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The oxidation of methane on porous polycrystalline palladium supported on yttria-stabilized
zirconia was studied at atmospheric total pressure in a continuous-stirred tank reactor (CSTR) at
temperatures between 450 and 600°C. The technique of solid-electrolyte potentiometry (SEP) was
used to measure in situ the thermodynamic activity of oxygen adsorbed on the catalyst surface. The
reaction Kinetics are consistent with an Eley—Rideal model according to which adsorbed atomic
oxygen reacts with gaseous methane. The potentiometric measurements suggest that only one
oxygen atom is involved in the rate-limiting step. A kinetic model that satisfies both kinetic and

SEP results is discussed.

INTRODUCTION

The oxidation of methane has been re-
ceiving increased attention in recent years
due to its potential industrial interest.
Methane is known for its abundance and its
chemical stability. When oxidized it pro-
duccs mainly carbon dioxide and watcr.
Methanol and formaldehyde have been re-
ported to be the most important intermedi-
ate products of both the homogeneous and
the heterogeneous oxidation of methane (/-
3). Selectivities to such products are very
low (4, 5). Nevertheless, since direct for-
mation of formaldehyde and/or methanol
from methane would offer a viable alterna-
tive to the usual industrial routes (4), vari-
ous workers have investigated the nature
and role of intermediate products of the cat-
alytic oxidation of methane in an effort to
1solate appreciable quantities of such com-
pounds (6—15). Recently Liu et al. were
able to isolate formaldehyde and methanol
during the partial oxidation of methane
over a silica-supported molybdena catalyst
(16, 17). Their observations were con-
firmed by Khan and Somorjai who further
expanded their kinetic studies by measur-
ing the pressure and temperature depen-
dence of the individual rates of formation of
methanol and formaldehyde (/8).
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Palladium catalysts have been reported
to give best results concerning selectivities
to oxygenated products (6, 8, 9, 12). Firth
studied the kinetics of methane oxidation
on Pd—Au alloys as well as the effect of
methane on methanol oxidation (/0). Cullis
et al. studied the oxidation of CH, on Pd
catalysts and the effect of halogen com-
pounds on the yield and the selectivity to
formaldehyde (8). Mann and Dosi exam-
ined the above reaction over Pd-supported
on Al,Os (12). Both groups of investigators
reporl a substantial increase of the selectiv-
ity to formaldehyde when halogen modi-
fiers are introduced in the reactor although
the yield decreases to some extent (8, /2).
Cullis and Willat also studied the kinetics of
methane oxidation over palladium and plat-
inum catalysts supported on a number of
metal oxides (/9). Despite the number of
investigators who have studied the Pd-cata-
lyzed methane oxidation the reaction mech-
anism remains unknown.

It has been recently found that the oxida-
tion of methane on porous polycrystalline
Ag films supported on yttria-stabilized zir-
conia is most probably of an Eley—Rideal
type of adsorption-reaction with adsorbed
atomic oxygen reacting with gaseous meth-
ane (20). A detailed kinetic study of the Pd-
catalyzed oxidation of methane is the sub-



METHANE OXIDATION ON Pd

CHQ, AIR COZ‘HZO
PALLADIUM
CATALYST

~

SILVER AIR
FILM

ZIRCONIA
ELECTROLYTE

F1G. 1. Schematic diagram of the reactor cell.

ject of the present communication. Kinetics
are combined with in sifu electrochemical
measurement of the activity of oxygen ad-
sorbed on the catalyst surface using the
technique of solid-electrolyte potentiome-
try. The technique has already been used in
conjunction with kinetic measurements in
order to study the mechanism of various
catalytic oxidations (20-22). Reactor cells
similar to the one used in this study have
been used so far (a) as electrochemical oxy-
gen “‘pumps’’ (23-25) and (b) as high-tem-
perature solid electrolyte fuel cells (26-28).

The present study is the first stage of an
attempt to increase the selectivity to oxy-
genated products during methane oxidation
by using the technique of electrochemical
oxygen “‘pumping.”’ This technique has
been used to increase the yield and the se-
lectivity to ethylene oxide during ethylene
oxidation (25).

