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Corrosion of Alumina-Chromia Refractory by Alkali Vapors:
1. Thermodynamic Approach
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Theoretical predictions were made for thermodynamically stable phases which formed when alkali (sodinm and po-
tassinm) vapors reacted with the 90% AlLOy-10% Cr,0s refractory under coal gasifying atmosphere using the com-

puter program of SOLGASMIX-PV.

The caleulation results showed that the stable compounds that formed were X.Q - ALO; and X0 - 11A1,0; {X = Na*
or K*, depending upon the alkali concentration. The presence of sulfur in gasifying atmospheres did not appear to
affect the species of alkali reaction products. Alkali attack at high temperatures is likely to canse serious de-
gradation at the het face of the refractory, indicating that the alkali concentration is an important factor to affect

the degradation of the refroctory.

Key words : Thermodynamic caleulation, SOLGASMIX-PV computer program, Alkali eorrosion. AlLO-Cr.0; re-
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L. Introduction

lkali-attack is a common problem in many high tem-
A perature technologies where the presence of alkali is
usually encountered. Coal gasification involves the pro-
duction of synthetic or substitute natural gas (SNG)
from coal. On combustion, alkali species are released
from coal. When refractories are exposed to the alkali at-
mosphere, a series of reactions may oceur, which either
degrades the refractory materials, or leads to premature
failure. For most refractory systems, the presence of al-
kali tends to lower the liquidus temperature and results
in localized melting. Alternatively, compounds with low-
er densities often form when alkali reacts with re-
fractory linings, These compounds tend to spall off when
subjected to thermal cycling, In addition to alkali, sulfur
is also constantly present in coal gasifiers. Presence of
sulfur impurities can result in sulfur corrosion of non-
slagging gasifier linings.”

The mechanism and the state of the release of alkali
and sulfur impurities from coal are poorly understand
due to the combined aggressive conditions of high tem-
perature, high pressure, and high chemical reactivity in
coal gasification atmosphere. In this paper, the e-
quilibrium phases formed from the reactions of alkali
and/or alkali-sulfur impurities with the 90% alumina -
10% chromia refractory were calculated in a given coal
gasification atmosphere using the SOLGASMIX-PV com-
puter program.”
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I1. Calculation of Equilibrium
Compositions

The caleulation of equilibrium compositions in a given
system is based on the minimization of free energy und-
er the constraints of mass conservation and either con-
stant pressure or constant volume, The computer pro-
pram used for calculating thermodynamic equilibrium
compositions in this study, SOLGASMIX-PV, can cal-
culate equilibria in systems containing a gas mixture,
condensed phase solutions, and condensed phases of in-
variant or vailable stoichiometry, Either a constant total
gas volume or a constant total pressure can be assumed,
Basie equations and prineiples of calculations in-
corporated by the SOLGASMIX-PV to caleulate e-
quilibrium relationships in complex systems are dis-
cussed by Besmann.”

The 90% alumina-10% chromia refractory under
study is a solid solution fired hrick. Therefore, ap-
proximation of the solution model is needed to get rea-
sonable computer caleulation results. Although the reg-
ular solution model and the guasi-chemical solution
model show hbetter approximsation of solution behavior
than the ideal solution model, the ideal solution theory
can be applied for some systems reasonahly. According
to Hildebrand and Scott,” some ceramics may be among
the best test materials for the study of near ideal solu-
tion behavior. This is so because the activity coefficients
(), which are direct measures of the deviations from the
ideal behavior, are given hy the relation
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hy= ()09 M

where A=a congtant, R =the Gas constant, T = tem-
perature, and f{x} = a simple function of the composition
depending on temperature. Deviations from ideal beha-
vior will tend to be quite small in high temperature stu-

Table 1. Composition of Gas Atmosphere (in mol%)
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H, CH, CO COo, H,O N, H,S

12 18 17 12 20 20 0.7

Tahle 2. Chemical Species Considered in Calculations for Sodium
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dies of ceramic systems. In 1953, Knapp” calculated the
free energy-composition curve for the Al,O,-Cr,0; system
by using the assumption of ideal solution behavior. The
apgreerment between the calculated and experimental
phase diagrams is fairly good. For these reasons, ideal
solution theory was adopted for the present calculations.
The calculations for the 90% AlLQ;-10% Cr,0, com-
position exposed te alkali and sulfur vapor phases at
high temperature adopted thermodynamic data from
various reference sources.*"”

In the caleulations, the thermodynamic system con-

Solid Solutions Solid Phases

Gas Phases Liguid Solutions
H,, CH,, CQ, CO, Al, Cr, Na,CQ,,
H,0, NH;, 0, N, NaCN, NaOH,
Na, Na', NaOH, NaQ, (Al, Cr),0,, NayO,
NaO', NaH, NECN, Nazcr04

