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The high temperature solid electrolyte cell
air, M |Zr0:(8% Y:0s) | M, air-80,-80s,

where M is Pt, Ag, or Au, was used to monitor the oxygen activity on Pt, Ag, or Au catalyst
films exposed to mixtures of Os, SO, and SO; at temperatures above 400°C and 1 atm total
pressure. One electrode functioned simultaneously as both electrode and catalyst. The open-
circuit EMF of the cell reflected the oxygen activity on the working catalyst and simultaneously
the steady-state chemical kinetics were observed. For Pt it was found that the surface oxygen
activity generally does not equal the gas phase Po,, but is determined by Pgo, or the Pso,/Pso,
ratio, depending on the temperature and gas phase composition. These observations suggest
that the rate-limiting step in the SO, oxidation on Pt is not generally the reaction between
chemisorbed oxygen and gaseous SO, except at high temperatures and very low Pgo,, but
rather the desorption of a chemisorbed phase of SO; or the adsorption of oxygen, depending
upon the temperature, Pso,, Pso,, and Po,.

The results with Au and Ag films show that chemisorbed SOj; is also formed on these metals
exposed to SO,, O, mixtures. The values of surface oxygen activity compared to those obtained
for Pt, provide an explanation for the weakly catalytic and noncatalytic properties of Au and

Ag, respectively, for the SO, oxidation.

INTRODUCTION

A better understanding of heterogeneous
catalytic reactions would be possible if the
concentrations or the activities of the
chemical species present on the catalyst
surface during the reaction were known.
Although various spectroscopic techniques
have been employed to this end, limita-
tions of either interpretation or applica-
bility (e.g., inappropriate pressure ranges)
have hampered progress. Bonding of ele-
mental species is particularly difficult to
assess; yet in the class of catalysts used
for oxidation of organic or inorganic com-
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pounds, the role of chemisorbed oxygen
must be of crucial importance. A tech-
nique utilizing an oxygen-ion-conducting
solid electrolyte has been proposed (1) for
the measurement of the thermodynamic
oxygen activity on oxidation -catalysts
during reaction.

Accordingly, an investigation of the
oxygen activity on a variety of oxidation
catalysts has been undertaken with em-
phasis on those suitable for the oxidation
of SOy The results of the study of SO.
oxidation on noble metal catalyst films
are described in the present communication.

Previous studies of the kinetics of the
Pt-catalyzed SO, oxidation (2-14) are
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generally in agreement concerning the
first-order dependence of the reaction rate
with respect to SO, However, various
order numbers between 0 and 1 have been
reported for Os; The effect of SO; as a
poison has been regularly observed, but
various functional forms have been pro-
posed to describe the rate dependence on
Pgo,. Most of the reported values of the
activation energy fall between 11 and 15
keal/mole. However, values as high as
23 keal/mole or as low as 7 kcal/mole
have been also reported (7, 12) under
certain conditions. These results have been
interpreted in terms of an equilibrium
established between surface and gaseous
oxygen coupled with gaseous or chemi-
sorbed SO, attack on chemisorbed oxygen
as the rate limiting step (6, 8, 10). Other
workers have shown, however, that SO;
is formed on the surface even at room
temperature when SO, and oxygen coad-
sorb on Pt (11, 15) and have, therefore,
suggested that desorption of SO; is rate
Hmiting (11).

These interpretations can be examined
more closely in light of the newly measured
thermodynamic oxygen activity on the Pt
surface during the reaction. In particular
it will be shown that for Platinum:
(1) Oxygen in the gas phase is not gen-
erally in equilibrium with chemisorbed
oxygen, though there are conditions where
equilibrium is reached; (2) there exists a
form of 80O; chemisorbed on Pt denoted
by 80; (Pt) which acts as if it were a pure
condensed phase, i.e., its chemical poten-
tial depends on temperature only; (3) the
temperature and gas phase composition
range of existence of SO;(1’t) is limited
and the limits can be defined; (4) in the
region where SO;(Pt) exists its desorption
is the rate-limiting process and the rate
of 80, oxidation is zero order with respect
to Oy and first order with respect to SO,
changing to zero order for high Pgo,;
(5) at high temperatures and very low
Pgso, the reaction between gaseous SO,
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and chemisorbed oxygen becomes rate
limiting; therefore, the nature of the rate
limiting step of the SO, oxidation on Pt
is a function of both the temperature and
the gas phase composition.

Since gold has been also reported to
catalyze the SO, oxidation (16, 17), while
Ag 15 inactive (16), it was of interest to
extend these oxygen activity and kinetic
measurements to these metals. It will be
shown that the difference in the catalytic
activity of Pt, Au, and Ag for the SO,
oxidation is due to the different heats of
chemisorption of SO; on these metals.

The basic technique for the measure-
ment of oxygen activity in solids was first
described by Wagner and Kiukkola (18).
It utilizes a high temperature solid elec-
trolyte cell with stabilized zirconia as the
electrolyte. Yttria~stabilized zirconia ex-
hibits essentially anionie conductivity over
a very wide range of temperatures and
partial pressures of oxygen (19). A similar
cell has been used as an oxygen gauge in
gas mixtures (20, 21) and high tempera-
ture stabilized zirconia fuel cells have also
been investigated (22, 23). Stabilized zir-
conia cells have been also used as oxygen
“pumps”’ to dissociate CO, and H.O (24)
and, more recently, NO (25). In the
present study, attention was focused on
the open-circuit EMF generated during
the catalytic reaction when one of the
electrodes serves as the catalyst and the
other is exposed to a reference gas.
C. Wagner had in fact proposed the use
of stabilized zirconia cells to study the
S0; oxidation on Pt in order to determine
whether or not O, gas is in equilibrium
with oxygen adsorbed on Pt during the
reaction (7).

