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Motivation and aims

Hot gas cleaning: alkali removing by
slags with high potential of alkali
retention (Si0,, Al,O;, Fe,O;) or by
getter materials (kaolin, bauxite)

Thermodynamic calculation/prediction
for slag relevant oxide systems, which
are different from the point of view of
experimental measurements

Calculation requires:

»Reliable database, based on the
experimental data

» Software

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

GTT-Technologies, 11th Annual Workshop, 3-5 June 2009
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No solution

Na,O - ALO,

Liactsog

Slag-liquid
Slag+ NaAlOy(s)

NaAkOw(s) + ALOs(sd)

\

NaAlO,(s2) + Na,O(s3) /

NaAlO,(s2) + Na,O(s2) /

NaAlO,(s2) + Na,Al,;04s(s)
NaAIO,(s2) + Na,O(s)

|

0 .1 2 3

NaAkLO14(s) + Na;Al;2015(s)

1
8 9 1

4 5 6 a
mole AlL,O,/(Na,0+AL0,)

Aim — development of a new data
base for the slag relevant system
containing alumina, silica, alkali
oxides

Folie 3



Modelling of liquid and solid solutions

Composition of the liquid slag — silica, alumina, Alk,O (Alk=Na, K)

Chosen model — associate species approach (introduced for slag by Spear, Allendorf, Besmann, 2002):

» suitable for this system
» relatively simple for using and modification

Pure liquid oxide

Na,0, K,0, ALO,, Si0,-2 +
+
Ternary components
Compounds Associate species

KAISiO, KAISiO,-2/3

KAISi, O, KAISi,0,-1/2

NaAlSiO, NaAlSiO,-2/3

NaAlSi,Oq NaAlSi,0,-2/5

Associate species model:

=

Mullite N 4 sublattice model:

#) 0LICH

Binary components

Compounds Associate species
Na,SiO, Na,Si0,-2/5
Na,SiO, Na,Si0,-2/3
Na,Si,0, Na,Si1,0,-1/2

K,SiO, K,Si0,-2/3
K,S1,0, K,S1,04-1/2
K,Si,0, K,Si,041/3
NaAlO, NaAlO,
- Na,AL,0,-1/3
KAIO, KAIO,
- Na,Al,0,-1/3
AlSi,0,, AlSi,0,5-1/4

(A, (AP, (AP, Si**), (0%, Va),

GTT-Technologies, 11th Annual Workshop, 3-5 June 2009
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Interaction
between
solution

components

(KAl),_Si O, solid solution:
Associate species KAIO,, KAISi10,

Folie 4
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Optimisation procedure

Experimental data: phase Pure solid and liquid Some solution species
diagram data, activity data substances from the from database of Spear
(for binary systems) FACT database et al.

! ! !

Adjustable parameters:
AH % and $?% for the liquid and solid solution species, 4H?* and $** for the

pure solid compounds (part.), interaction parameters between species

G = Z xiGi0 + RTZ x Inx_+ Z Z XiijL(;j') (x. — xj)V

i<j

LY =A+B”-T+C”-T-InT+D;” - T*+..,v=0,1

|

New database for the oxide systems

GTT-Technologies, 11th Annual Workshop, 3-5 June 2009 Folie 5



Results of assessment for binary systems

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

1800
1600 © Morey
® Kracek
[ 2 Loeffler
OL) 1400 + Haller
Q‘-‘; 1200
i FACT
£
5 1000\ 4
(oF = 2| 2 Z
E Q cg 2“ :‘\ S
7, z
ﬁ 800 [ E z 8
z -
600 ‘ ‘ ‘ it I ‘ _\
00 01 02 03 04 05 06 07 08 09 1.0
mole S10,/S10,+Na,O
1800
® Kracek
1600 [
Q
o
~ 1400 |
[0}
5
"a’ 1200 | Liquid
S
8.
E 1000 g
) S¢ <
= 800 5 b, ]
T/
600 ¥ /\

05 06 07 08 09 1.0

mole Si0,/Si0,+K,0
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Alk,0-ALO,, Alk=Na, K

A Rolin, Thanh
2100 @ De Vries, Roth
O Weber, Venero

liquid

@I.