Al') Al CrH, CrQ,
Cr(,, CrQ,, Cr

(Al, C1)y0y(es) C, Al, Cr, NaQ,,
Na,0, NaQH,
Na,C0,;, NaCH,
NayO - 11A1,0,,
ALC, AIN, Cr,C,,
Cr.C,, CrgCq, CrN,

Table 3. Chemical Species Congidered in Caleulations for Potassium

Solid Solutions Solid Phases

Gas Phases Liquid Solutions
H; CH, CO, CQ, Al, Cr, Na,CQ,,
H,0, NH;, 0, N,, KCN, KOH,
Na, Na®, NaOH, NaQ, {Al, Cr),0y, Na,O,
Na(Q', NaH, NaCN, K,CrO,

Al', Al, CrN, Cr0,
CrQ,, Cr0,, Cr

(Al, Cr104(ss) C, Al, Cr, KQ,,
K.0, KOH,
E.CO,, ECH,
K,O - 11AL0,,
AlLC,, AN, CryC,,
CryCs, CryeCs, CrN,

Table 4. Chemical Species Considered in Caleulations for Sodium and Sulfur

Salid Solutions Solid Phases

(Gas Phases Liquid Solutions
H,, CH,, COQ, CO, Al, Cr, Na,CO,,
H.0, NH,, O,, N, NaCN, NaOH,

Na, Na', NaOH, Na0,
Na(Q, NaH, NaCN,
Al', Al, CrH, CrQ,

Cr0,, CrQ,, Cr
80, 8,, H,50,,
H,S, 80, Na,S0,

(Al: CI')gOg, Nazoa
Na,Cr0O,, Na,S,
Na,80,

(Al, Cr)y0,ls8) C, Al, Cr, NaQ,,
Na,0, NaOH,
Nay,CO,;, NaCH,
Na,0 - 11A1,0,,
AlLC,, AIN, CrC,,
Cr,C,, CryyCy, CrN,
Cr;N, Na,0 - Al,O,
ALS. CrS

Table 5, Chemical Species Considered in Calculations for Potassium and Sulfur

Solid Solutions Solid Phases

Gas Phases Liquid Solutions
H,, CH,, CO, CO, Al, Cr, K;CO,,
H.0, NH;, O, N, KCN, KOH,

Na, Na', NaOH, NaD, (Al, Cr);0., K0,
Na(Q, NaH, NaCN, K,CrQ,, K50,
Al', Al, CrN, CrQ, K8

CrQ,, CrQ,, Cr
80, 8,, H,R0,,
H,S, 50, K,50,

(Al, Cr);0y(ss} C, Al, Cr, KO,,
K,0, KOH,
K,C0O,, KCH,
KO - 11AL,0,,
ALC,, AIN, Cr,C,,
CryC,, CryCe, CrN,
CruN, K0 - ALO,
AlS,, CrS
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tained one gas mixture, one liguid solution, one solid
solution, and various invariant condensed phases. The
simulated coal gasification atmosphere composition used
in the calculations is listed in Table 1. The stable alkali
species in the gasifier up to 20 atm pressure were cal-
culated. The results indicate that at low temperature,
solid sodium and potassium carbonate are the stable
species. When the temperature increases, sodium car-
bonate and potassium carbonate melt at roughly 1130K
and 1170K, respectively. Above 1270K, sodium vapor
may begin to form by the reaction

Na,CO4(s) + 2C(s) — 2Na(g) + 3CO(g) (2}

At 1340K, in addition to sodium vapor, sodium hy-
droxide vapor is predicted, along with carbon monoxide

vapor, according to the reaction
Na,CO,(5) + H,O(g) + C(s) — 2ZNaOH(g) +2C0(g) (3)

In the case of potassium, potagsium hydroxide starts to

form above 1200K by the reaction
K,CO4(8) + HoO(g) + Cfs) — 2KOH(g) + 2C0(g) {4)

Above 1250K, in addition to potassium hydroxide vapor,

potassium vapor is generated by the reaction
E,CO6)+2C) — ZK(g)+ 3C0(g} (5}

Table 2, 3, 4, and 5 provide a list of the important
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gpecies which were considered during the calculations.
The thermodynamic ecalculations were perforimed to
predict the stable phases at varioug ALO; to Na,O/K,Q
ratios in the given coal gasification atmosphere con-
taining 1 mol% sodium/potassium and 0.7 mol% sulfur,
The calculations were carried out using ambient pres-
sure, and temperatures ranging from 1000K to 1600K.