EXPERIMENTAL

The reactor cell used in the present
study is shown in Fig. 1. The central part
of the apparatus is a high-temperature
stabilized zirconia cell consisting of the
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solid electrolyte and two electrodes, one
of them serving simultaneously as the
catalyst under study. The 89, Y,0; sta-
bilized ZrO; tube, closed flat at one end,
was sealed with a stainless steel cap/teflon
gasket assembly at the other end. The
cap had provision for introducing feed gas
and removing effluent through $-in. stain-
less steel tubing, as well as provision for
the introduction of a Pt, Ag, or Au wire,
partly enclosed in a quartz tube, to make
contact with the electrode on the inner
base of the tube.

The base was platinized on both sides
by painting with Engelhard Pt. No. 03
and baking at 700°C in air. This resulted
in adherent, mechanically strong Pt elec-
trodes. Similarly polyerystalline gold or
silver film electrodes were deposited on
both sides of the base of stabilized zirconia
tubes using Engelhard Au No. 5154 and
GO electronics Ag, respectively. Each cell
was tested electrochemically at tempera-
tures above 400°C using oxygen-inert gas
mixtures of known Pp, to insure its cor-
rect performance as an oxygen concentra-
tion cell before introduction of reactant
S80,. The outside film was exposed to
ambient air and served as a reference
electrode. An appropriately machined
quartz base allowed for easy air access to
the reference electrode and the top cap
was clamped to the tube and the quartz
base. A stainless steel baffle could be at-
tached to the end of the inlet and outlet
tubes inside the electrolyte tube in order
to constrain the reactor volume to a prac-
tically isothermal region. The entire cell
assembly was placed in a vertical tube
furnace and the temperature was measured
by means of an external thermocouple
touching the outside wall of the electrolyte
2 mm from the reference electrode. The
temperature of the cell was maintained
by a controller following another thermo-
couple. At steady state the observed tem-
perature differences were less than 3°C.

The dec potential difference across the
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cell was measured by a differential volt-
meter having infinite input resistance at
null. The maximum resistance of the elec-
trolyte during measurements was of the
order of a few hundred ohms.

The analysis of the products was carried
out by leaking a portion of the atmo-
spheric pressure effluent stream through
a differentially pumped system of orifices
terminating in the high vacuum chamber
of a mass spectrometer (Aerovac Moni-
tor 712). During sampling the intermediate
chamber pressure was typically 0.1 mm Hg
and the spectrometer chamber pressure
was 5 X 1073 Torr (1 Torr = 133.3 N m~2).
Due to the length of connections the re-
sponse of the mass spectrometer to a
change in gas composition in the reactor
was approximately 5 sec. Feed gases were
prepared by premixing SO, and air or
oxygen. The composition was determined
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by controlling the flow rate of each gas
but was also checked by direct mass
spectrometric analysis of the feed stream
utilizing a cell bypass system. Calibration
was made using a SO,-air mixture of
known composition. The sensitivity of the
mass spectrometric system permitted con-
versions at the 0.59 level to be detected.
In some experiments it was necessary
to supply SO; in the feed gas. Accordingly,
when needed, a preconverter consisting of
a 3-in. stainless steel tube containing 2 g
of a commercial (Monsanto) promoted
V:0; catalyst was inserted in the flow
system upstream of the electrolyvte cell.

RESULTS

The SO; cracking pattern. In order to
utilize the mass spectrometer, it was neces-
sary to determine the cracking pattern of
S0O;. Sulfur trioxide was produced catalyti-
cally using the preconverter and condensed
in a brine-cooled loop that was inserted in
the line between the reactor and the sam-
pling system. The following relative inten-
sities were observed for AMU 80, 64,
and 48:

80:64:48 = 1:3.23:8.3.

This is in rough agreement with recently
published data (26). These ratios together
with the SOs-cracking pattern, formed the
basis for the determination of the SO;/SO-
ratio in the products.

Platinum: The open-circuit EMF and the
oxygen activity. The open-circuit EMI of
a solid electrolyte cell of the type utilized
here is given by:

I = 1/4Fl:ll0z(Pt) catalyst — MO:(Pt) reference:]! (1)

where F i1s the Ifaraday constant and
Koypy 18 the chemical potential of oxygen
adsorbed on the Pt electrodes. This ex-
pression is derived on the assumption that
the electrolyte conducts by means of O~
only and that the dominant exchange
current reaction involves O* and adsorbed
oxygen. The possibility of another domi-
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nant exchange current reaction will be
discussed in the next section. Equation (1)
includes as a limiting case the usual
Nernst equation

which is valid only when no chemieal
reaction involving the gas phase proceeds
at the electrode surface (27). In the gen-
eral case it is the activity of oxygen ad-
sorbed on the electrodes rather than the
gas phase oxygen activity which deter-
mines the open-circuit ENMF (28).

The chemical potential of oxygen at the
reference electrode which 1s in contact
with air (P, = 0.21 atm) is given by

M02(Pt) reference — ,“‘o()z(a) + RT In (021)7 (3)

where 1%, the standard chemical poten-

tial of Os(g) at the temperature of interest.
The oxygen activity on the catalyst

Aoypy 18 defined by a similar equation

HO2(Pt) catalyst — MOOZ(g) + RT In (102(})‘3)- (4)

Therefore, aoyrpe expresses the partial
pressure of gaseous oxygen that would be
in equilibrium with oxygen on the Pt sur-
face, if such an equilibrium were estab-
lished. At temperatures of catalytic interest
oxygen is well known to chemisorb dis-
sociatively on platinum (29). The notation
Aoy ry does not imply molecular chemi-
sorption but is simply a measure of the
chemical potential of oxygen atoms chemi-
sorbed on the surface if the partial pres-
sure of oxygen in the gas phase were equal
to aoypy and no other gases were present

in the gas phase. Combining (1), (2),
and (4), ap,py (atm) is given by
0 AFE )
A0, (Pty = 21 exp——-. 5
‘ RT

If equilibrium is established between O),(g)
and oxygen on the catalyst, then

Aoypr)y = Pog-
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This was verified experimentally over the
temperature range 400 to 900°C by intro-
ducing into the reactor various O,-He
and O.,-Ar mixtures with Po, varying
from 0.01 to 1 atm. Below 350°C signifi-
cant delay was observed in obtaining
steady state EMF values and no data
were taken in this region.

