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ABSTRACT

The reactions of cobalt, iron and nickel in S0; atmospheres are
reviewed and compared. A mixed oxide-sulfide product layer is
observed in all cases. Cobalt and nickel exhibit similar behavior,
The observed rates are near the sulfidation rates, and the reaction
rate is si.ongly influenced by the outward diffusion of metal through
an interconneted sulfide network. A continuous interconnected sul-
fide 1s not observed in the oxide-sulfide scales formed on iron, and
the reaction rates are more difficult to sumarize. The differences
and similarities among the three metals are explained in terms of
the absence of scale-gas equilibrium and the ratio of the metal
diffusivity in the corresponding oxide and sulfide.

INTRODUCTION

In recent years, the reactions of cobalt, iron and nickel in
S0, mospheres have been studied extensively, and the understanding
of the reaction mechanisms has significantly increased. In this
paper, the scale growth mechanisms of these reactions are summarized,
emphasizing the major similarities and differences. Our summary
will consider only the SO, or S0,-Ar atmospheres and studies below
the lowest eutectic Eemperature in each syitem: 872°C for Co—C04831,
925°C for Fe-FeS-Fe0“, and 637°C for Ni3S,".

GINERAL THERMODYNAMIC AND KINETIC ASPECTS

A brief summary of the thermodynamic and kinetic aspects of
these reactions 1s helpful before analysizing the mechanisms of
gscale growth. A thermodynamic stability diagram for each metal-—-
sulfur-oxygen system i8 used to indicate which phases are stable




under the specified conditions of temperature, SO; and oxygen
pressure3_5. For example, the stability diagram for the Ni-0-S
system is shown in Fig. lj. The reaction conditions considered
in this analysis are temperatures below the eutectic temperature,
SOy pressures between 0.1 and 1.0 atm, and an estimated oxygen
impurity level of 1 PPM. Under these conditions, Fig. 1 indicates
that the outer product scale would be nickel sulfate if scale-gas
equilibrium were obtained. However it should be emphasized that
when nickel is first exposed to SO;, the nickel activity is very
high, and a mixed sulfide-oxide product scale can form according to
reaction (1).

7/2 N1 + SC;{g) = 2Ni0 + 1/2 Ni3$; (1)

Thermodynamic calculations3 indicate that the nickel activity must be
greater than 0,01 when the 50; pressure is between 0.25 and 1 atm, at
600°C for reaction (1) to proceed, Diagrams similar to Fig. 1 are
also aval!lable for the Co-S-0% and Fe-$-0° systems. Under the condi-
tions considered in this analysis, the outer product scale on cobalt
should be ~ither cobalt oxide and/or cobalt sulfate, while the equi-
librium outer scale for iron is iron oxide. 1In all three cases, no
metal sulfide should be observed at the scale-gas interface, because
the sulfur activity in the SO9 atmosphere is below that recessary

for sulfide formation.
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Fig. 1 Stability diagram for the Ni-S-0 system at 600°C. The dotted
lines are constant SO; pressure lines. The o points show the stable
solid phase in the indicated SO; atmosphere, with an estimated 0)
impurity level of 1 PPM,
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The observed presence of the metastaLble sulfide phasea'6 at the
scale gas interface after extended reaction times is due to the
combination of three factors. The first is that formation of sulfide-
oxide product scales on metal surfaces with high metal activity is
thermodynamically feasible, as discussed for reaction (1), The second
factor 1s the large difficulty in the formation of sulfate in SOj
atmospheres. ;og example, nickel sulfate is observed in several
recent studies’’® to form only by reaction of NiO with 503, and not
by reactions (2) and/or (3).