1900

1700

1500 f

1300

1100

Na ,O0
ALO, (a-ALOY) |

l

900 . . A . .
00 01 02 03 04 05 06 07 08

mole Al,O,/Al,0,+Na,O

NaAlO,

Na,Al,04 (B7-ALO;)

\© INaAlLO,, (B - ALO,)

o
—_

.0

2300 F j
© Roth

2100 | ¥Moya
1900
1700

1500 FACT

KALLO,, (B- ALOy)

ALO; (a- ALO;)

©
S
S
0
KAIO,
K,Al;0
(- ALOy)

00 01 02 03 04 05 06 07 08 09 10

mole Al,0,/Al,0,+K,0
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Results of assessment for binary systems < JULICH

Associate model for mullite Four-sublattice model for mullite

[Spear at al. in 2002] [Mao et al. in 2005 ]

Model parameters are optimised for both melting behaviour of mullite

2200 F A Welch O® Prochazka, Klug + Risbud, Pask (1977) i 2200 A Welch O® Prochazka, Klug + Risbud, Pask (1977)
¥ Aramaki, Roy Vv Okada 1987 Y Aramaki, Roy Vv Okadal987
* Horibe, Kuwabara * Hamano 1986 & Horibe, Kuwabara * Hamano 1986
2000 | O ®Klug et al. 2000 O®Klug et al. u
OL) o Aksay, Pask - %) 0 Aksay, Pask T - ¥
o 1800 o 1800 F
— —
g 1600 g 1600
o o 5
2. 2.
E 1400 E 1400 |
o o
= 1200 = 1200
1000 L L L L L L L L L 1000 L L L L L L L L L
00 01 02 03 04 05 06 07 08 09 1.0 00 01 02 03 04 05 06 07 08 09 1.0
mole Al,O,/Al,0,+Si0, Congruent mole Al,0,/Al,0,+Si0,
O 1950 ¢ ] 1950 F
S o @)
- L [e]
o 1850 O ~ 18501
= D)
2 xom @ =
S 17501 = [
o < 1750
O u S
g* of o g
So16s0f g 1650}
— ()
H 1
1550 . . . . 1550 A . . A
9 6L 63 65 67 69 0.59 061 063 065 067 0.69
Incongruent
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Results of assessment for ternary systems
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Comparison of the calculated isotherms with the experimental points

Na,0-K,O-SiO,

Na,O
725 °C 2
750 °C
800 °C S &
(22T P 2 v 830°C NS -
Q?;g.)c;vv\s‘ﬁm ‘-Kzgt-’za%?oi'-éés 51572{&325-6?-764 * (‘3"3? A4 900 °C &0 NI
S
o R .
*  950°C é_i\ S 2, Na,SiO,
+ 1000 °C & Na.SL.O
A 1200 °C N 4551,
The same binary species ° 1300°C "
in t liquid *x 1400 °C N
in ternary liqui o 1500°C 5
+ 1600°C
Interacting components:
Na,Si0,*2/3 - K,SiO0,;*2/3 o
Na,Si,0.*%1/2 - K,S1,0,%1/2
Na,Si0,;*2/3 - K,Si,0,%1/2 S ‘ 7 / S
Na,S8i,05*1/2 - K,510,%2/3 I{ti “ G I A A
0.9 0.8 0.7 0.6 5 04 03 02 01 .
K,O0 K,Si0, K,S$i,0, K,Si,0, 5i0,

GTT-Technologies, 11th Annual Workshop, 3-5 June 2009

Folie 8



Results of assessment for ternary systems !) JULICH
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Predicted phase fields and ternary points

Na,0-K,0-SiO,

N rystals 44 o
70 ) Y50 £ 68 . A4 . 8 20 M
K20-5i0, 775814 4025105593 752 'K 0-4510;~T64 sao*

(o76) (1036} (165) (713)

Na,Si,0,
1020
N
N\
Na,SiO, 782 ”?836 NagSigO,,
Na,SiO, R 8097
699 0" 28063
L g ST
80745 2= A I
631 \SO
2 & / 2
so0 22210; o \VINSE N
K;Si,0; ﬁ A\
) \ G % g i s 4 A\ ! 7~ O =~ b))/ . \ \
0.9647 0.8 0.7 0.6 7880.5 0.4 73803772 0.2 0.1 .
K,O0 K,Si,0, Si0,
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Quasi binary section in the Na,0-K,0-Si0O, system

Temperature, °C

o
]
5
<+~
<
S
0.)
=
Q
7a0 ] Y0 7 3. 30 =
'K,0'5i0, 775 8l k025105 “Ke0-45i0;~T64 s-.u§
(o76) (1036) (165) 3
1100 T T T T T T T T T
® Kracek
1000 | Liquid
900 ]
Spear et al.
800 Liquid + K,Si,04(s3)
700 ? . -
< N
FACT
600 <
500 . . . . . . . . .
00 01 02 03 04 05 06 07 08 09 1.0

mass percent Na,S1,05/Na,S1,05+K,S1,05

850 875 °C

o 707 °C
750 743 °C
eutectic line, 699 °C
650
678 °C
594 °C
550
95 97 99

Solubility region

1100
®  Kracek

1000 |

=3
(=3
(=)