Platinum: the open-circuit EMF under
reaction conditions; the effect of SO,. Intro-
duction of a mixture of SO, and air into
the previously air-equilibrated cell (EMF
=0+ 1mV) resulted in an immediate
decrease in the open-circuit EMF by
several hundred millivolts. This indicates
that ao,pty has decreased from 0.21 atm
to a value in the range of 1078 i.e., five
orders of magnitude lower than Py, in the
gas phase in contact with the catalyst.
At the same time the analysis of the
effluent stream showed that conversion
to SO; was occurring but the conversion
was not nearly enough to measurably
deplete the gaseous oxygen in the cell.
Upon removal of the SO, component,
equilibrium between gaseous O; and oxy-
gen on Pt was rapidly reestablished indi-
cating the reversibility of the process.

The value of ao,pyy Was measured over

E,mV
-200

-220

-240F
-260 \\
-2801- \
R R R L,
-18 Ja o Ce -2
109, Psp,

Fic. 2. Open-circuit EMF during reaction.
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the temperature range 400-850°C with the
gas phase partial pressure of SO, varying
in the feed stream between 0.015 and
0.6 atm. It was found that over a wide
temperature and composition range, ao,p¢
is a function of Pgo, and T only. Typical
examples are illustrated in Fig. 2. Analysis
of the data in this range revealed the
existence of a reciprocal relationship be-
tween Pgo, and ao,rpy (Fig. 3) and fur-
ther that

Psoy, X aoypy'? = Kpe(T), (6)

where Kp is a function of 7 only (Fig. 4),
In K, = 13.6 (£1.0)

—17,600 (=1000)(1/T). (7)

Equations (6) and (7) suggest that in-
creasing the temperature, at constant Pgo,,
will result in an increase in ao,py. It was
found that when the temperature is
reached where ao,pyy = Po, then with
further increase in temperature, ao,ps fol-
lows the Po, value and does not satisfy
Eq. (6) any longer (Fig. 5). Therefore,
the range where Eq. (6) is satisfied is, in
part, limited to a range defined by

Pso, X Po,'* > Kpy. )
It was also found that as long as Eq. (6)
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was satisfied, the value of Pgo, in the cell
operating as a CSTR reactor would not
exceed a value defined by KpKp, at this
temperature:

Pso, < KpKy, 9)

where Kp is the equilibrium constant for
the gas phase equilibrium

80:(g) + 30:(g) = SO;(g).

This was valid (within the error limits
of KpKp,) even for Pso, = 0.6 atm (Fig. 6).

By using the V.0; catalytic precon-
verter in order to introduce SO; into the
feed stream of the CSTR cell reactor, it
was found that as long as Pso, in the
CSTR is below KpKpi, Eq. (6) is satisfied.

However, when Pgo, > KpKp, then a

(10)

new equilibrium is established :

PSOs

= Kp. (11)

Pso, X ao,peyt'?

This is shown in Fig. 7. It should be
noted that ao,py is still well below Po,
and hence gas phase equilibrium is not
established.

No dependence of ao,py on the total
flow rate (varying between 20 and 160
ml/min) or on the thickness of the Pt film
(roughly between 3 and 8 um) was ob-
served. The surface oxygen activity was
a function of the gas phase partial pres-
sures and the temperature only.

Ozidation kinetics. Perfect mixing was
assumed to occur in the gas phase in the
reactor cell and the rate was calculated
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Fia. 5. Temperature dependence of Pgo, X @o,py*/2 with three different SOs—air mixtures at
1 atm total pressure including range where ao,piy = Po,.

from the appropriate mass balance

r = F'[ XSO;(efluent) — XSO;(feed)],
(12)

where F’ is the total molar flow rate and
X the mole fraction of SO; Most of the
kinetic data were taken between 400 and
600°C and without the use of the pre-
converter, therefore, under conditions
where Eq. (6) was satisfied. The zirconia
tube itself was not capable of catalyzing
the oxidation reaction to any detectable
degree in this temperature range. The feed
stream impinged on the Pt film with
velocities of the order 20 cm/sec to avoid
mass transfer limitations. No dependence
of the rate on the total flow rate was

observed, and this, in conjunction with the
flow rate independent surface oxygen ac-
tivity, shows that the low values of the
surface oxygen activity are not the result
of a diffusion limited reaction process.
Very low surface oxygen activities were
also observed on other metals (30), in-
cluding Ag which was inactive for the SO,
oxidation, again ruling out a transport
limited process.

The observed rate is exhibited in Fig. 8
as a function of Pgo, for two temperatures.
The rate is first order with respect to SO
for Pso, below approximately 0.3 atm, but
above that the rate tends to become almost
independent of Pgo,. No detectable de-
pendence of the rate on Py, was found
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within the limits 0.08 atm < P, < 0.2
atm. The activation energy obtained from
the linear rate vs Py, region was found
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Fra. 7. Transition of surface equilibrium from
Pso, < KpKp, to Pyo, > KpKp.

to be 11 keal/mol (Iig. 9). However,
practically the same value was obtained
from the values of the rate coefficient at

1077 mol/sec

®:.T=518°C
o T=470°C

Fra. 8. Rate of oxidation as function of Pgo, at
7' = 470 and 518°C. No preconverter. Solid lines
from Eq. (29).
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high Pso, where the rate is independent
Of PSOz-

Silver: EMF under reaction conditions.
The predicted performance of the oxygen
concentration cell was verified by intro-
ducing various Os—He and O,—Ar mixtures
of known Pg, in the reactor and obtaining
open-circuit EMF values in agreement
with Eq. (2) within 1 mV.

Introduction of SO.—air mixtures in the
previously air-equilibrated reactor cell
(£ =041 mV) resulted in the appear-
ance of large negative voltages (£ ~ —350
mYV), corresponding to doyag, ~ 1071 atm.
As with Pt films, ao,ae varies only with
Pso, and T and aoya, < Po,. The removal
of SO, from the feed stream restored the
system to the oxygen equilibrium value
but the process was slower than the cor-
responding on Pt.

