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Abstract

The present paper investigates high-temperature sulphate corrosion of basic refractory ceramics containing
magnesium spinels (MgAl2O4, MgFe2O4, MgCr2O4 and their solid solutions) widely used in metallurgy, chem-
ical, ceramic and glass industry. This group of refractories are exposed to a number of destructive factors
during a working campaign. One of such factors is gas corrosion caused by sulphur oxides. However, gas
sulphate corrosion of basic refractory materials containing magnesium spinels, which has a great practical
meaning for the corrosion resistance of the material main components, is not sufficiently examined. This work
presents a thermodynamic analysis of (MgCr2O4, MgAl2O4, MgFe2O4)−SO2−O2−SO3 system aimed to cal-
culate: i) the standard free enthalpy of chemical reactions, ii) the equilibrium composition of the gas mixture
initially containing SO2 and O2 and iii) sulphates equilibrium dissociation pressure and equilibrium partial
pressure for the reaction of SO3 with the spinels to predict the temperature range of corrosion products’ stabil-
ity. A thermochemical calculation provides information about equilibrium state in the analysed system. In real
conditions the state of equilibrium does not have to be achieved. For this reason, the results of calculations
were compared with experimental data. The experiment results were consistent with the theoretical predictions.
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I. Introduction

This work concerns the problem of high-temperature

sulphate corrosion of basic refractory materials based

on magnesium spinels. Spinels are a group of natural

and synthetic double oxides with the MgAl2O4 struc-

ture as a common feature [1]. Refractories containing

magnesium spinels and their solid solutions are widely

applied in many branches of industry. When being used,

refractory materials are exposed to numerous destruc-

tive factors, for example, in glass furnace regenerators,

rotary kilns for the production of cement and converter

furnaces employed in non-ferrous metals industry. One

of such factors is the corrosive effect of gases contain-
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ing sulphur oxides. In glass furnace regenerators and ro-

tary kilns for the production of cement the source of

sulphur oxides is sulphur-containing fuel. This factor

can be eliminated by changing the fuel used to fire the

furnace. It is impossible to avoid the emission of sul-

phur oxides in non-ferrous metals metallurgy, as sul-

phides are a good source of molten metal. This work

has been inspired by the observed process of refractory

materials corrosion in the zone over the molten copper

matters as a result of sulphur oxides effect [2–4]. The

concentration of SO2 in the converter’s gaseous phase

ranges between 11 and 14% [5,6]. Literature data con-

firms that the sulphate corrosion of refractory materi-

als used in converter furnace linings is a major techno-

logical problem [7–9]. Investigations into refractories

after service in zones exposed to the corrosive effect

of gas containing SO2 and SO3 have revealed that sul-

phate corrosion is caused by the formation of MgSO4
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[9–11]; however, they have not resulted in quantitative

conclusions concerning the mechanism and kinetics of

the corrosion process. This is due to the fact that in real

working conditions a refractory material is exposed to

a simultaneous effect of many destructive factors, such

as: chemical reactions, mechanical damage and dam-

age caused by thermal stresses [12,13]. The complex-

ity of the destruction process, which affects refracto-

ries working in copper converters, causes the neces-

sity for laboratory tests in which the number of mutu-

ally affecting factors is limited. Thus, reactions of ba-

sic refractory materials with a gaseous phase contain-

ing 80 vol.% of O2 and 20 vol.% of SO2 within the

temperature range of 973–1623 K have been investi-

gated by Fotoyi et al. [14,15]. Three types of commer-

cially available refractory magnesia, chromite-magnesia

and magnesia-chromite products have been examined.

In the corrosion products the following sulphates have

been identified: MgSO4, CaSO4, CaMg3(SO4)
4

and the

most resistant to the attack of sulphur oxides proved

to be the magnesia-chromite product. On the other

hand, Podwórny et al. [16,17] investigated the kinet-

ics of the reactions of MgO and magnesium spinels

(MgAl2O4, MgCr2O4, MgFe2O4) with sulphur oxides.