III. Resulis and Discussion

Results of thermodynamic calculations for sodium-re-
fractory reactions summarized in Table 6 indicate that
Na,)-ALD;, and Na)-11A1,0, (f-alumina) are stable
phases at high temperatures (1000K to 1600K); these
results are in resonable agreement with the phase di-
agram'™, When the ALO;:Na,O ratio is 1:2, Na,0 - ALO,
and Na,CO; are the stable phases. At this alkali con-
centration, sodium oxide reacts with carbon dioxide to
form sodium carbonate. When the AlLQ:Na,0 ratio is 1:1,
the caleulations indicate that sodium aluminate is stable
according to the reaction

2Nag) + 1/20,(g) + AlOu(5) — Na,O - ALO,(s) {6]

Far a range of Al;O;:NaO ratios of 2:1 through 9:1, so-
dium aluminate and p-alumina are the stable phases. Fi-
nally, for an ALOyNa,O ratioc of 18:1, B-alumina is
predicted to become thermodynamically stable phase at

Table 6. Phases Predicted for Na and Alumina-Chromia Refractory Reactions

Temp. (K) Al,O; : Na,O = 1:2 Al Oy Na0=1:1
1000 (Al, Cr),04(s8)*, NA', Na,COyls) (Al, Cr);05(ss), NA, Na,CO4(s)
1100 (Al, Cr);04(s8), NA, Na,CO(1} (Al, Cr),04(s8), NA
1200 (Al, CryOaiss), NA, Na,COs(l) (Al, Or),04(ss), NA
1300 (Al, Cr),04(ss), NA (Al, Cr),04ss), NA
1400 (Al, Cr)y04(ss), NA (Al, Cr)04(ss), NA
1500 (Al, Cr),04(ss), NA (Al, Cr),0slss), NA, NA,

1600 (Al, Cr),04ss), NA, (Al, Cr),O4(ss), NA,

Temp. (K) ALO, : Na, 0 =2:1 Al :Na,0=9: AlLO; : Na,0=18:1
1000 (Al, Cr),O4ss), NA, NA,, (Al, Cr)yOy(ss), NA, NA), (Al Cr);04(ss8), NA,;
1100 (Al, Cr),04(ss), NA, NA, (Al, Cr)Qaiiss), NA, NA, (Al, Cr)Os(ss), NA),
1200 (Al, Cr)y04(s8), NA, NAy, (AL, Cr),04(ss), NA, NA, (Al, Cr)y0y(ss), NAL,
1300 (Al, Cr)y04(s8), NA, NA; {Al, Cr),04(ss), NA, NA,, {Al, Cr),04(s8), NA,
1400 (Al, Cr);04(ss}, NA, NA, (AL, Cr);0yss), NA, NA, (Al, Cr),04ss), NA,,
1500 (Al, Cr)yOalss), NA, NA, (Al, Cr)Oyise), NAy, {Al, Cr);04lss), NA,,
1600 (Al, Cr)Oyss), NAy, (Al, Cr)u0ylss), NA», (Al, Cr);04(ss), NA;,

%* ss = salid solution, s = solid, 1 = liquid

¥ Conventional cement chemistry notation used
N = Na,0

K = KO0
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all temperature according to the reaction

Na(g) + 1205{g)} + 11ALOy(s) — Na,O - 11A1,04(s) (7

Results of the ecaleulations for potassivm-refractory
reactions (Table 7) show that the compounds produced
by the reaction between potassium and the (AL Cr)O4se)
refractory are K0 - ALO; and K0 - 11AL,0,, analogous
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Val.1, No.l

to those produced by sodium degradation. When the ra-
tio of ALO:K0=2:1, KCO; and KO - ALO, are the
stable phases, When the ratio of ALO.K,O = 1:1, only po-
tassium aluminate is stable and when the ratio is 18:1,
potassium-f-alumina is stable. Between the ratios of 1:1
and 18:1, hoth potassium aluminate and potassium-p-alu-
mina are stable, equilibrium phases. Results of the cal-

Table 7. Phases Predicted for K and Alumina-Chromia Refractory Reactions

Temp. (K) AlLD,:KO0=1:2 Al K0=1:1
1000 (Al, Cr),04(s8), KA, K,CO4(s) {Al, Cr)p04(ss), KA, K;CO4s}
1100 (Al, Cr),04(s8), KA, K,CO(s) (Al, Cr)yOsiss), KA, K,CO4s)
1200 (Al, Cr)y0yss), KA, K,CO,L (Al, Cr)y04z8), KA
1300 {Al, Cr)y04(ss), KA (Al, Cr)0;(ss), KA
1400 (Al, Cr)04(s8), KA (Al, Cr)0y(ss), KA
1500 (Al. Cr),(sss), KA (Al, Cr)y0Oyss), KA
1600 (Al, Cry0.ss), KA (Al, Cr)y04(ss), KA