Ni + SOy(g) + 0(g) = NiSO, (2)
Ni0 + SOp(g) + 1/2 02(g) = NiSO, 3)

Thus reaction (1) appears to be kinetically favored over rcactions

(2) and (3), because of a high activation-energy barrier in the direct
formation of sulfate from solely SO; atmosphere. However, experimental
studies using some of the newer surface-characterization techniques,
e.g. in-situ Raman spectroscopy, are necessary to elucidate the
kinetic barriers to sulfate formation. Once a sulfide-oxide product
scale is formed, the third factor, metal diffusion through the scale
becomes important. The high metal diffusivities in the sulfides shown
in Table 1 could ensure that an abnormally high metal activity is
maintained at the scale-gas interface and that reaction (1) continues
to be favored over sulfate formation.

TABLF 1. Self-Diffusion Coefficients [cm? - sec”!l]

Cobalt, 750°C Iron, 800°C Nickel, 600°C

cos  2.7x1078(4,9)®  Fey oSP 1.3x1077(10) M35, 1.5x1077(11)
coo®  9.2x10711(12) Feg g0 1.0x1077(13) Nio  3.0x10716(14)
Fej0, 3.3x10711(13)
4 Reference from which value is obtained.
b gingle crystal samples, all others polycrystalline

The self-diffusion coefficients for cobalt, iron and nickel in
the pertinent sulfides and oxides are compared in Table 1. For
cobalt and 1iron, both single-crystal and polycrystalline data are
listed, since grain boundary diffusion in their oxides or sulfides
does not appear to be significant. Since only a polycrystalline
value 1s available for Ni3Sjp, it is compared with a polycrystalline
value for NiO. Table 1 clearly shows that metal diffusion through
the sulfide 1s 103 and 109 times greater than through the oxide
for cobalt and nickel, respectively. However, the iron diffusivity
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is almost identical in FeS and FeO at 800°C. Because the product
scales from the metal-SO7 reactions contain both oxide and sulfide,
the metal diffusivities in these phases must be considered in any
kinetic analysis of the SOj reactions.

The parabolic-rate constants (kp) for oxidation, sulfidatior
and S0 reaction for each of the three metals are summarized in
Table 2. The values are presented in the units
m moles gasz-cm—l’—sec'1 to enable a common basis of comparison
between the three types of reaction. All the oxidation and
sulfidation data are for oxygen and sulfur pressures of 1 atm,
respectively, with the exception for nickel where the k, is for
oxidation at 0.1 atm. The ky (S07) for nickel is for 0.25 atm,
while the values for cobalt and iron are for 0.1 atm SOy pressure.
The temperatures cited in Table 2 are those below the lowest eutectic
temperature and having the largest amount of SO reactionrate dgta
for e?ch metal. The ratio of k  (80,) to k (02) ranges from 10
to 10’ for cobait and nickel, respectively. However, the kp (SOZ)
for iron 1s close to the oxidation value.

TABLE 2. Parabolic-Rate Constants, [m moles? - cm® - sec"l]

Metal Oxidation Sulfidation S07 Reaction
Cobalt, 750°C 2.2x1077(15)a 3.9x1074(16)  2.9x107%(4)
Iron, 800°C 5.2x1075(13) 8.2x1074(9) 1.3x1072(5)
Nickel, 600°C 3.0x10711(17) 2.1x107%(18)  1.4x1074(6)

8 Reference from which value is obtained.

SCALE GROWTH MECHANISMS IN SOp; ATMOSPHERES
Cobalt

The reaction of cobalt in SO, atmosphere has been studied by
numerous investigatorsavlg'zz. Product scales consist of a narrow
band of cobalt sulfide adjacent to the metal and an outer two—-phase
oxide-sulfide layer (Fig. 2). Mechanisms of scale growth in 10%
$07-Ar mixture at temperatures between 650 and 800°C have recently
been reporteda. An inner sulfide layer with an outer porous oxide
layer form during the initial stages of reaction. Molecular SOp
can penetrate the porous layer and react to form more oxide and
sulfide.