The investigations were conducted at a temperature of

773 K, 1073 K and 1273 K in a mixture of air and

13 vol.% of SO2. It was confirmed that corrosion is

caused by the formation of MgSO4 and MgFe2O4

spinel has higher reactivity in comparison to the other

two spinels. Despite the practical meaning of high-

temperature sulphate corrosion in the technology of re-

fractories containing magnesium spinels and their so-

lutions, data concerning the corrosive resistance of the

product main components is still insufficient. The aim

of this work is to better characterize the (MgCr2O4,

MgAl2O4, MgFe2O4)−SO2−O2−SO3 system by mak-

ing thermodynamic calculations and comparing the ob-

tained results with experimental data.

II. Thermodynamic evaluation

The thermodynamic analysis of the (MgCr2O4,

MgAl2O4, MgFe2O4)−SO2−O2−SO3 system included:

i) calculation of the standard enthalpies∆gΘ
T

of chemical

reactions taking place in the system, in order to deter-

mine their thermodynamic spontaneity; ii) calculations

of the equilibrium composition of a gaseous mixture

initially containing 13.0 vol.% of SO2 and 18.3 vol.%

of O2 within the temperature range of 573–1273 K; iii)

calculation of the dissociation pressure of sulphates:

MgSO4, Al2(SO4)
3
, Cr2(SO4)

3
, Fe2(SO4)

3
; iv) calcula-

tion of equilibrium partial pressure p∗
SO3

for the reac-

tions of the spinels (MgCr2O4, MgAl2O4, MgFe2O4)

with SO3.

It was assumed that the independent chemical reac-

tions occur in the examined systems, which have been

described by the equations (1–6) given below:

MgCr2O4 + SO3
−−−⇀↽−−− MgSO4 + Cr2O3 (1)

MgCr2O4 + 4 SO4
−−−⇀↽−−− MgSO4 + Cr2(SO4)3 (2)

MgAl2O4 + SO3
−−−⇀↽−−− MgSO + Al2O3 (3)

MgAl2O4 + 4 SO3
−−−⇀↽−−− MgSO4 + Al2(SO4)3 (4)

MgFe2O4 + SO3
−−−⇀↽−−− MgSO4 + Fe2O3 (5)

MgFe2O4 + 4 SO3
−−−⇀↽−−− MgSO4 + Fe2(SO4)3 (6)

2.1. Standard free enthalpies

Standard free enthalpies for the reactions 1–6 were

calculated according to the equation (7):

∆gΘT =
∑

νi∆GΘf T i (7)

where νi is stoichiometric coefficient of component “i”

and ∆GΘ
f T i

is standard free enthalpy of the formation

of component “i” at a given temperature read out from

Barin’s tables [18].

2.2. Equilibrium composition of a gaseous phase

Calculations of the equilibrium composition for the

reaction 2 SO2+O2
−−−⇀↽−−− 2 SO3 were conducted by cal-

culating the thermodynamic equilibrium constant of the

gaseous reaction:

Kap = exp

(

−
∆gΘ

RT

)

(8)

For the condition p ≈ 1 bar it can be assumed that

reagent pressure activity coefficients φt ≈ 1, therefore:

Kap = Kp = Kx

(

p

pΘ

)∆ν

(9)

where p is current pressure in the system, pΘ is pressure

in the standard state (pΘ = 1 bar) and ∆ν is change in

the number of mols:

∆ν =
∑

νi = −1

The stoichometric balance results in the following de-

pendences:

x∗i =
x0i +

νi
|νA |
· x0A · α

∗
A

1 + ∆ν
|νA |
· x0A · α

∗
A

(10)

Kx = Kap =
∏

x∗i νi =

∏ (

x0i +
νi
|νA |
· x0A · α

∗
A

)νi

(

1 + ∆ν
|νA |
· x0A · α

∗
A

)∆ν
(11)

p = 1 bar

The solution of equation (11) allows calculating the

value of the equilibrium degree of the change of reagent

A (α∗
A
= α∗

SO2
). In addition, from equation (10) it is

possible to calculate the equilibrium composition of the

gaseous phase for the assumed initial concentrations of

SO2, O2 and temperature.

