 02 03 04 05 06 07 08 09 10

mass percent NaAISiINa,Si,O;+NaAlISiO,
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Conclusions

The solution data for the binary systems AIkSiO,, Alk,0-Al,O; (Alk=Na, K) and ALO;-SiO,
were re-optimised to accurate description of thasphdiagrams taking into account the changes

concerning the data on the pure liquid oxides

Solid and liquid solutions in the ternary systemsa,{K,O-SiO, and Alk,0-Al,O;-SIiO,

(Alk=Na, K) were described using the new database

Sublattice model was successfully applied for tbkdssolutions in the Ng-Al,O,-SiO, and
K,0O-Al,0;-Si0O, systems
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Outlook

Assessment of the system NaAIGiKAISIO,-SiO, system
Creation of the database for possible quaterndufisos, e.g. (Na, K)AlQand (Na, K)(Al, Si)Q

Si0, — KAISIO, - NaAISiO,, NaAISiO, — KAISIO,

Temperature, °C

mass percent KAISigNaAISiO,+KAISIO,,

Schairer, J.F., The alkali-feldspar join in the system

O.F. Tuttle, J.V. Smith, The nepheline-kalsilite eyst
NaAlSiQ-KAISIO-SiQ,, J. Geol58(5) 512-517

Il. Phase relations Am. J. Sci. 256 (1958) 571-589
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Thank you for
your attention
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