When the oxide pores are filled with the sulfide-oxide
reaction product, cobalt can diffuse rapidly thiough the sulfide
phase to the scale-gas 1nterface. At this point the cuter two-
phase sulfide-oxide scale (Fig. 2) begins to grow, and a parabolic
rate low is observed at 700 and 750°C*. Cross-sectional micrographs

\)

| S



ORIGINAL PAGE IS
OF POOR QUALITY

Co Sulfide Sulfide + Oxide

Fig. 2 Cross-sectional view of the pzoduct scale formed on cobalt
after 2 hr at 750°C under 0.1 atm SO, . The sulfide is the dark

phase. (Electron micrograph).

and electrical resistivity measurements of the product scale indi-
cate that the sulfide phase 1is interconnected4. As shown in Table
1, the cobalt diffusivity in CoS is ~ 103 times greater than in
Co0. This suggests that the interconnected sulfide phase acts as a
rapid transport path for cobalt in the oxide matrix. The comparison
of the cobalt diffusivities in CoS calculated from straight sulfi-
dation and the SO reactions shown in Table 3 confirms that cobalt
diffusion through the sulfide phase is the primary mechanism esta-
blishing the scale-growth rate in SO atmospheres. With increasing
time the parabolic rates decrease, due to a change in the sulfide
distribution in the outer sulfide-oxide scale’. The outer scale
contains sulfide regions connected by narrow constricted sulfide
channels in the oxide matrix, which results in restricted transport

paths for cobalt.

IRON

The reaction of iron has been investigated in_various SO)
atmospheres inclgding soley 8025'23'24, N2—02-502 s CO—COZ-COS25
and 10% SOZ-COZ2 gas mixtures. At low SO2 pressures, the reaction
has a linear rate with a clear flow-rate dependence, indicating
that diffusion through a gaseous boundary layer at the scale-gas
interface is rate 11miting5. A typical cross-sectional view of the
scale observed at 800°C in low pressure SO; environments is shown

wv



TABLE 3. Calculated Cobalt and Nickel Diffusivitie [cmZ-sec™l]
in CoS and Ni3S;, respectively from Parabolic Ratio Constants for
Sulfidation and SO07 Reactions.

Sulfide, Temp. Dy, Sulfidation® Dy, 50, Reaction®
CoS, 700°C 9.8 x 1077 2.2 x 1078 (0.1 atn s0,)
CoS, 750°C 2.7 x 1078 4.2 x 1078 (0.1 atm s0,)
Ni3S,, 600°C 1.5 x 1077 0.7 x 1077 (0.25 atm S0,)
Ni;S,, 600°C 1.5 x 1077 2.7 x 1077 (1 atm $0,)

@ gulfidation data from references 4 and 9 for CoS and reference 11
for Ni135j.

b SO,~reaction data from reference 4 for CoS and reference 6 for
N13S7.

in Fig. 3. Although the scale consists of sulfide and oxide, its
morphology 1s very different then that observed with cobalt and
nickel. 1In Fig. 3, a finely dispersed FeD-FeS duplex layer is
observed adjacent to ine iron instead of the narrow, continuous
sulfide layer observed with cobalt and nickel. A lamellar FeO-FeS
layer is also observed on top of the inner duplex layer. The
observed morphology has been postulated to result from a S0
reaction where the formation of Fe0 increases the sulfur activity
to form FeS which in turn increases the oxygen activity to form

FeOS.

At higher SOy pressures and extended times, parabolic reaction
kinitics have been reported5v23v24. The scale morphologies are
very complicated, and quantitative incerpretation of the observed
parabolic rates is not possible. The absence of an interconnected
sulfide network in the product scale as observed with cobalt and
nickel is presumably related to the similar values for the iron
diffusivity in FeS and FeO shown in Table 1. In the oxide-sulfide
product scale on iron, an interconnected FeS network in Fe0 would
not enhance the transport of iron to the ~cale-gas interface.

Thus the observed parabolic-rate constants for iron—-SO, reactions
are similar to those observed in the oxidation of iron?»23, For
example, the value shown in Table 2 for the iron-S0; reaction is
slightly less than that shown for iron oxidation, wgile th; values
for the S0, reactions with cobalt and nickel are 10° to 10" faster
than their respective oxidation rates.
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Fig. 3 Cross-sectional view of the prodyct scale formed an iron at
800°C under low SO, pressures (~0.1 am)~. The sulfide phase is
the light region (optical micrograph).