EXPERIMENTAL METHODS

The experimental apparatus used for the
kinetic and potentiometric studies has been
described in detail elsewhere (20). A sche-
matic diagram of the reactor cell used is
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shown in Fig. 1. The palladium catalyst film
was deposited on the flat bottom of an 8%
yttria-stabilized zirconia tube using an A-
2985 palladium resinate solution obtained
from Engelhard Corporation. A few drops
of the palladium resinate solution were de-
posited on the flat bottom of the tube fol-
lowed by drying at [00°C for 4 h. The cata-
lyst was calcined at 550°C for 6 h and
heated further to 650°C for 4 h. A silver film
was deposited on the outside wall of the
zirconia tube. A silver emulsion in butyl ac-
etate obtained from G. C. Electronics was
used for that purpose. This film was ex-
posed to air and served as the reference
electrode. Silver instead of palladium was
used as reference electrode mainly because
silver adheres to the zirconia wall much
stronger than palladium. This caused a
slight (3-5 mV) change in the reference
measurements and was appropriately taken
into account in the oxygen activity calcula-
tions.

The continuous-flow reactor used has
been previously described and shown to be
well mixed over the range of flow rates em-
ployed in the present study (20).

The open-circuit emf of the oxygen con-
centration cell was measured with a Fluke
8600A millivoltmeter. The correct perfor-
mance of the oxygen concentration cell was
verified by introducing into the reactor vari-
ous air—N, mixtures of known P, and ob-
taining agreement within 1-2 mV with the
Nernst equation

E

_RT (Poz)”’ 0

~2F ™\o21

The reactants were AIRCO certified CH,
diluted in N and zero grade air. They could
be further diluted in N». Calibrated flowme-
ters were used to measure the total flow
rate. A dual-column Perkin—Elmer Sigma
3B gas chromatograph with a T.C. detector
was used to analyze on-line reactants and
products. A Porapak Q column separated
CO», H,0, and air and a molecular sieve SA
column separated N,, O,, CH, at room tem-



542

SEIMANIDES AND STOUKIDES

F1G. 2. Scanning electron micrograph of the palladium catalyst (a) before and (b) after reaction

(X6000).

perature. The concentration of CO, in the
effluent stream was also monitored by
means of an Infrared Industries Model
703D Infrared CO, analyzer. At steady
state the CO, concentration as measured by
the IR analyzer was in very good agreement
(within 3%) with the GC measurement.

Typical scanning electron micrographs of
the palladium catalyst-electrode before and
after reaction are shown in Figs. 2a and b,
respectively. The average diameter of the
palladium crystallites after reaction was ap-
proximately 1-1.5 um. The catalyst loading
used in these experiments was 190 mg of Pd
and using the above crystallite size a total
catalyst surface area of 370-390 cm? was
estimated.

MEASUREMENT OF THE OXYGEN ACTIVITY

The technique of solid electrolyte poten-
tiometry (SEP) was used to measure in situ
the thermodynamic activity of oxygen on
the Pd catalyst. Originally proposed by
Wagner (29) SEP has been used so far in a
number of kinetic studies. The open-circuit
emf of the solid-electrolyte cell reflects the

difference in chemical potential of oxygen
adsorbed on the two electrodes (29):

1
E = iF (1o, (catalyst)
— Mo, (reference)l, (2)

where F is the Faraday constant and E the
measured open-circuit emf.