Liquid + Na,SiOs(s)

800 F
Liquidyt K,SiOy(s) _
700 |
FACT,
Na,Si0,(s) + K,SiO;(s)
600
500 . . . . . . . . .
00 01 02 03 04 05 06 07 08 09

mass percent Na,Si05/Na,SiO;+K,S10; ||

K,Si,0.-Na,Si,0.

Temperature, °C

Possible interpretations

compound

GTT-Technologies, 11th Annual Workshop, 3-5 June 2009

1.0

® Kracek
1000 |
900 Liquid
Liquid + K,Si,04(s3) Spear et al.
800 |
700 = 7
N\ /
FACT
600
500 L L L L L L L L L
00 01 02 03 04 05 06 07 08 09

Additional “ternary” /
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K,Si0,-Na,SiO,

1.0

mass percent Na,S1,05/Na,S1,0+K,S1,05

850

800F  cutectic line, 699 °C

750 / 739 °C

707 °C

700
678 °C

650

696 °C
600
7 75 8 85
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Results of assessment for ternary systems !) JULICH
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Predicted phase fields and ternary points

K,0-ALO,-SiO,

K,Si,0,
K,8i,0, 72
. 2
The same binary + S =\
. K,;8i,05 /&3 3
ternary species Nase
7
> . | o J§24\
ksio, B0®  KAISiO; L
Interacting components: K,Si0, /%! ~
KAISiO, 1716
AL O, - KAISi,0*1/2 / R N\ ALSHO
: e LU
K,Si,0,*%1/2 - KAISi,0*1/2 | 1894
K,Si,0,%1/3 - KAISi,O*1/2 o / '7{,? h
Si,0, - KAISi,0,#1/2 / KAlo; | \
AlSi,0,,%1/4 - KAISi,0,*1/2 L \ ., KALOw \
740 . KAIO 1912 KALO,
KZO mass fraction : KALO,, A1203
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Quasi binary section in the K,0-Al,05-S10, system g JULICH

2400 T
i Schairer, Bowen
e 2100
& 1800
O -
%) 1500 I
= I <
o= 1200 Z
Q L s 2
¥ g .
i KeA0y'2810; INJ I = 3 Si0,(s4) + KAISi;O4(s2)
g 900 < z
H 3 £
L KAISi;04(s2) + SiO,(s2)
600 (KA, Si,0, + KAISiO,(s2) ]
A n e = ;‘"&N‘;,‘%. 300 " " N I N N N I N N I N N I N N N
0.0 0.2 0.4 0.6 0.8 1.0
mass percent KAIO,/KAIO,+Si0,
2000 T T T T T T T T T T T T
® Schairer, Bowen
® Schairer, Bowen 2100 ® Schairer, Bowen 4 1900 i
1800 A Lecomte et al.
2000
O 600 O O 1700
S & 1900 )
= 1400 | slag = =
% % % 1500
S 1200 g 180 5]
g ) £ 1300
o 1000 ‘\ 3) 1700 ) mullite + slag
= 5 = ~4 = = z
800 | & ] 1600 1100 rg
E« ALO, + KAISi,O, *
600 \1 / | KzSi7105 + KAlSi?Oﬁ(s) 1500 | | | | 900 = | | | ||
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
mass percent mass percent Al,05/Al,0;+KAIS1,04 mass percent
KAISi,04/K,Si,0+KAlSi,O, ALSig0,1/ALSi 0,5+K, 1555105 70
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Available experimental phase diagram

\
\\ Beto-Alumina "\

Noz0 -AkO3

1526°C

NozO- 1103 AlOs
~2020°

T T T
1900 B
/’/’ /
Liquid Prag /
1800 e /A
// /
Crystals ,/
1700} + 7 .
Liquid 7
7
rd
7
1600 P .
Solid Solution
1526+ 2°
o 1500+ B
1526°C . 1 ,

No,0-Al,05 2Si0, 50 75 Na,0 Al,04

(Carinegieite )