NICKEL

The reaction of nickel in SOj atmosphere has been extensively
1nvestigated6927'32. The reaction mechanism®,27,28,31 jp solely
SO, atmospheres and at temperatures below 637°C (the Ni-Ni3S;
eutectic temperature) is summarized here. During the early stages
of reaction, a porous NiO layer forms on the nickel while the sulfur
from the dissociation of SO) diffuses throygh the nickel grain
boundaries to form an inner layer of N13S . Eventually the pores
are filled with the sulfate-oxide product of reaction (1), and
nickel can diffuse though the sulfide to the scale-gas interface.
After this initial stage, the outer two-phase (NiD-Ni3S;) layer
begins to grow and parabolic, diffusion controlled kinetics are
observed. Inert marker are lccated between the inner Ni3Sp; layer
and the outer two-phase layer27'29, confirming that the inner layer
grows by inward sulfur diffusion and the outer two-phase layer
grows by outward nickel diffusion. The thickness of thz inner
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Ni NiSS Ni()4N1352

Fig. 4 Cross-sectional view of the scale formed on nickel after 44
min at 603°C under 1 atm S0,". The sulfide is the light phase
(optical micrograph).

Fig. 5 Higher magnification of the outer two-phase scale shown in
Fig. 4. The Ni,S, (light regions) is fairly uniformly distributed
in NiO.



Ni3Sy layer at 600°C is ~30u (Fig. 4), while the inner sulfide
layer form on cobalt at 750°C (Fig. 2) is only ~lu thick. This
comparison indicates that the grain-boundary diffusivity of sulfur
1s significantly higher in nickel than in cobalt.

Figure 5 is a highly magnified picture of the outer two-phase
region of the product scale shown in Fig. 4. The lighter areas are
the Ni3S; phase, which is rather evenly distributed in the darker
oxide matrix. Resistivity measurements indicate that the Ni3S57 is
{nterconnected throughout the oufer two-phase layerﬁ. The nickel
diffusivity in Ni,5, is about 10° times greater than that in NiO at
600°C (see Table i), and the Ni3Sp phase provides a rapid transport
path for nickel diffusion through the outer two-phase scale, Cal-
culated values of the nickel diffgsivity from the parabolic rate
constants of nickel-SO, reactions’ are shown in Table 3. The
agreement between these calculated values and that obtained from
sulfidation experiments confirms that nickel diffusion through
interconnected Ni3Sy is the primary mechanism controlling the
growth rate of the outer, two-phase scale. Thus the parabolic
growth rates observed for the nickel-50p and the cobalt-50)
reactions are controlled by similar mechanisms.

SUMMARY AND CONCLUSIONS

The reactions of cobalt, iron and nickel in SO; atmospheres
have been compared. In all three metal-SO; reactions, 2 metastable
sulfide phase is observed at the scale—-gas interface. The presence
of the sulfide phase is due to three factors: formation of sulfide
frcn SO is thermodynamically feasible at high metal activities,
the large difficulty in the formation of sulfate from 507, and
rapid metal diffusion through the two-phase product scales main-
tains a high metal activity at the scale-gas interface.

Cobalt and nickel exhibit similar behavior in that both form
an inner thin sulfide layer adjacent to the metal and an outer two-
phase layer consisting of an interconnected sulfide phase 1n an
oxide matrix. The metal diffusivity is much greater in the sulfide
than in the oxide, and the interconnected sulfide provides a rapid
transport path for metal diffusion through the outer two-phase
scale. The observed parabolic-rate constants for the S50 reactions
are 103 to 107 times greater than those observed for oxidation.

The reaction of iron in SO, atmosphere is more complex, because
of the influence of gas transport and the similar values of the
iron diffusivity in FeS and FeO., The morphology of the scales
formed on iron is very complicated, and quantitative interpretation
of the parabolic kinetics 18 not possible. However, the observed
parabolic rates are similar to those observed in the oxidation of
iron.
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