Temp. (K) AlLO:K,0=2.1 A0, K 0=9:1 AlLO; K, 0=18:1
1000 (Al, Cr),O4s8), K&, KA, (Al, Cr)04s8), KA, KA, (Al, Cr),O4ss), KAy,
1100 (Al, Cr),04ss), KA, KA, (Al, Cr):04(s8), KA, KA, (Al, Cr),04(ss), KA,
1200 (Al, Cr),0s(zs), KA, KA,, (Al, Cr)0.(ss), KA, KA, {Al, Cr),04ss), KA,
1300 (Al, Cr),04(se), KA, KA, (Al, Cr)O4lss), KA, KA, {Al, Cr),0q(ss), KA,
1400 (Al, Cr),04(s5), KA, KA, (Al, Cr)Oyss), KA, KA, (Al, Cr),04(ss), KA,
1500 (Al, Cr),04(ss), KA, KA, (Al, Cr)04(ss), KA, KA, (Al, Cr)y04(ss), KA,
1600 (Al, Cr)0,(ss), KA, KA, (Al, Cr),04(ss), KA, KA, (Al, Cr)y04(ss), KA,

Table 8. Phases Predicted for Na/S and Alumina-Chromia Refractory Reactions

Temp. (K) AlLO, : Na,0=1:2 AlL,O;:Na,0=1:1
1000 (Ad, Cr)yOaiss), NA, NaCOqls), Na,S(s) (Al, Cr)0,(ss), NA, Na,S(=)
1100 (Al, Cr),04(s8), NA, Na,S(s) (Al, Cr}gQy(ss), NA, Na,S(s)
1200 (Al, Cr)p04(s8), N4, NasS(s) (Al, Cr),0,(=8), NA
1300 (al, Cr),04(ss), NA, Na,S(s) (Al, Cr)y04(z8), NA
1400 {Al, Cr),Oy4iss), NA (Al, Cr);0,(s8), NA
1600 {Al, Cr),04(ss), NA (Al, Cr),04s8), NA, NA,

1600 {Al, Cr)yOyss), NA, (Al, Cr)04lss), NA,,

Temp. (K) AlLO;:Na,0=2:1 AlLO;: Na,0=9:1 Al,O,:Na,0=18:1
1000 (Al, Cr)0y(ss), NA, NA, {Al, Cr)yO4(ss), NA, NA,, (Al, Cr),04(s8), NA;;
1100 (Al, Cr),04(s8), NA, NA,, {Al, Cr),04(s8), NA, NA; (Al, Cr)y0y(ss), NA,,
1200 {Al, Cr),04(ss), NA, NA,, (Al, Cr),04(ss), NA, NA, (Al, Cr)04(ss), NA,
1300 {Al, Cr)yO4(ss), NA, NA, (Al, Cr).O4(s8), NA, NA, (Al, Cr).04(s8), NA,
1400 {(Al, Cr),04(ss), NA, NA,, (AL, Cr)s04(ss), NA, NA,, (Al, Cr)y0y(as), NA,,;
1500 {(Al, Cr),04ss), NA, NA,, (Al, Cr);Oy(ss), NA|, (Al, Cr)y0y(ss), NA,,
1600 (Al, Cr)Qu(ss), NA,, (Al, Cr)yOy(ss), NA, (Al, Cr)Os(ss), NA,
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Table 9. Phases Predicted for K/S and Alumina-Chromia Refractory Reactions

Temp. {K) ALO, K 0=1:2 AlLG, K,O0=1:1
1000 (Al, Cr),Oyss), KA, K,COys) (Al, Cr),04(ss), KA, K,COu(s)
1100 {Al, Cr)y0O4(ss), KA, K,CO,(8), K,S(1) (4], Cr)Oyiss), KA, K,CO.0. K,SQ
1200 (Al, Cr),0y(=s), KA, K,CO4s), K80 (Al, Cr)yOyiss), KA, K,COl), KS(I)
1300 {Al, Cr);04(s8), KA, K,S(1) (Al, Cpy0yss), KA
1400 {Al, Cr),04(s8), KA (Al. Cr)0y(ss), KA
1500 (Al, Cr),O4(ss), KA (Al Cr)0;,ss), KA
1600 (Al, Cr),04(ss), KA (Al, Cr}0.ss), KA

