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A series of expanded pyrochlore oxides Bi,Sn,_,Bi,0;_,, (0 =x <
0.86) was synthesized and the influence of their composition on
their performance as methane coupling catalysts was examined. A
trend to higher selectivity and lower activity accompanies in-
creases in x. However, analysis of the kinetic data by a simple
procedure which separates the catalyst activity and selectivity
shows that all the catalysts have similar intrinsic surface selectivi-
ties, independent of composition. The trend in observed selectivity
is an indirect effect of variations in activity. The similarity in
surface selectivity is attributed to the formation of a bismuth-
oxide-rich surface layer in all materials upon heating to reaction
temperatures.  © 1995 Academic Press, Inc.

INTRODUCTION

Many oxide materials, both single and multicompo-
nent, have been shown to be effective in the oxidative
coupling of methane (1, 2). Of the binary systems,
lithiated magnesia has received the most attention (3-5).
The common theme among the effective catalysts is the
“reducibility’’ of the catalyst which aids in the initial step
in the reaction, the abstraction of H from methane to
form methyl radicals and surface OH. The reducibility of
simple systems, such as lead and manganese, arises from
the multiple oxidation states of the cation. However,
many other mixed metal oxides have been shown to
be effective, including LiNiO, (6-8), BaPbO; (9, 10),
alkaline-earth-substituted lanthanides (11-16), etc. In
(Li)MgO and many of the other binary systems, substitu-
tions in the lattice by cations of lower formal charge is
thought to give rise to electrophilic (or reducible) forms
of oxygen, such as O~, which can perform the initial
abstraction step.

Many mixed oxide materials may be substituted with
aliovalent cations and it has been shown that pyrochlores
with such substitutional defects can be synthesized (17).
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In some pyrochlore systems, excess A site cations substi-
tute for some portion of the B site cations in the A,B-O,
structure (18). The term ‘‘expanded’’ is applied to these
materials since their lattice constants increase with in-
creasing amounts of substitution. Stoichiometric pyro-
chlore oxides have received some attention as methane
coupling catalysts (19-21). We have previously shown
preliminary results that expanded Bi: Sn pyrochlores are
effective as coupling catalysts (22, 23). The pyrochlore
phases are also attractive because of their high tempera-
ture stability.

In this paper, we examine the influence of variable
composition in the series Bi,Sn>_ Bi,0;_» on the cata-
lytic performance of these materials in the methane ox-
idative coupling reaction. These materials provide a well-
characterized series of compounds with controlled
substitutional defect concentrations. The purposes of the
study are (i) to investigate this series of catalysts, and
more importantly, (ii) to use the opportunity presented
by a homologous series of catalysts to correlate the
changes in performance with the catalyst structure. We
were successful in both aims. However, in order to
achieve the latter, a simple lumped kinetic analysis based
on the basic methane coupling mechanism is used to sep-
arate catalyst activity and selectivity. Briefly, these two
performance parameters are linked because of a differ-
ence in reaction orders between the methyl recombina-
tion reaction and methyl oxidation reactions. As shown
below, by such a simple analysis, the significant trends in
catalyst selectivity among the catalysts can be explained
by variations in catalyst activity alone while the inherent
surface selectivities remain constant.

EXPERIMENTAL

Catalyst synthesis. Table 1 lists the materials studied
along with relevant characterization results. A detailed
description of the synthesis of bismuth-tin pyrochlores
has been given previously (22). General aspects relevant
to the particular materials used as catalysts in the present
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TABLE 1

Catalyst Characterization

Bulk Surface
composition¢ Bi/Sn ratio? SAf (m?/g)

Sample x® K/Sn Initial Final Initial Final Catalysis’
1 0.23 0.010 —_ — 88.7 3.2 S
2 0.26 0.310 — — 96.4 2.2 S
3 0.66 0.000 — — 2.2 2.0 S
4 0.71 0.030 — — 77.6 1.4 S
5 0.80 0.020 — — 3.1 — S
6 0.97 0.007 —_ — 48.6 — S
7 1.20 0.043 — — 17.9 — S
8 0.22 0.080 —_ - 93.2 24.8 S
9 0.03 0.000 — — 2.3 2.1 S.K

10 0.06 0.090 1.0 1.2 64.9 09 K,S
11 0.28 0.056 — — 58.7 0.9 K.S
12 0.56 0.053 — — 31.7 1.0 K,S
13 0.64 0.046 1.7 2.4 58.2 1.9 S.K
14 0.80 0.020 — — —_ 0.7 K.S
15 0.85 0.006 — — 2.5 0.9 K.S
16 0.97 0.007 — — 48.6 0.7 K.S
17 2.00 0.000 — — 0.7 — K.S

* All samples were prepared by solution synthesis and were unsupported except for sample 9
(ceramic synthesis), sample 8 (supported on silica), and sample 17, pure Bi,O, (see text).
5 Additional samples were prepared to determine in detail the variation of lattice parameter with

composition (see Fig. 1).