2.3. Dissociation pressure of sulphates

Sulphates, as products in the reactions 1–6, in ap-

propriate thermodynamic conditions will be subject
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to thermal decomposition. To determine the condi-

tions in which sulphates MgSO4, Al2(SO4)
3
, Fe2(SO4)

3
,

Cr2(SO4)
3

will be thermodynamically stable or decom-

pose, the value of equilibrium pressure SO3 (dissocia-

tion pressure) p∗
SO3

was calculated for each of these re-

actions. The calculations were based on thermodynamic

equilibrium constants of particular sulphates thermal

decomposition reactions. Thus, for the reaction of mag-

nesium sulphate decomposition:

MgSO4 −−−→ MgO + SO3 (12)

Ka = Kap = Kp =















p∗
SO3

pΘ















(13)

For the reaction of chromium, aluminium and iron sul-

phates:

Cr2(SO4)3 −−−→ Cr2O3 + 3 SO3 (14)

Al2(SO4)3 −−−→ Al2O3 + 3 SO3 (15)

Fe2(SO4)3 −−−→ Fe2O3 + 3 SO3 (16)

Ka = Kap = Kp =















p∗
SO3

pΘ















3

(17)

The values of equilibrium constants Ka were calcu-

lated on the basis of equilibrium constants of the reac-

tion of formation K f i:

log Ka = log Kap =
∑

νi log K f i T = const. (18)

K f i values were read out from Barin’s tables [18].

2.4. Equilibrium partial pressure for reactions of

spinels with SO3

Equilibrium partial pressures p∗
SO3

for the reactions of

spinels with SO3 (equations 1–6) were calculated using

the equilibrium constants temperature dependences. For

the reactions 1, 3 and 5, the following dependences are

fulfilled:

Kap =















p∗
SO3

pΘ















−1

(19)

ln Kap = −
∆gΘ

RT
= − ln















p∗
SO3

pΘ















(20)

ln















p∗
SO3

pΘ















=
∆gΘ

RT
(21)

For the reactions 2, 4 and 6 the following depen-

dences are fulfilled:

Kap =















p∗
SO3

pΘ















−4

(22)

ln Kap = −
∆gΘ

RT
= −4 ln















p∗
SO3

pΘ















(23)

ln















p∗
SO3

pΘ















=
1

4
·
∆gΘ

RT
(24)

III. Experimental

Corrosive resistance of magnesium spinels and

their solid solutions have been investigated to verify

the thermodynamic calculations. Tests were done

for the single phase spinels (MgCr2O4, MgAl2O4,

MgFe2O4) and their equimolar solid solutions

(MgAlCrO4, MgAlFeO4, MgFeCrO4) obtained by the

co-precipitation method from water solutions. The

applied reagents were p.a. grade produced by POCH

(Gliwice, Poland). From pure Mg, Al, Fe and Cr

sulphates the water solutions with appropriate ionic

concentration were prepared and added drop wise in

continuously stirred precipitating agent (ammonium

carbonate water solution). The slurry was dried and

calcinated at 1473 K and the obtained spinel precursors

were fired at 1937 K (spinels without iron) and 1732 K

(spinels containing iron). The fired samples were

ground to a grain size less than 0.06 mm.

The phase composition of the obtained spinels and

their solid solutions as well as the composition of the

products of reaction with the gaseous phase containing

sulphur oxides were identified by the X-ray diffraction

method, using an X’Pert PRO MPD diffractometer pro-

duced by PANanalytical, equipped with an X’Celerator

RTMS detector as well as a graphite monochromator

and a lamp equipped with a Cu anode. Investigations

into spinel corrosion resistance were conducted within

a temperature range of 573–1073 K for MgAl2O4, 773–

1073 K for MgCr2O4, 573–1173 K for MgFe2O4 and

at a temperature of 773 K and 973 K for the equimo-

lar spinel solid solutions. The heating time was 7 h and

the gas introduced into the furnace contained 13 vol.%

of SO2 and air. To determine the concentration of SO2

in the gaseous mixture, Reich’s method was applied,

which involves chemisorption of SO2 contained in a par-

ticular volume of the analysed gas in a known volume of

standard iodine solution in relation to starch as an indi-

cator, until it is coloured. By determining the concentra-

tion of SO2 in the gas entering the reactor and in the gas

leaving the reactor, at the defined reactor temperature,

the conversion of SO2 into SO3 was calculated within

a temperature range of 573–1273 K. This allowed deter-

mining the real composition of the gaseous phase versus

the reactor temperature.