The chemical potential of oxygen ad-
sorbed on the reference electrode which is
in contact with air (Po, = 0.21 bar) is given
by

Mo, (reference) = uo, (g)
+ RT In(0.21), (3)

where ud, (g) is the standard chemical po-
tential of oxygen at the temperature of in-
terest. Similarly the activity a, of adsorbed
oxygen on the catalyst surface can be de-
fined as

o, (catalyst) = ud, (g) + RT In a5, (4)

Therefore, aj expresses the partial pressure
of gaseous oxygen that would be in equilib-
rium with oxygen adsorbed on the catalyst
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surface, if such an equilibrium were estab-
lished. Combining Egs. (2), (3), and (4)

2FE
ag = (0.21)12 exp <FT—)

(5)

Equation (5) permits direct calculation of
the surface oxygen activity by simply mea-
suring the temperature and the open-circuit
emf of the cell. Under conditions of ther-
modynamic equilibrium between surface
and gaseous oxygen:

dg = P(])/g

Equation (2) reduces in this case to the
usual Nernst equation (Eq. (1)) used to ver-
ify the correct performance of the cell.

RESULTS
Kinetic Measurements

The kinetics were studied at tempera-
tures between 450 and 600°C, methane par-
tial pressures between 1.23 x 1072 and
7.85 x 107? bar and oxygen partial pres-
sures between 0.24 x 10-2 and 6.83 x 102
bar. The total pressure of the mixture was 1
bar. Nitrogen was used as a diluent. Pcy, or
Py, could be maintained at a desired level
by varying the partial pressure of nitrogen.

Homogeneous gas phase oxidation of
methane was insignificant over the temper-
ature range where the heterogeneous reac-
tion was investigated (20).

After an initial induction period which
lasted approximately 48 h the catalyst ac-
tivity remained constant within 3% for at
least 8 weeks. All the data reported below
were obtained after the termination of the
induction period.

The absence of external diffusional ef-
fects was verified by varying the total flow-
rate at constant gas composition and ob-
serving negligible change on the reaction
rate. The absence of internal diffusion limi-
tations was verified by varying the film
thickness of the porous Pd catalyst and ob-
serving no change (<2%) in the surface ox-
ygen activity for the same temperature and
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F1G. 3. Dependence of reaction rate on methane par-
tial pressure.

gas composition. This proves the absence
of diffusional effects inside the catalyst
pores since the oxygen activity is measured
at the gas—metal—zirconia interline and is a
function of gas composition (20-22).

In all the range of temperatures and gas
compositions examined, only CO, and H,0
were observed as products at measurable
quantities.

The reaction rate r (molecules of meth-
ane consumed/s) was calculated from the
raw kinetic data of the CSTR using the ap-
propriate mass balance:

r = GXco,, (6)

where X¢q, is the mole fraction of CO; in
the effluent stream and G is the total molar
flow rate.

Table 1 contains kinetic and potentiomet-
ric results of this study.

The rate of CO, formation is plotted in
Fig. 3 vs the partial pressure of methane in
the reactor at constant 7 and Po,. The rate



TABLE 1|

Kinetic and Potentiometric Data

T PCH4 POZ ap r T PCH4 POZ ap r
(°C) (1072bar) (102 bar) (107% mol/s) (°C) (102bar) (1072 bar) (1076 mol/s)
600 7.22 0.25 0.043 0.345 500 6.53 0.35 0.051 0.086