¢ Catalyst compositions determined by chemical analysis (Galbraith Laboratories, Knoxville, TN).
4 XPS analysis on a Leybold—Heraus MAX 200 system, before and after heating to 650°C under

vacuum.

¢ Surface areas (SA), in m?¥/g, were measured on the samples as synthesized and after catalytic
testing by the BET method using nitrogen sorption with an Omicron [00CX instrument.
f'S refers to catalyst screening experiments and K to more detailed kinetic measurements as a

function of gas composition and residence time.

# Stoichiometry parameter, x, in Bi,Sn,_ Bi,O;_;,.

work are briefly summarized. Expanded pyrochlore
compositions Bi;Sn;_,Bi,O-_,» (0 = x = 0.86) were pre-
pared by solution syntheses. In a typical preparation,
Bi(NO3); . 5H,0 (25 mmol, Alfa) was dissolved in 100 m]
of water and 30 ml of concentrated HNO;. Tin chloride
(SnCl, - 5H,0, 25 mmol, Aldrich) was added together
with 250 ml of 2 M KOH solution. The pH and the total
solution volume were then adjusted by further addition of
KOH solution. The slurry was then heated at 75-100°C
for 2—5 days. The reaction product was recovered by
filtration, washed, and dried at 100°C.

The specific phase and the bismuth/tin ratio in the
product depend on the pH, metal ion concentration, Bi/
Sn ratio, and the reaction temperature. A pure pyro-
chlore phase is obtained only over a narrow pH range,
close to pH 13 when Bi/Sn = 1 in the initial solution. At
lower pH values an amorphous phase is obtained. At
higher pH a second crystalline phase (D*} is observed
and becomes dominant as the pH is increased. A compo-
sition of BisSn,;O4(OH)s was determined for D* by a com-

bination of elemental and thermogravimetric analysis.
After calcination at 400°C, X-ray diffraction showed that
D* and all D*:pyrochlore mixtures convert to pure
pyrochlore phases. The surface areas for pure pyroch-
lores formed directly from solution are typically in the
range 50 to 100 m?/g but fall to 30-50 m?/g after calcina-
tion at 400°C. Pyrochlores obtained from D* have much
lower surface areas (1-6 m?/g).

Pure pyrochlore phase samples with different composi-
tions were prepared by the solution synthesis method and
calcined at 400°C. The compositions were determined by
elemental analysis and found to fall in the range 0.05 =
x = 0.86. Samples can contain residual amounts of potas-
sium (in the range 0.01 to 0.05 K/Bi) that is easily re-
moved by washing with dilute acid.

Lattice parameters for the samples after calcination at
400°C were obtained by profile fitting the powder X-ray
data and are shown as a function of composition in Fig. 1.
The scatter in the data results from uncertainties in fitting
broad diffraction peaks and possibly from inhomoge-
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FIG. 1. Lattice parameters (unit cell volume)'? in the tetragonal Bi-
Sn pyrochlore unit cell versus x in Bi;Sn, Bi,O; ,;. All catalysts from
Table 1 are included.

neities in the compositions. The general increase in lat-
tice constant with increasing composition is-consistent
with substitution of Bi** for Sn** and similar to data ob-
tained for ruthenium containing pyrochlores.

The stoichiometric compound Bi,Sn,05 is the only sta-
ble phase at high temperature. Consequently, all of the
bismuth-rich compositions are unstable and decompose
when heated to temperatures above 400°C. The decom-
position temperature decreases with increasing composi-
tion and varies from approximately 700°C at x = 0.06
(sample 10 in Table 1) to 500°C at x = 0.85 (sample 15).
Differential thermal analysis (10°C/min to 800°C) of a
sample with 0.64 (sample 13) is featureless on heating,
but on cooling shows a sharp endotherm at 642°C. On
reheating an exotherm is observed at 673°C and on re-
cooling the 642°C endotherm is reproduced. These data
indicate the formation of Bi-O; on decomposition of the
expanded pyrochlore. The presence of Bi,O; and stoi-
chiometric Bi,Sn,0; after heating is confirmed by X-ray
diffraction. XPS measurements of the surface composi-
tions of two catalysts show increases in the Bi/Sn ratio
upon heating under vacuum (see Table 1).