IV. Results and discussion

4.1. Theoretical calculations

The calculated values of standard enthalpies ∆gΘ
T

of

the reactions 1–6 have been presented in Fig. 1. A chem-
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Figure 1. Standard enthalpies of the reactions 1–6

Figure 2. Dissociation pressure of Al2(SO4)
3

– 1, Cr2(SO4)
3

–
2, Fe2(SO4)

3
– 3 and MgSO4 – 4, equilibrium and measured

partial pressure of SO3 in the reactor

Figure 3. Equilibrium partial pressure p∗
SO

3
for the reactions

1–6, as well as SO3 equilibrium and measured partial
pressure in the reactor

ical reaction will occur spontaneously when its real (and

standard) free enthalpy is lower than zero (∆g < ∆gΘ <

0). The calculations indicate that under standard con-

ditions the reaction 1, 2, 3, 4, 5 and 6 will be spon-

taneous for temperatures <1400 K, <1150 K, <1400 K,

<1140 K, <1450 K and <1190 K, respectively.

Figure 2 presents dissociation pressures of MgSO4,

Al2(SO4)
3
, Cr2(SO4)

3
and Fe2(SO4)

3
, and the equilib-

rium as well as measured partial pressure of SO3 (p∗
SO3

),

in the reactor for the reaction 2 SO2 + O2
−−−⇀↽−−− 2 SO3,

versus temperature. Figure 3 presents a dependence of

SO3 partial pressure for the reactions 1–6 as well as the

equilibrium and measured SO3 partial pressure (p∗
SO3

)

for the reaction 2 SO2 +O2
−−−⇀↽−−− 2 SO3 (for 13 vol.% of

SO2) versus temperature in the reactor.

A comparison of conditions resulting from the equi-

librium state of the reaction 2 SO2 + O2
−−−⇀↽−−− 2 SO3

and the real conditions in the reactor indicates that the

real partial pressure of SO3 in the reactor is lower than

the pressure resulting from the state of equilibrium of

SO2 oxidation to SO3. As the temperature increases,

SO3 partial pressure in the reactor drops. Only when the

temperature exceeds 1173 K, the equilibrium of this re-

action is achieved in the gas flowing through the reactor.

The known values of sulphates dissociation pressures

p∗
SO3

presented in Fig. 2, allow determining the ther-

modynamic stability conditions for particular sulphates.

The real free enthalpy ∆g, of the reaction of decom-

position of sulphates (MgSO4, Al2(SO4)
3
, Fe2(SO4)

3
,

Cr2(SO4)
3
) is correlated with the p∗

SO3
value in the fol-

lowing way:

∆g = RT ln















pSO3

p∗
SO3















∆νg

(25)

where: pSO3
is current partial pressure of SO3 in a

gaseous phase, p∗
SO3

is sulphate dissociation pressure

and ∆νg is change of the number of gaseous reagents

(∆νg > 0). Therefore: i) if pSO3
> p∗

SO3
then ∆g > 0, and

equilibrium is shifted towards reactant - sulphate of the

metal; ii) if pSO3
= p∗

SO3
then ∆g = 0, and the reaction

is in the state of equilibrium, i.e. both the oxide and sul-

phate of the metal will be stable; iii) if pSO3
< p∗

SO3
then

∆g < 0 and the reaction equilibrium is shifted towards

product - metal oxide.