There was no indication of any catalytic
conversion of SO: over the temperature
range 400 to 550°C within the limits of
detection (>0.59, conversion).

The open-circuit EMF was measured
simultaneously with Pgso, varying from
0.015 atm to 0.6 atm, the balance being
air. The functional dependence of surface
oxygen activity on Pso, and 7 was similar
to that found with Pt:

Psoy-aoya0'? = Kae(T),  (13)
In Kag(T) = 18.4 — 24,000/T. (14)
At temperatures of catalytic interest

KA (T) is significantly lower than the cor-
responding parameter Kp. (1) obtained
with Pt catalysts.

Gold: EMF under reaction conditions and
oxidation kinetics. The correct performance
of the cell at temperatures above 400°C
was verified exactly as in the case of silver
electrodes. However, establishment of
steady state open-circuit EMI values
satisfying Eq. (2) was slower with gold
electrodes (a few minutes at 400°C) than
with silver or platinum electrodes. Upon
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linear range of rate vs Pso, (Kr = rate/Pso,).

introduction of SOs-air mixtures in the
cell reactor, the EMF of the previously
air-equilibrated cell again dropped to a
large negative value (~—250 mV), im-
plying @o,aw ~ 1077 atm. Conversion to
SO; was observed but to a lesser extent
than with Pt under the same conditions.
A limited study of the kinetics indicated
a practically first-order dependence of the
rate on Pgo,. Removal of the SO, com-
ponent restored the oxygen equilibrium.
The surface oxygen activity was studied
at temperatures between 400 and 600°C.
It was found that ao,ag is a function of
Pgo, and T. However, the simple reciprocal
relationship between Pso, and ao, observed
with Ag and Pt was not valid at the
lower temperatures studied; the decrease
in doyaw With increasing Pgo, at constant
T is more pronounced than the one de-
scribed by an expression of the form
I)soz'(loz(Au)l/2 = KAu. At these lower tem-
peratures the product Pso,-@o,(aq)'’? is not
constant for constant 7, although the
values of Kp-Pso, @o,an)'’? (Kp is the gas
phase equilibrium constant) fall between
the corresponding values for Pt and Ag
at the same temperature (Figs. 10, 11).
The surface oxygen activity was found to
be better approximated by an expression
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Fre. 10. Surface oxygen activity on gold vs
Pgo,. Solid lines obtained from Eqs. (15)-(17).

of the form

Psog‘aog(Au)llz

= Kau[l + Koaoy,aw'?], (15)

with
In Ka, = 17.1 — 21,000/7  (16)

and
In Ko = —23.8 + 24,000/T, (17)

with a greater uncertainty for Ko. At the
higher temperatures studied the product
Pso,-@oyan'® becomes practically con-
stant and equal to K 4,.

DISCUSSION

SO, oxidation on Pt: the equilibrium
constant Kpi. The very low values of
aoypy compared to Po, during the reaction
in the region where Eq. (6) is satisfied
show that gaseous and chemisorbed oxygen
are not in equilibrium. Equation (6), how-
ever, is suggestive of another equilibrium
between SO;(g) and chemisorbed oxygen.
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The simplest such equilibrium which satis-
fied the stoichiometry represented by
Eq. (6) is

S0O:(g) + O(Pt) 2 80;(Pt). (18)

The product of this equilibrium step could
not be SO;(g), since a constant Pgo,
X aoypy!? value would imply a constant
Pgo,, which is not what was observed.
However, when equilibrium (18) obtains,
it implies, in view of Eq. (6) that SO;(Pt)
has an activity which is a function only
of temperature, independent of concentra-
tion of surface SO; Such a property is
characteristic of a pure “condensed” phase.
This discussion can be made quantitative
and the chemical potential of SO;(Pt)
relative to SO;3(g) can be computed.
When equilibrium (18) obtains, then

K80, + %#02(}%) = HS803(Pt)-

Taking into account Eq. (4) and using
gaseous standard states one obtains

B80:) + 34°0, + RT In Pso,a0,p0)'?

= K804 (Pt)-
Combining with Eq. (6),
B80xPH = K 80s T 340w
+ RTIn Kp,. (19)

172

AnKp * P50, a0, (Au)

3 -3 S R —
1.0 12 .4 1.6

103/ 7

Fre. 11. Measured values of Ku-Pso,:ao,an'?
compared to KpKp, and KpKag,
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Since all the terms on the right of Eq. (19)
are functions only of T, usoypy 18 only
a function of 7', and since

AG°r = —RT In K»
= 1’505 — 4 5056) — 340, (20)

one can compute pso,rpy relative to the
gaseous SO; standard state

psoypy = M°soyw + BT In KpKp.. (21)

Inserting the appropriate numerical values

usog(Pyy — M50y = (2.8 = L)RT

— (6200 = 1000)R, (22)

where B = 8.31 J KX~! mol~* and 7 in IX.
The last equation permits calculation of
the ‘“vapor pressure” of chemisorbed
SO;(Pt), i.e., of the partial pressure of
S0;(g) that would be in equilibrium with

SO;(Pt) if such an equilibrium were
established :
In Pgo, (atm) = In KpKp = 2.8(1.)

— [6200(2=1000)/77]. (23)

Therefore, the heat of chemisorption of
SO;(Pt) can be calculated and is found
to be 12.3 (£2.) keal/mol in very good
agreement with the value of 12.1 keal/mol
reported by Hurt (8). This is also very
close to the value of the activation energy
(11 keal/mol) observed in the region of
existence of SO;(Pt). The origin of this
agreement is discussed below.