NaAlSiO, - NaAlO,

Schairer and Bowen (1956)

o
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T T T T T T T T
1500 ;
- 1600}
1400 Lauid . Cristobolite
{ + Liqui
5 " 1 Liquid 1470 ¢ |o°L e
1300 I 5 - 1400 4
- E Tridymite
| ICarnegieite Nephelite Lt
200 _ \ + Liguid 1200 Liquid i
Nephelite ™, O g
1100 | \ ose 1118°Cle:s o62s 3¢
000 i i Nephelite +Albite  Alite—+] 1000l Albite + Tridymite
1 1 1 ' l 1 1 il | 1 i 1
0 20 40 60 80 100 6Si 40 6 .
Na;0A,0 250, NazO-N05650, NoZ0 8203 65102 © 80 sio,
(Nephelite) (Albite) {Sitica)
NaAlSiO, (Neph/Carn) -NaAlSi,Oq NaAlISi;Og (Albite) - SiO,
Greig and Barth (1938) Schairer and Bowen (1956)
NaAlO,-NaAlSiO, SYSTEM
'¥-NaAlO,' tetr  ortho, carnegiel
P422 P42,2  Pbea Pba
1 |
%z
Vs oy, teu‘é? or,,. / c’,/// or_‘.
+ + / + + + +
ory / tetr 401". 4 cu, ot % ca
00 o1 02 08 04 08 "o or  os 09 10
b 4
NaAlO, - NaAlSiO,
Thompson (1997), Proposed compositional phase diagram at
1300 °C for the system Na, ,Al, ,S1,0,, 0<x<1
Folie 13
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Temperature, °C

Modelling of solid phases
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Name Solid solution components remark
ASSOClate Mullite A163i2013: A16Si2013-1/4, A1203, Si02-2 OK
Species Natrium disilicate (Na, K ),Si,04: Na,Si,0, K,Si,0, OK
Potassium aluminate (KAl), S1.0,: KAIO,, KAISiO, OK
Nepheline, carnegieite NaAlSiO,: NaAlSiO,, NaAlSi,0, OK
Natrium aluminate (NaAl), Si O,: NaAlO,, NaAlSiO, 9
[ ]
G‘actSage‘" N G'actSage'”
2100 . 2100 :
© exp.data, Greig and Barth (1938)
1900 ¢ ® exp.data, Schairer and Brown (1956)
1800 slag
1700 | .., oU
1500 * ~ 1500 5
lag 8
1300 L NaAlO,(s2) + slag sla 5
“QK < 1200
1100 1 % 5} NaAlO2(HT)high
x Si0,(s4) + NaAlSi,0y(s2) % '8 \ Si0,(s4) + NaAISi,04(s2)
900 r | 900 r g .
700 + NaAlO,(s2) + nepheline \ nepheline + SiO,(s2) ﬁ ;é. \ nepheline + Si0,(s2)
600 - | ]
500 . i . . J nepheline + SiO,(s
- nepheline nepheline + SlOz(s) NaAlOZ(HT)low P! 5(s)
300 NaAlp,(s) + nepheline ) ) 300 . ) ) )
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
mole Si0,/Si0,+NaAlO, mole Si0,/Si0,+NaAlO,

NaAISiO, (neph, carn) as associate solutions
NaAlO, (low, high) as stoichiometric compounds

GTT-Technologies, 11th Annual Workshop, 3-5 June 2009

NaAlSiO, (low, high) and NaAlO,(low, high)

- as associate solutions
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Modelling of solid phases
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Name Formula remark
. Mullit A (AP, (AI?+, Si*) (0%, V OK
Sublattice ullite | (AL¥), (A7), (AP, Si*),(0%, Va)s
approaCh NaAlSiOs | Nepheline (low T), carnegieite (high T) new
4 sublattices: (Al'", Si*"),Va";(Na'", Va'),(0”),
Potassium | KAIO, - low T, high T new
aluminate | 3 sublattices: (A1, Si*"),(K'*, Va"),(0%),
Natrium NaAlO, - low T, high T new
aluminate | 3 sublattices: (Al™", Si*"),(Na'*, Va"),(0%),
Si*+: Va0 Si*+:Nal+ Va Sit+
Composition scheme
Al¥*:Val Al¥*:Nal+ Alk!+ Al
from NaAlSiO, to SiO, from NaAlO, to Si0,

GTT-Technologies, 11th Annual Workshop, 3-5 June 2009

Folie 15



#) 0LICH

Preliminary results for the quasi binary section NaAlQO, - SiO, -ty

NaAlO, (low T, high T), Nepheline, Carnegieite are
represented by sublattice approach. The parameters of the

solutions are optimised to obtain good description of the

Lactsg”

available experimental data.