A comparison of the calculated dissociation pressures

of particular sulphates with an equilibrium concentra-

tion of SO3 in the gaseous mixture allows us to assume

that (providing the reaction of SO2 oxidation to SO3 in

the gaseous mixture has reached an equilibrium state):

MgSO4 is stable throughout the considered temperature

range, i.e. 573–1273 K, Cr2(SO4)
3

is stable until reach-

ing a temperature of 1000 K, whereas Fe2(SO4)
3

and

Al2(SO4)
3

are stable as long as the temperature does

not exceed 930 K. When we take into consideration the

real partial pressure p∗
SO3

in the reactor under the ex-

perimental conditions, the area of MgSO4 stability will

be unchanged (T < 1273 K), whereas the areas of other

sulphates stability will be shifted towards lower tem-

peratures. Thus, Cr2(SO4)
3

will be stable until the tem-

perature of 980 K is reached, whereas Fe2(SO4)
3

and

Al2(SO4)
3

are stable as long as the temperature does not

exceed 920 K and 910 K, respectively. An analysis of
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Table 1. Areas of products stability of reactions between particular spinels and SO3

determined for the real conditions in the reactor (R is Al, Fe, Cr)

Spinel
Area of stability

MgSO4 + R2(SO4)
3

MgSO4 + R2O3 MgO + R2O3

MgAl2O4 T <910 K 910 K <T <1180 K T >1180 K

MgFe2O4 T <920 K 920 K <T <1240 K T >1240 K

MgCr2O4 T <980 K 980 K <T <1160 K T >1160 K

the data shown in Fig. 3, presenting the equilibrium par-

tial pressures p∗
SO3

for the reactions of the magnesium

spinels with SO3 suggests that as the temperature in-

creases, for pSO3
< p∗

SO3
there are three areas (pSO3

(T ))

in which the thermodynamic equilibrium of the follow-

ing reactions is achieved:

MgR2O4 + 4 SO3
−−−⇀↽−−− MgSO4 + R2(SO4)3 (26)

MgR2O4 + SO3
−−−⇀↽−−− MgSO4 + R2O3 (27)

MgR2O4
−−−⇀↽−−− MgO + R2O3 (28)

where R is Al, Fe, Cr.

Therefore, in the state of thermodynamic equilibrium

of the system, the composition of products depends

on area (pSO3
(T )), in which the considered system is

situated. Areas of the stability of particular sulphates

formed in the reactions 1–6 determined on the basis of

data presented in Fig. 3 and their thermal stability (Fig.

2) have been given in Table 1. It has to be noted, how-

ever, that these data are based only on the thermody-

namic analysis of the system and do not take into con-

sideration the kinetics of chemical reactions, but merely

describe the state of equilibrium.

4.2. Real conditions results

The equilibrium calculations of areas containing par-

ticular substances in the products of reactions of the

spinels and equimolar solid solutions with sulphur ox-

ides have been experimentally verified in laboratory

tests. The XRD results of the phase composition deter-

mination of the spinel samples and their solid solutions

after a reaction with sulphur oxides have been presented

in Tables 2–5.

The XRD analysis of the phase composition of the

sample MgAl2O4 after a chemical reaction at the tem-

perature of 573 K and 673 K did not reveal the presence

of MgSO4 or Al2(SO4)
3

sulphates (Table 2).

In the case of MgFe2O4 spinel, MgSO4 and

Fe2(SO4)
3

were present at the above mentioned tem-

peratures. Within the temperature range of 773–1172 K,

all the examined spinels contained MgSO4. Sulphates

(R2(SO4)
3

where R is Al, Fe, Cr) were identified in

the samples MgAl2O4 and MgCr2O4 after investigations

carried out at 873 K, as well as in the sample MgFe2O4

after tests conducted at 673 K, 773 K and 873 K. This

observation is consistent with the results of the thermo-

dynamic analysis of particular sulphates thermal stabil-

ity, which revealed that under experimental conditions

MgSO4 will be stable until the temperature of 1273 K

and Cr2(SO4)
3
, Fe2(SO4)

3
, Al2(SO4)

3
will be stable un-

til 980 K, 920 K, and 910 K respectively. In each case

MgSO4 was identified as a product of reactions of the

equimolar solid solutions with sulphur oxides at the

temperature of 773 K and 973 K. Sulphates (R2(SO4)
3
)

were not found, which is also consistent with the theo-

retical predictions.