Temp. (K) ALO;  K.0=2:1 AlLO; K,0=9:1 AlLO,:K,0=18:1
1000 (Al, Cr),04(ss), KA, KA, (Al, Cr).04(ss), KA, KA, (Al, Cr)0.(ss), KA,
1100 (Al, Cr).04(ss), KA, KAy, (Al, Cr)04(s3), KA, KA, (Al, Cr}Osiss), KAy,
1200 (Al, Cr)yOslss), KA, KA, (Al, Cr).04(ss), KA, KA, (Al Cri0aiss), KA,
1300 (Al, Cr):Os(s8), KA, KA, (Al, Cr),O,lss), KA, KA, (A, Cr)04iss), KAy,
1400 (Al, Cr)0;(s8), KA, KA, (Al. Cr),04ss), KA, KA, (Al, Cri;05ss), KA,
1500 (AL, Cr)0yss), KA KA, (Al, Crn0sss), KA, KA, {Al, Cr)0y(ss), KAy,
1600 (Al, Cr),04(ss), KA, KA (Al, Cr)2Osss), KA, KA, {Al, Cr)O4(ss), KAy,

culations show good agreement with studies by Moya et
al” on the K,0-AlL,O; system. The results of the ther-
modynamic calculations performed to predict the stable
phases formed at various AlO, to Na,O/K,;0O ratios in the
given coal gasification atmosphere containing 1 mol% of
sodium and potassium and 0.7 mol% of sulfur are shown
in Table 8 and 9 for sodium and potassivm, respectively.
The stable alkali phases at the given coal gasification
conditions are sodium aluminate, potagsium aluminate,
and B-alumina (Na,0 - 11ALOJEKO - 11A1,04). The
results of these caleulations agree with studies by Weher
et al.'” and Brownmiller'” who found stable phases te be
X0 - AlQ; and X0 - 11A1,0, X = Na, K).

When sulfur is present, the calculations show that K,S
is present as a liguid phase and Na,S is present as a sol-
id phase. At the ratio of ALQ;Na,0O/,0 =1:2, sodium
sulfide was calculated to be ihe stable phase between
1000K to 1300K. At the ratio of AlQ;Na,0/K,0 = 1:1,
Na28 appears to be stable from 1000K to 1100K,
whereas K;S appears to be stable from 1100K to 1200K.
At the higher temperatures, both Na,S8 and K.S disap-
pear. At the ratios of AlO:Na,0/K,0O = 2:1, 9:1, and 18:1,
caleulation results show thal alkali sulfides are not
preseni.

At certain temperatures, the formation of alkali sulfide
(NaxS or K;8) and alkali earbonate (Na,C0; or X,CO,)
may reduce the alkali concentration which cause Na.Q
ALO; or K,O ALO; to form and, therefore, mitigate the
alkali attack of the alumina-chrome refractory. However,
it is found that alkali sulfide and alkali carbonate exist
only when excess alkali remaing following alkali reaction
with alumina-chrome refractory. If the amounts of alkali

are insufficient, e.g., AlgO.g:NagO/KgO =2:1, 9:1, and 18:1,
sulfide and carbonate compounds do not appear,

The thermodynamic calculations reveal that the
phases formed by reactions of the alumina chromia re-
fractory with both alkali and sulfur are the same as
those formed by reactions with alkali alone; ie., Na,Q -
ALQOYNa.O - 11ALO,; or KO - ALO/K,O - 11A1L,0.. Based
on these caleulation results, the 90% AlO;-10% Cr.0; re-
fractory appears to be very resistance to corrosion by sul-
fur. However, alkali attack at high temperatures is like-
ly to cause serious degradation at the hot face of the re-
fractory providing alkali concentration is significant.

IV. Conclusions

The mechanism of alkali and/for alkali-sulfur attack on
coal gasifier lining consists of two steps: (1) the release
of the alkali and/or alkali-sulfur species from coal, and (2)
the reactions with the gasifier lining. Theoretical cal-
culations using the SOLGASMIX-PV computer program
predict the alkali phases that form when alkali reacts
with alumina-chromia refractories. Reaction of sodium
and potassium vapors with an alumina-chromia re-
fractory will forms Na,O - ALO/Na,0 11AL0;, or KO -
ALOJE,O - 11A1,0,, The presence of sulfur in coal gasi-
fying atmospheres does not appear to have any effect on
phases that form when alkali reacts with alumina-chro-
mia refractories, When refractories made by AlQ;-Cr0,
system are exposed to alkali atmospheres, alkali reac-
tions appear to be inevitable consequence from the view
point of thermodynamic considerations.
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