The stability of SO;(Pt). Examination of
the ““vapor pressure’” expression for SO;(Pt)
shows that unless aoypy = Po, the gaseous
equilibrium value of Pgo, will not be
achieved at any of the low temperatures
of catalytic interest. The phase SO;(Pt)
must therefore have limited stability and
at least one of the stability limits must be
reached on the approach to gas phase
equilibrium. This is in nice agreement with
the experimental results since SO;(Pt)
exists only in the region where Eq. (6) is
satisfied. This region is defined by the two
inequalities (8) and (9), i.e., Pgo, X Po,!?

VAYENAS AND
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- OF SO5 (Pt)
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Fig. 12. Region of stability of SO; (Pt) in SOsair
mixtures at 1 atm; Pso, < KpKpt.

> Kpy and Pgso, < KpKp:. Both inequali-
ties must be satisfied for SO;(Pt) to exist.
The region of existence of SO;(Pt) in
SOs-air mixtures at 1 atm total pressure
is shown in Fig. 12. As little as 100 ppm
S0, in air are sufficient to form SO;(Pt)
at 500°C.

When equilibrium in the gas phase is
established, i.e.,

PS()3
Pso, X Po,}

then SO;(Pt) does not generally exist,
because if Pgo, > KpKp, then Eq. (9) is
not satisfied, and if Pgo, < KpKps, it fol-
lows that Pso, X Po,'? < Kp,and Eq. (8)
is not satisfied. In a closed system con-
taining SO,, 8O3, and O, in contact with Pt
and held at constant temperature and total
pressure, when equilibrium in the gas
phase is ultimately established, SO;(Pt)
will exist only in the exceptional case
Where Ps()3 = KPKPt.

That SO;(Pt) cannot be formed when
Pso, X Po,'? < Kpy can be easily under-
stood since in this case H804(e) + %Moz(g)
< psoypy). The reason SO;(Pt) is destroyed
and aoypy is determined by the Pso,/Pso,
ratio as soon as Pgo, exceeds KpKp; is
not so obvious from a thermodynamic

= KP, (24)
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point of view. However, if Pso, > KpKps
and })so8 X (1021/2 = Kpt, then Ks038) >
us0yPey AN oy > Moypy, and therefore
there would be a tendency for additional
adsorption of both SO; and oxygen on the
finite surface area of the catalyst. It is
probable that this accumulation of SO;
on the surface, which occurs as soon as
Pso, > KpKp,, results in a structural
change of chemisorbed SO; and in the
destruction of SO;(Pt).

Consequently, to the above discussion
if a mixture of pure SO, and O, is intro-
duced in a closed vessel containing Pt and
held at a uniform temperature 7 and
constant total pressure P, SO;(Pt) will be

Region 1. Ps()2 X P()21/2 < Kpt
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originally formed, provided Pgo, X Po,'?
> Kp:, but once the saturation ‘‘vapor
pressure”’ is reached (i.e., Pso, = KpKpt)
the process will come to a temporary halt.
However, any fluctuation in temperature
or concentration will produce a ‘“‘super-
saturated” SO; vapor which in turn de-
stroys SO;(1’t), allowing the reaction to
proceed until Pgo, reaches the value char-
acteristic of the gas phase Kp. If the
original SO, O, mixture is such that
Pso2 X P()21/2 < Kpt, then SOg(Pt) will not
be formed during the approach to gas
phase equilibrium.

One can summarize the stability limits
for SO;(Pt) as follows:

S0;(Pt) is not formed,

Aoy(pty = P().Z.

Regi()n 2. IDS()2 X P()21l2 > KPb
Pso, < KoKy

SO;(Pt) is stable,
Pso, X a0,? = Kby,

Aoyrey < Po,.

Region 3. Pgo, X Po,t'* > Ky,
Pgso, > KoKpy

The nature of SO3;(Pt). Since the avail-
able information is strictly thermodynamie,
one cannot describe the structure of this
phase in detail, other than speculatively,
but comparison with the properties of bulk
condensed phase SOj; is interesting. There
are three different phases of solid SO;, all
polymeric (31). These include two- and
three-dimensional linear polymers (a and 8)
stabilized by impurities and a ring struc-
ture 8,04 (31).

The liquid appears to be a mixture of
S0; and S;0, rings. The heat of vaporiza-
tion of liquid SO; is 10.2 kcal/mol and
the heats of sublimation of solid SO; are
13.2, 13.8, and 16.1 keal/mol, respectively,
for v, 8, and a forms, close to the derived
value of 12.3 kcal/mol for the heat of
adsorption of SO;(Pt). The calculated
entropy of desorption of SO;(Pt) is 5.4
=+ 2. cal/mol KX [Eq. (23)]. Such low val-

SO;(Pt) is not formed,
Pso,/Pso, X a0yt = Koy, doyry < Po,.

ues are possible only if a large configura-
tional entropy is associated with the ad-
sorbed phase. The ability of SO; to form
linear polymers suggests that SO;(Pt) may
be just such a set of polymeric chains
formed by bonding along the surface. Such
structures may be the high pressure analog
of the islands of chemisorbed species ob-
served in LEED studies of chemisorption
(32) and also invoked to explain the
details of the formic acid decomposition
on Ni (33). Due to the difficulties of
forming and maintaining SO;(Pt) under
vacuum conditions [Eq. (8)], electron
spectroscopic and diffraction techniques
may not prove useful to examine this
structure. Infrared studies, however, should
be capable of providing useful additional
information.

The reaction “mechanism’” on platinum.
Most previous studies of this reaction had
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assumed equilibration between gaseous and
chemisorbed oxygen (6,8) with a rate
limiting step involving the reaction of
gaseous or adsorbed SO, with chemisorbed
oxygen. The direct measurement of the
surface oxygen activity shows that the
oxygen equilibrium is not established in
the presence of SO, except in Region 1.
In Region 2 Eq. (6) implies that the
interaction between SO:(g) and chemi-
sorbed oxygen is an equilibrium process
and, therefore, cannot be rate limiting.
Similarly in Region 3, Eq. (11) implies
that equilibrium is established for the
reaction

SO0:(g) + O(Pt) @2 80:(g),  (25)

which again rules out the reaction step
between SO.(g) and chemisorbed oxygen
as a rate limiting step.