V. Summary

The present paper investigates high-temperature

sulphate corrosion of spinel materials containing:

Table 2. Phase composition analysis for MgAl2O4 spinel after a reaction with sulphur oxides
(+ stands for the substance presence in the sample, – stands for its absence)

Temperature [K]
Phase composition

MgAl2O4 MgSO4 Al2(SO4)
3

Al2O3

573 + – – –

673 + – – –

773 + + – –

873 + + + (traces) –

973 + + – +

1073 + + – +

Table 3. Phase composition analysis for MgCr2O4 spinel after a reaction with sulphur oxides
(+ stands for the substance presence in the sample, – stands for its absence)

Temperature [K]
Phase composition

MgCr2O4 MgSO4 Cr2(SO4)
3

Cr2O3

773 + + – +

873 + + + (traces) +

973 + + – +

1073 + + – +
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Table 4. Phase composition analysis for MgFe2O4 spinel after a reaction with sulphur oxides
(+ stands for the substance presence in the sample, – stands for its absence)

Temperature [K]
Phase composition

MgFe2O4 MgSO4 Fe2(SO4)
3

Fe2O3

573 + + + +

673 + + + (traces) +

773 + + + (traces) +

873 + + + (traces) +

973 + + – +

1073 + + – +

1173 + + – +

Table 5. Phase composition analysis for spinel solid solutions after a reaction with sulphur oxides
(+ stands for the substance presence in the sample, – stands for its absence)

Spinel solid Temperature
Phase composition

solution [K]

MgCrFeO4 MgSO4 Cr2(SO4)
3

Cr2O3 Fe2(SO4)
3

Fe2O3

MgCrFeO4

773 + + – – – –

973 + + – + – +

MgAlCrO4 MgSO4 Al2(SO4)
3

Al2O3 Cr2(SO4)
3

Cr2O3

MgAlCrO4

773 + + – – – –

973 + + – – – –

MgAlFeO4 MgSO4 Al2(SO4)
3

Al2O3 Fe2(SO4)
3

Fe2O3

MgAlFeO4

773 + + – + – +

973 + + – + – +

MgAl2O4, MgFe2O4, MgCr2O4 and their equimolar

solid solutions. The chemical reactions of MgCr2O4,

MgAl2O4 and MgFe2O4 with SO3, observed in the ex-

amined system, are thermodynamically spontaneous,

which has been proved by calculating their free en-

thalpies within the temperature range of 573–1173 K.

The real partial pressure of SO3 in the reactor was lower

than the equilibrium pressure p∗
SO3

approximately till

1173 K. It was also found that as the temperature in-

creased, the partial pressure of SO3 in the reactor con-

siderably decreased.

Experimental investigations of the resistance of the

spinels and their solid solutions to the effect of sul-

phur oxides confirmed the correctness of thermody-

namic calculations. The presence of Cr2(SO4)
3

was ob-

served at 873 K, below the decomposition temperature,

which is 980 K. The presence of Fe2(SO4)
3

was noted

at 573 K, 673 K, 773 K and 873 K, below the decom-

position temperature, reaching 920 K, Al2(SO4)
3

was

found at 873 K, also below the decomposition temper-

ature, which is 910 K. The most stable MgSO4 (up to

1273 K) was identified throughout the whole examined

temperature range for chromium and iron spinel as well

as spinel solid solutions. The absence of MgSO4 in the

products of alumina spinel reactions at the temperature

of 573 K and 673 K can be explained by the reaction ki-

netics. The rate of MgSO4 formation in these conditions

is most probably too low to provide tangible amounts of

this product of reaction during the experiment. The ab-

sence of sulphates (R2(SO4)
3

where R is Al, Fe, Cr) in

the reaction products below the predicted temperature of

their decomposition can be explained in a similar way.

The conducted investigations and thermodynamic

considerations have allowed identifying chemical re-

actions which will occur at elevated temperatures in

spinel materials having contact with sulphur oxides.

The corrosion of spinels in basic refractories exposed

to SO2−O2−SO3 atmosphere is driven by MgSO4 and

R2O3 (R is Al, Fe, Cr) formation leading to spinel dis-

sociation. At lower temperature, traces of R2(SO4)
3

sul-

phates can be formed.
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