7.82 0.31 0.049 0.345 6.71 0.62 0.069 0.103
7.63 0.52 0.065 0.398 6.97 0.78 0.078 0.104
7.35 0.84 0.083 0.480 6.76 2.46 0.130 0.114
7.58 1.46 0.110 0.527 7.41 3.24 0.158 0.134
7.51 2.32 0.139 0.555 7.25 4.67 0.185 0.142
7.58 4.15 0.191 0.589 7.47 5.96 0.210 0.142
7.85 5.62 0.228 0.614 7.63 1.12 0.094 0.123
1.23 6.70 0.264 0.088 1.46 6.40 0.253 0.219
1.72 6.83 0.261 0.155 2.76 6.70 0.252 0.054
3.08 6.40 0.254 0.276 3.52 6.52 0.230 0.065
4.33 6.35 0.248 0.374 4.49 6.35 0.230 0.098
5.00 6.14 0.238 0.467 5.25 6.40 0.225 0.120
6.55 5.66 0.226 0.523 6.33 6.31 0.225 0.129
7.03 5.88 0.228 0.636 6.82 6.57 0.220 0.174
550 7.00 0.24 0.042 0.149 450 6.99 0.50 0.057 0.040
6.89 0.39 0.056 0.180 7.30 0.82 0.075 0.044
6.90 0.62 0.069 0.187 7.62 1.08 0.080 0.046
7.09 0.99 0.081 0.226 7.85 2.40 0.128 0.050
7.25 1.73 0.118 0.264 7.63 3.80 0.160 0.050
7.14 3.00 0.165 0.307 7.79 4.67 0.180 0.063
7.20 4.80 0.216 0.342 7.45 0.33 0.046 0.039
7.14 6.48 0.254 0.334 2.39 6.74 0.244 0.011
1.41 6.74 0.263 0.063 3.46 6.40 0.226 0.022
2.11 7.13 0.261 0.095 4.33 6.18 0.209 0.032
3.30 6.57 0.252 0.132 5.52 6.18 0.216 0.044
3.84 6.70 0.247 0.177 6.17 5.83 0.205 0.043
4,71 6.70 0.245 0.206 6.93 6.05 0.205 0.055
5.47 6.74 0.244 0.272
6.49 6.77 0.243 0.318
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F1G. 4. Dependence of reaction rate on oxygen partial pressure.
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FiG. 5. Dependence of surface oxygen activity on
methane partial pressure.

is linearly proportional to methane partial
pressure. The dependence of the reaction
rate on Py, for constant Pcy, is shown in
Fig. 4. At low oxygen partial pressures the
rate tends to be proportional to P, while at
high Pg, it becomes almost independent of
Po,.

Oxygen Activity Measurements

1t was observed that in general, during
methane oxidation on Pd, gy = Pb/g. This
was also the case during the study of the
methane oxidation over silver (20). On the
contrary, during the hydrogen oxidation on
nickel catalyst a, < Py} (22). This differ-
ence is justified by the relatively lower rates
obtained during CH, oxidation over both Pd
and Ag.

The dependence of the surface oxygen
activity on the partial pressure of methane
for constant Po, is shown in Fig. 5 for 450,
500, 550, and 600°C. Fig. 6 is a plot of a, vs
Pg,. Figures 5 and 6 indicate that (a) g, in-
creases with increasing P, (b) ay decreases
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weakly with increasing Pcy,, (¢) ay is al-
most independent of temperature for con-
stant Po, and Pcy,.

It was found that all the measurements
could be correlated rather accurately by the
equations

(Po2 1) 1
a Pcy,

=K + Ky q;' (7)
with
K, =292 x 10* exp <E£B) (8)
and
K> = 0.501 exp (— 1—3%)9> 9

This is shown in Fig. 8. The relation be-
tween the reaction rate and the surface oxy-
gen activity was found to satisfy the equa-
tion

PCH4
= K3 + K4a(;' (10)
with
3600
Ky = 195 exp <——> (11)
T
[e]
[ ]
0 b
a
0.18 ¢ f
OA a
O %
.O
o ® 500 °C
0.6 € O 550 °C
) a““ A 500°C
0 450 °¢
3 6
P02,10'2 bar

F1G. 6. Dependence of surface oxygen activity on
oxygen partial pressure.
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Fi1G. 7. Dependence of reaction rate on ay.

and

11,900
K; = 0.114 exp (————)
T
This is shown in Fig. 7 for 450-600°C. The

scattering in the data shown in Figs. 7 and 8

(12)
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and especially at low values of a; ' is mainly
due to the fact previously mentioned, i.e.,
that Po, = a§ and thus the difference (Po,/
ag — 1) takes very low values and is very
sensitive to experimental error.

DISCUSSION

Little information is available on the
mechanism of methane oxidation on palla-
dium. Firth suggested that methane is prob-
ably adsorbed on top and reacts with a layer
of oxygen which is strongly bound to the
catalyst surface (10). Cullis et al. suggested
that methyl or methylene radicals react
with surface lattice oxygen (8) and their ob-
servations were further supported by the
work of Yu YaO (/3). Mann and Dosi (/2)
proposed a kinetic model according to which
charged adsorbed methane reacts with
charged adsorbed oxygen. We will attempt
to present below a kinetic model that takes
into account both kinetic and potentiomet-
ric results obtained in this study.