In Region 2, equilibrium (18) is estab-
lished and the kinetic data must be ex-
plained, taking into account the existence
of SO;3(Pt). These data include the form
of the rate dependence on Pgo, (Fig. 8),
the rate independence on Po, and an
activation energy of 11 kcal/mol. These
observations are consistent with a mecha-
nism involving the desorption of SO;(Pt)
as a rate-limiting process by means of the
following steps:

S0.(g) + O(Pt) 2 SO;(Pt),
S0;(Pt) — SO0s(g),
30:(g) — O(Pt).

That SO; desorption is rate limiting has
been concluded by several previous in-
vestigators who showed that the rate of
80, oxidation parallels the rate of SO;
desorption from several catalysts, including
Pt on silica and Pt on alumina, and that
80; is formed on the surface even at room
temperature when SO. and O: coadsorb
on Pt (11). It has been shown also that
at room temperature the ratio of the
amount of oxygen chemisorbed on Pt
black to the amount of SO; chemisorbed

R.LS,,
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on oxygen-covered Pt black is approxi-
mately 0.5 (15).

The proposed mechanism utilizing the
existence and stability limits of SO;(Pt)
also provides an alternative explanation
for the SO; poisoning effect in Region 2.
In contrast to the usual discussion of site
blocking, the existence of SO;(Pt) implies
the development of a reversible poisoning,
the rate of the forward reaction being
limited by the approach of the system
to the saturation vapor pressure of SO;(Pt).
As Pgo; approaches KpKp;, the net rate
will tend to be zero as long as SO;(Pt)
still exists, since the rate of SO; readsorp-
tion will approach the rate of SO;(Pt)
desorption. In a typical CSTR reactor
with a feed of only SO, and air, Pso,
cannot build up except at very low flow
rates. The upper limit of Pgso, observed
in the present study (without the use of
the preconverter) satisfies this vapor pres-
sure requirement (Fig. 6).

In Region 3, since equilibrium is estab-
lished for the step

S0:(g) + O(Pt) & 80;(g), (25)

the remaining step
30:(g) = O(P1)

must control the rate. Under such condi-
tions chemisorbed SO; hinders the rate-
limiting oxygen chemisorption and gives
rise again to SO; self-poisoning. It seems
therefore that the nature of the SO;
poisoning effect is different depending
upon whether Pgo, < KpKp, or Pgo, >
KpKp,. Although sufficient kinetic data
were not available to confirm this point,
it seems likely that the vapor pressure
curve of SO;(Pt) represents a boundary
for the reaction mechanism.

In a tubular flow reactor and particularly
under nonisothermal conditions Pgo, can
easily exceed KpKp;. When this happens,
one part of the reactor close to the en-
trance, operates under the conditions of
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Region 2 while the rest of the reactor
operates under the conditions of Region 3.

The present study also suggests that a
UHYV study of the oxidation of 8Os on Pt
at the temperatures of catalytic interest
would not reveal the relevant kinetics and
structures appropriate to atmospheric pres-
sure conditions, since the inequality Pso,
X Po,* > Kp, would not be satisfied (I'ig.
12). Under such conditions (Region 1) the
reaction between S0, and chemisorbed
oxygen would be rate controlling. In light
of the different kinetic behavior (ie., dif-
ferent rate limiting steps) in each of the
three regions, it is not surprising that a
variety of complex rate expressions have
been proposed to describe the kineties of
the S0, oxidation on Pt.

Quantitative oxidation kinetics on plati-
num. An interpretation of Eq. (6) in terms
of surface coverages as well as its im-
plications for the kinetics of the reaction
in Region 2 can be provided by the fol-
lowing model.

Considering the equilibrium step

S0:(g) + O(Pt) 2 80;(Pt) (18)

and assuming mass action kinetics one
obtains

K X Pgo, X 00 = KBgy,, (26)
where 0,050, are the surface coverages of
oxygen and SO;, respectively, and K, K’
are temperature-dependent coefficients that
satisfy
K’ AG g
— =oxp——,
K RT

(27)

where AG®y refers to the equilibrium re-
action step. By further assuming ®go,
+ ®0 ~1, which is quite reasonable at
these relatively high pressures, one obtains
from (26)

®o K
])S02 X - .
1-0, K
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Comparing (28) and (6) it follows that
Bo Kp,

X .
1-0, K/K

2 =

(29)

@0, (Pt)’

Since ao,py expresses the partial pressure
of gaseous oxygen that would be in equi-
librium with chemisorbed oxygen if such
an equilibrium were established, Eq. (29)
shows that oxygen chemisorption can be
described at least approximately by a
simple Langmuir expression:

Bo

o, eyt = ——— | 30
M T T eake

where Ko is the adsorption coefficient of
oxygen on platinum, since clearly from
(19) and (27)

Kl

KO = EKpt. (31)

Alternatively, from (28) one could have
predicted that for constant T the product
Pso, X @0, (pey would be constant assum-
ing that oxygen chemisorption on platinum
at these temperatures and pressures can be
treated approximately by a Langmuir
model. This does not imply that this is
the only model that can explain Eq. (6)
but it is the simplest.