2100 ———M@m
I O exp.data, Greig and Barth (1938)
'y ® exp.data, Schairer and Brown (1956)
1800 ]
| b
aAlO2_HT + sla;
OL) 1500 | slag m
)
S NaAlOZ_HT NaAlO2_HT + carn ¢a
<~
g 1200 slag + Si0,(s4) |
g" neph /0 i |
NaAlSi;04(s2) + SiO,(s4
Problems: ﬁ 900 s aAlSi;04(s2) + SiO,(s )_
=
v'Unknown solubility boundaries for 3 s o |
aAlSi;04(s2) + SiO,(s: 1

NaAlO2_LT + neph

NaAlO, (low T, high T) solutions 600

neph + NaAlSi;O4(s2)

v'Possible presence of a series of solid Ao, L1 NAAISLOL®) + SIONS)
a , | 304(8) + 510,(s
solutions with different crystallographic 300 | . . / neph + NaAISLOS) .
structure between NaAlO, and NaAlSiO, 0.0 0.2 0.4 0.6 0.8 1.0
mole Si0,/S10,+NaAlO,
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Comparison between 2 models for the solid solution

based on KAIO,

Slag, solid solution —
Associate species

.....

KAy 2510,

yyyyy

\\\\

K0 A0y S0,

381,05 2510,

K20 A3 6510,
KeO' AlO3 4510,
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Slag— Associate species model
solid solution - sublattice

& [Fgra
2400 2400 . . . .
FACT ® Schairer, Bowen
+ + Extrapol.line, Roth
2100 2100 -+++ h slag * Roth, exp. no melting ]
U + o5 ° e h, exp, partially melting
° o /S 0 “Rothyexp-completely melti
OL) 1800 o ,\ 1800 : > . o otl p.\completely melting
O KAlOz-hjgh:T 74 .
-~ S L] L L 1643 o
%) 1500 2 1500 F Las -
= s - fo |
s S ) < Z
o 1200 z Q4 1200 | 2] larec ]
g E: : s g E: : S \/ 1000
) 900 S E Si0,(s4) + KAISi,Oy(s2) H 900 k S z Si0,(s4) + KAISi,O4(s2)
= — z Z
KAISi,04(s2) + Si0,(s2) KAISi;04(s2) + Si0,(s2)
600 (KA, Si,0, + KAISiO,(s2) i 600 KAIO,-high T + KAISiO,(s2) ]
300 N N I N N I N I N I N N 300 N N I N N I N I N I N N
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
mass percent KAIO,/KAIO,+Si0, mass percent KAlO,/KAIO,+Si0,
Sublattice model should be used for the purpose of ,,uniformity for both aluminates, NaAlO, and KAlO,, and
further for quaternary solution (Na, K)AlO,
Folie 17
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Summary and outlook

»The solution data for the binary systems Alk,0-Si0,, Alk,0-Al,0; (Alk=Na, K) and Al,0;-SiO,

were generated to accurate description of the phase diagrams

»Solid and liquid solutions in the ternary systems Na,O0-K,0-SiO, and K,0-Al,05-SiO, were

described using the new database

»Sublattice model was successfully applied for the solid solutions in the Na,0-Al,05-SiO, and

K,0-Al,05-S10, systems

GTT-Technologies, 11th Annual Workshop, 3-5 June 2009 Folie 18
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In future:

> Optimisation of the solution parameters in the Na,0-Al,05-SiO, system
» Creation of the database for possible quaternary solutions, e.g. (Na, K)AlO, and (Na, K)(Al, Si)O,

S'O'z_na +5° 1800 T T T T T T T T
Cristobalite 1600
1470£10°
1400
O
° 4 Ne + Ks ~_ g N
$ 1200f<g] 9t Nen ¥ L -
8 ‘;L/kNey. Ne Ne, + Nez\ \ \ N
E /1~—Ne, + Ne _moiyzal
< 1000H/ N
— i S ON
= L) 3
Soda Feldspar g E 800~ —
g £3° ()
H 600l Ne + Ks a
400} =
/ \
1 \
| |
. 200 | L a1 ! I ! ! ! !
Ogthorhombic Noaisio, 90 No,KALS,0, 60 50 40 30 20 KAISiO,
K/ NoAISiO, s s
NoAISTOL T TV KAISiO, mass percent KAIS10,/NaAlSiO,+KAISiO,
15261 2° 1750° ¢
SiO, — KAISiO, - NaAlSiO, NaAlSiO, - KAISiO,
Schairer (1950) Tuttle, Smith (1958)
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Thank you for your attention
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