Oxygen is known to adsorb disso-
ciatively on palladium (30, 3/). Further-
more in the temperature range within which
the heterogeneous oxidation of nzethane is
usually studied (300-700°C) formation of
palladium oxide is thermodynamically fa-

O w50 °¢

20

a, -1

F1G. 8. Dependence of «, on gas-phase composition.
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vored (19, 32, 33). Campbell et al. (33)
found significant oxygen uptake for oxygen
partial pressures smaller than the equilib-
rium (dissociation) pressure of PdO. The
above authors concluded that a solid solu-
tion of low concentration of oxygen in Pd
was formed and that this solution was prob-
ably a precursor to the formation of bulk
stoichiometric oxide (33). Guiot suggested
that the oxidation of palladium proceeds to
the formation of a three-dimensional sur-
face compound before the formation of
PdO (34). Turner and Maple studied re-
cently (3/) the rate of PdO formation at
temperatures of 1[60-640°C and atmo-
spheric pressure. According to their work
two distinct types of oxygen reside on the
surface, chemisorbed oxygen and a more
strongly bound oxide species. Chemisorbed
oxygen adsorbs only at the surface and in
order for oxide species to be formed oxy-
gen must be first chemisorbed (3/). Pres-
ence of PdO during CH, oxidation has been
reported by Cullis and Willat who exam-
ined Pd catalysts by XPS (/9).

It is therefore reasonable to consider that
in the present study the Pd surface may be
largely oxidized to PdO. If more than one
type of oxygen reside on the catalyst sur-
face the property a, measured by SEP re-
flects their common activity provided that
these species are in thermodynamic equilib-
rium. In the opposite case, i.e., when the
various oxygen species are not in equilib-
rium, a, reflects the activity of those spe-
cies that will equilibrate faster with O*~ at
the three phase zirconia—catalyst—air in-
terline (22, 29). In the present study the less
strongly bound to the surface atomic oxy-
gen is the species the activity of which is
measured electrochemically. Consequently
following the definition (20) of ay one can
write

Koag

%= T Ko’

(13)
where K| is the adsorption coefficient and
0y is the coverage of atomically chemi-
sorbed oxygen. The above equation relating
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two intrinsic surface properties is valid irre-
spective of whether equilibrium between
gas phase and adsorbed oxygen exists or
not.

The rate of CH,4 oxidation to CO, and
H,O shown in Table | and in Figs. 3 and 4
can be compared to the rate of PdO forma-
tion as measured by Turner and Maple (3/).
If palladium oxide reacts with CH, then at
steady state a material balance for oxygen
of the oxide gives

Rpgo = 4r,

where Rpyo 1s the rate of PdO formation and
r is the rate of CH, oxidation. (The coeffi-
cient 4 accounts for the four atoms of O
required to oxidize completely one mole-
cule of methane.) In the temperature range
450-600°C Rpyp 1s calculated to be at least
two orders of magnitude lower than the rate
of methane oxidation. At lower tempera-
tures, e.g., 200-350°C the two rates may
become comparable because of the differ-
ent activation energies of the two reactions
(~20 kcal/mol for CH, oxidation and ~35
kcal/mol for PdO formation). Therefore the
interpretation that we can provide is that
the less strongly bound oxygen species oxi-
dize methane to CO, and H,O. Hence palla-
dium oxide either (a) is not reduced by
methane and thus the catalyst consists
largely of palladium oxide or (b) reacts with
methane before steady state is established
in which case all the oxide originally
present on the catalyst is consumed. Note
that all our measurements were obtained at
steady state and at least [5-20 min after the
introduction of the reacting mixture in the
reactor.

Based on the available data it is not pos-
sible to discriminate among the above alter-
native schemes.