Since SO; desorption is rate limiting
and assuming the SO; readsorption term
to be negligible, the rate of the overall
reaction can be written as

r=0CX0z,=0X(1—- 00 (32

and using (28),
1)502

Kp Ko + Pso, ‘

r o= (33)
On the assumption that SO, adsorption is

nonactivated, C' can be written as C*KpK p,
where C* 1is temperature independent,
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therefore
I)SOg

KpKo + Pso,

r = C*KpKpy X (34)

This expression would explain the ob-
served kinetic behavior and also the ob-
served activation energy of 11 keal/mol
if the product Kp Ko is a weak function of
T. If one assumes a value of 68 kcal/mol for
the heat of chemisorption of O, on Pt (29),
then Ko = K*o exp(+34,000/RT), where
K*y; i1s temperature independent. Since
Kpy = 7.7 X 10° X exp(—34,500/RT), it
follows that the product Kp Ko is essen-
tially temperature independent. This also
implies that ©®go, depends very little on
temperature for given Pgo, Irom the
kinetic data obtained in this study the
value of Kp Ko is approximately 0.4 atm
in the region between 400 and 600°C.
Alternatively, the surface reaction step is
practically athermal (—600 cal/mol exo-
thermic), which could have been directly
derived on the basis of the values of 68
and 12.1 keal/mol for the heat of chemi-
sorption of Oz and SO; on Pt, respectively.
Equation (34) describes the kinetic data
shown in Fig. 8 as well as those of Lewis
and Ries (2) which were obtained at such
low Pso, and Pgo, that the first-order
Pso, dependence was observed and KpKp,
> Pso, was satisfied. The preceding anal-
ysis is valid as long as Pgso, is not very
close t0 KpKp: in which case the SO;
readsorption term should be included.

For Pso, exceeding KpKpe (Region 3),
in which case equilibrium is established
for the step

SO:(g) + O(Pt) « 805(g),

equilibrium must also be established be-
tween surface and gaseous SOz The ex-
perimentally observed relationship

PSO3

Pso, X ao,pe)?

= Kp (11)

is accounted for by the previous model by
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r, 1072 mol /hr
N H [e)] ©
\
Ll

o o oo T Toa T
Pso,

Fie. 13. Rate vs Pso, for Pgso, + Pso, = 0.068
atm at 480°C (34) compared with Eq. (37).
Kpy X Ko = 0.4 atm and KpKpy = 4.6 X 1073 atm
at 480°C.

inclusion of the equilibrium between gas

phase and chemisorbed SO;. One has
Koao,pi)t'?

1 + Koao, ' + Ksospsos,
Ks0,Ps0,

1 + Koao,pny'? + Kso,Pso,

@()_—‘

, (35)

G‘)SO:g =

where Ko, Kgo, are adsorption coefficients
of O and 803, respectively. Substituting
into (26) and using (31)

PSO3 K(‘) 1
Pso,00,'? Ko, (K'/K) Kp:Kso,

. (36)

Comparing with (11) one obtains Kgo,™
= KpKp,. This implies that the heat of
chemisorption of SO; is 12.3 keal/mol in
this region, too. Since in this region oxygen
chemisorption is rate limiting, the rate of
the forward reaction can be written as

r = CIP()21/2(1 - @o -— @sos) = C’KpKP;
Pgo, X Pp,?

X .
KpKpiPso,+ Psos(Pso,+ KpeKo)
(37)

This expression describes the kinetic data
of Olson et al. (34) which were obtained
in a differential reactor and under condi-
tions where Pgo, > KpKp: (Fig. 13). Only
C" was fitted.

To summarize, the experimental equa-
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tions (6) and (11) are consistent with a
Langmuir model for the dependence of
surface oxygen activity on surface oxygen
coverage. In Region 2 desorption of
SO;(Pt) is rate limiting and Pgo, has no
direct effect on the rate which is given
by (34) as long as Pso, is not very close
to KpKp.. When it Is, the reverse reac-
tion (adsorption) gives the appearance of
poisoning. In Region 3 equilibrium is
established between surface and gaseous
S0, oxygen chemisorption becomes rate
limiting, and SO; has a poisoning effect
on the forward reaction [Eq. (37)].

Silver and gold. The reciprocal relation-
ship between Pgo, and ao,py'? observed
during the SO, oxidation on Pt was inter-
preted in terms of establishment of the
equilibrium described by Kq. (18).

By an identical argument Eq. (13) sug-
gests establishment of the equilibrium

SO,(g) + O(Ag) @ SO0s(Ag),  (38)

where again the chemical potential of
chemisorbed SQ; is a function of tempera-

ture only. Silver sulfate formation is ruled
out since the AH for the reaction

is —92.23 keal/mol compared with a AH
of —47.5 keal/mol derived from the tem-
perature dependence of K, [Fq. (13)J.
By arguments similar to those used to
derive Eq. (21) one obtains

Bsomam — Hos0s = T-63RT — 12,560R. (39)

It follows from Eq. (39) that AH and AS
for SO; chemisorption on silver are given
by AHgoiu, = —24.9 keal/mol and ASyo,u,
= —~15.1 cal/mol K. The AS value satis-
fies all the criteria established by Boudart
et al. (35) for entropy changes associated
with chemisorption. The AH value, com-
pared with the AH value of —12.3 keal/
mol for 8O; chemisorption on Pt, provides
an explanation for the noncatalytic nature
of Ag for the SO, oxidation. Since desorp-
tion of SO; was found to be the rate-
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limiting step of the SO, oxidation on Pt
when equilibrium (18) is established, SO;
desorption from Ag must also be rate
limiting when equilibrium (38) is estab-
lished. The failure of Ag to act as a cata-
lyst must result then from the high
activation energy for SO; desorption
(~24.9 keal/mol) relative to that for SO,
desorption from Pt (~12.3 keal/mol).

Since within the temperature and gas
phase composition range investigated the
surface oxygen activity on gold is a fune-
tion of Pgo, and T only and does not
depend on Pgo,, it can be concluded that,
as in the ecase of Pt and Ag, equilibration
between surface and gas phase SO; is not
established and SO; desorption is rate
limiting. If one represents the surface
equilibrium by

1
®S(’)g' @0 = —I‘{—; 6803, (40)

where ®go,, Oso, and Op are surface
coverages and K, is the surface reaction
equilibrium constant, then Eq. (15) can
be interpreted in terms of a Langmuir-
Hinshelwood model. Within that frame-
work the funetional dependence of ®¢ on
doyawy When equilibrium between surface
and gas phase oxygen is not established
is the same as the functional dependence
of ®6 on Po, when equilibrium is estab-
lished. Further, assuming that (a) the
activity of chemisorbed SO; is a function
of temperature and is represented by
KpKa, (analogous to the expressions for
Pt and Ag) so that

H803(Au) — MOSO:{(.‘-‘.) = RTIn KPKAu; (41)

and (b) that oxygen chemisorption Iis
stronger than the chemisorption of SO,
and SO;, one obtains from Eq. (40):

KS()»_;K()PS()«_»'aO:(Au)1/2

1 4+ Koao,Y2an)?

= , (42
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where Kgo, Ko, and Kgo, are the cor-
responding adsorption coefficients. Since
Kgso,Ko-Kso;1-Ks ! = Kp, one obtains
Eq. (15). From Eqgs. (16) and (41) it fol-
lows that AH and AS for SO; chemisorp-
tion on Au are —19.0 keal/mol and
—12.5 cal/mol K, respectively.

The values of KpKa, which express the
activity of 8O; chemisorbed on gold fall
between the values of KpKp, and KpKa,
(Fig. 14), and since SO; desorption is rate
limiting in all three cases, this provides
an explanation for the weak -catalytic
properties of gold for the SO, oxidation.
Thus the surface oxygen activity is an
appropriate measure of catalytic activity
of Pt, Au, and Ag for this reaction.

The oxygen activity and the exchange cur-
rent reaction. The use of ao, as a measure
of the catalytic activity of these metals
is based on the assumption that ZrO,
itself plays no role in the reaction. It is
not a catalyst for the SO, oxidation (30)
but does exhibit SO, adsorption at room
temperature (36). If SO, can attack O
ions, the measured oxygen activity would
differ from that of the gas phase but
would be the same for all metals. This is
not observed, strongly supporting the cur-
rent interpretation that the measurement
does not reflect the electrolyte charac-
teristics and the reaction between gaseous
SO, and O*~ cannot be the dominant ex-
change current reaction. If, however, the
attack occurs at the three-phase bound-
ary, a metal-specific oxygen activity would
be observed which might not correspond
to the true oxygen activity on the metal.
This can be ruled out by the close cor-
relation between the electrochemically mea-
sured oxygen activity and the observed
global reaction kinetics on Pt. -

That gaseous oxygen/electrode equili-
bration may not occur when a chemical
reaction involving the gas phase proceeds
at the electrode surface is a phenomenon
known to electrochemists (27). It is usually
described in terms of nonideal potential

VAYENAS AND SALTSBURG

Ag
-2 1 t |
1.0 12 1.4 1.6
o3/ 7
Fia. 14. Activity (asoyw = KpKm) of 8Os

chemisorbed on Pt, Au, and Ag under conditions
where SO; desorption is rate limiting.

behavior, the implication of nonideal being
that the cell EMF does not satisfy Eq. (2),
but is determined by intermediate products
adsorbed at the electrode surface rather
than by the primary gaseous species. In
addition to this mechanism, which is the
one adopted here, direct electrochemical
processes between gas and electrolyte ions
can also lead to nonideal behavior. Such
processes lead to an alteration of the
dominant exchange current reaction and
have been partly invoked by Fleming (21)
to describe the behavior of zirconia-based
oxygen sensors used in the exhaust line
of motor vehicles. No such processes need
be invoked for the SO. oxidation, particu-
larly since, as was noticed earlier, the
attack of O?>~ by gaseous SO, is very
unlikely to be a dominant exchange cur-
rent reaction.

The present results also establish the
temperature and gas phase composition
limits for the use of stabilized zirconia
cells with Pt electrodes as an electro-
chemical sensor for the determination of
Py, (Region 1), Pso, (Region 2), and the
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I)SQS/PS()2 ratio (Region 3) n SOz, SOg,
oxygen, inert gas mixtures.

SUMMARY

An electrochemical oxygen concentration
cell utilizing a solid electrolyte (ZrQO,, Y,03)
with Pt, Ag, and Au electrodes, one of
which functioned simultaneously as a cata-
lyst, was used to measure the activity of
oxvgen on the metal during the catalytic
oxidation of SO, It was observed that
the equilibrium between gaseous and ad-
sorbed oxygen could not be maintained
and new equilibrium processes involving
S02(g) were found with Pt films. For
sufficiently low Pgo, an equilibrium con-
stant Of the form })so2 X (I()2(Pt)1/2 = Kpt
indicated the presence of a chemisorbed
S0; phase with a chemical potential de-
pending only on temperature. The stability
of this phase, SO;(Pt), is limited. When
Pso, exceeds some critical value, this equi-
librium is replaced by another of the
form (Psoﬁ/[)SOZ) = KP X aoz(Pt)”Q. Only
for Pso, X Po,? < Kpy was Og equilibrium
with the surface observed. These three sta-
bility regions result in three different kinetic
regions. In the very low SO, pressure
region where SO;(Pt) does not exist no
kinetic data were taken, but where SO;(P’t)
exists, the kinetics appear to be dominated
by the desorption of SO;(Pt). The poi-
soning by SOj; in this region is the result
of a vapor saturation effect. When Pgo,
exceeds the critical value defined by the
vapor pressure of SO;(Pt), SO3(Pt) is de-
stroyed and the kinetics appear to be
dominated by the rate of O, chemisorp-
tion. Poisoning by SO; in this region is a
usual site-blocking process. With no as-
sumptions other than global rate scaling
the parameters deduced from this study
describe precisely the data of Smith et al.
(34) and represent a viable alternative
to the oxygen equilibration model which
had been employed to interpret them.

For Ag and Au films the formation of
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a chemisorbed SO; phase similar to Pt is
observed and over the limited range of
parameters investigated, SO; desorption
appears to be rate-limiting step. The
present results show that the difference
in the catalytic activity of Pt, Au, and Ag
for the SO, oxidation is not due to a
qualitative difference in the ability of
these metals to form an appropriate inter-
mediate species, but results from a quanti-
tative difference in the binding strength
of produect SO; to the surface.

The catalytic surface processes described
above have complicated the understanding
of electrochemical oxygen gas sensors but
make possible a significant opportunity
for a better understanding of hetero-
geneous catalytic oxidations on metals at
the molecular level.
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