Figure 4 shows that the rate of reaction is
independent of the partial pressure of oxy-
gen with the exception of 550 and 600°C
where at low Po,/Pcy, the rate becomes al-
most proportional to Py,. Figure 3 shows
that the rate is first order in Pcy, at all tem-
peratures and gas compositions examined.
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Based on the above observations we can
propose an Eley—Rideal type of adsorption-
reaction according to which gaseous meth-
ane reacts with adsorbed atomic oxygen.
Assuming that one oxygen atom is involved
in the rate-limiting step the rate of CH, oxi-
dation will be given by

r= KRPCH400- (14)

Substituting for 6, from Eq. (13) one gets

Koaop

= KrPouy, 70— 1+ Koa (15)

Taking the reciprocals of both terms of Eq.
(15) and multiplying both by Pcy, it follows
that

Poy, 1 1 1
r _KR KRK()a()

(16)

which reduces to the experimentally de-
rived Eq. (10) for K3 = 1/Kg and K4 = 1/
KRrKj,. Consequently,

t1 ,900)
T

mol
S - bar

Ky = 8.81 exp(— (17)
and from the values of K, (slopes of the
lines in Fig. 7) one can calculate

8300
Ko= 5.8 x 10" exp(——i:—>. (18)

Since Kj is the adsorption coefficient of
atomic oxygen it follows from Eq. (18) that
AH, = — 16.5 kcal/g-atom O and AS, =
—14.8 cal/g-atom O where AH, and AS,
are the enthalpy and entropy of adsorption
of atomic oxygen, respectively,

The surface oxygen activity dependence
on temperature and gas composition can be
explained by considering a steady-state
mass balance for adsorbed oxygen:

KaPo)(1 — 60)? = KpB3 + 2 KePcu, 0.

(19)

The left-hand side term corresponds to
atomic oxygen adsorption which is as-
sumed to be dissociative. The right-hand
side terms correspond to desorption and re-
action with gaseous methane. Assuming

SEIMANIDES AND STOUKIDES

that PdO is formed via chemisorbed oxygen
as it has been previously suggested (3/) one
more term should be added to the right-
hand side of equation (19), i.e., the rate of
palladium oxide formation from chemi-
sorbed oxygen. However, we can neglect
that term as being much smaller than the
rate of methane oxidation in the tempera-
ture range of our interest. Dividing Eq. (19)
by Ka(l — 6p)? one obtains

_Kp &
N 60)2

0

+ 2 Ke — 57 Pons Q0

KA(

Taking into account Eq. (13) and that K} =
Ki/Kp Eq. (20) becomes

Po, = aj + A do(l + Koao)Pcy,
or
POz KR ( l)
2= 2 (Kot o) Powe @D

When Pcy, — 0 equilibrium is established
between gaseous and adsorbed oxygen,

i.e., Po, = a}. Therefore, Eq. (21) can be
rearranged to give

P02 K KR 1
a—(z)— 1 —2K PCH4+2K K()PCH400

(22)

which reduces to the experimentally ob-
served Eq. (7) for

K| = ZKR/KD
and
Kz = 2KR/KDKO.

Having obtained K, and K we can extract
the value for Kp. It is thus found that

- 18,900) mol O,
T S
(23)

Kp = 6.04 x 10* exp (

From the values of K, and Kp given by
Egs. (18) and (23), respectively, we can fur-
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ther calculate the adsorption rate constant
for atomic oxygen:

KA:K(:;'KD

mol O,

- 2300)
]

=2.05 x 1072 exp (T

24

The above presented model explains both
kinetic and potentiometric results in a satis-
factory manner. Note that although not
unique the above model was the one among
a large number of models examined that
satisfied most successfully our experimen-
tal results.

In summary it has been shown that when
SEP is used in conjunction with Kkinetic
measurements it can provide substantial in-
formation for the mechanism of catalytic
oxidations on metal surfaces. It is well es-
tablished that kinetic information is insuffi-
cient for determining the mechanism of a
reaction. Much more information is neces-
sary to establish a mechanism of a catalytic
reaction. Use of other in situ spectroscopic
techniques such as infrared spectroscopy
could further elucidate the mechanism of
these important catalytic systems.
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