Measurements of the particle size for the high surface
area Bi,Sn,0; phases determined from the X-ray data
indicate particle diameters of 5—10 nm at 400°C and 20-25
nm for samples heated to 700°C. The particle sizes deter-
mined by XRD do not reflect the true surface area be-
cause of the separation of bismuth oxide above the de-
composition temperature.

Additional materials. In addition to the bismuth-rich
pyrochlores, other materials were prepared for catalytic
studies. Two materials with higher Bi/Sn ratios were pre-
pared by solution techniques (samples 7 and 16), but were
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not single phase (Bi,O; + expanded pyrochlore), A stoi-
chiometric (Bi: Sn = 1: 1) pyrochlore (sample 9) was pre-
pared by high temperature ceramic methods. A stoichio-
metric mixture of pure Bi,O; and SnO, powders was
fused at 800°C in air, followed by repeated grinding and
reheating until X-ray diffraction showed a single-phase
product. A silica-supported catalyst (sample 8) was suc-
cessfully prepared by solution synthesis in the presence
of Cabosil. Pure Bi,O; (Alfa) was also used in the cataly-
sis studies (sample 17).

Catalysis. All materials evaluated as catalysts were
pelletized, ground, and sieved to produce granular mate-
rials with 80-120 um diameters. The reactions were car-
ried out in a tubular quartz reactor with a 4-mm inside
diameter. The catalyst temperature was monitored by a
thermocouple in a 1-mm quartz sheath embedded in the
catalyst charge. The reactor narrowed to 2-mm i.d. below
the catalyst bed to minimize gas phase reactions in the
postbed region. Methane conversions without a catalyst
in the reactor were less than 19, even at 850°C. Typically
0.25 g of catalyst rested on a shallow platform of quartz
wool. The reactant gas mixtures were synthesized by
mass flow controllers. The reactant gases were obtained
from Matheson at stated purities of 99.99% and used
without further purification.

Steady state reaction rates were measured by GC anal-
ysis of the effluent. Two types of catalytic experiments
were performed. All materials were subjected to a
screening protocol by stepping through a series of in-
creasing temperatures (up to 850-900°C) with a standard
gas mixture (CH4:O5: Ar = 2:1:5) and flow rate (80 ml
(STP)/min). Multiple analyses of the reaction rate and
selectivities were performed at each temperature. Fol-
lowing this, some or all of the same temperatures were
reexamined in descending order. The bismuth oxide sam-
ple was kept below its bulk melting point of 825°C. A
number of materials (noted in Table 1) were subjected to
a more thorough kinetic analysis, which included varia-
tions in gas residence time and reactant gas composition.
Estimates of the Thiele modulus and particle size varia-
tion assured that intraparticle mass transport limitations
of the stable species were unimportant in the Kinetics
experiments.

Computer model. An extensive computer model of the
relevant gas phase radical reactions is used briefly in this
study to compare the observed kinetic behavior with that
expected from gas phase pathways. This model is fully
described elsewhere (24).

RESULTS AND DISCUSSION

Catalyst stability. The nonstoichiometric materials
prepared by solution synthesis underwent significant
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changes during their initial exposure to high tempera-
tures. These changes include a loss of activity, a loss of
surface area, and an increase in selectivity. Following
these initial changes, the subsequent activities and selec-
tivities were stable for periods of over 20 h at 850°C al-
though further slow changes probably occur. Final sur-
face areas for all materials after such treatment are near 1
m?/g. The decrease in activity (measured at 700°C before
and after higher temperature operation) was typically one
order of magnitude (roughly equivalent to the decrease in
surface area). Structural changes similar to those seen in
thermal analysis were observed to occur after exposure
to high temperature reaction conditions. X-ray diffrac-
tion shows that a mixed phase system is formed consist-
ing of Bi,O; and residual tetragonal pyrochlore with lat-
tice parameters near those of the stoichiometric material.
The silica-supported pyrochlore (sample 8) reacted par-
tially with the support to form sillenite and SnQO,. The
stoichiometric pyrochlore prepared by high temperature
ceramic techniques (sample 9) on the other hand, does
not deactivate, even on the first cycle. Finally, in all ma-
terials reduction of the bismuth component to metal can
occur when the reactor is oxygen-starved.

Catalytic performance. These Bi—-Sn pyrochlore mate-
rials show activities and selectivities comparable to the
best materials so far discovered, with yields (conversion
times selectivity on a carbon atom basis) of C,, hydrocar-
bons approaching 25% (22). All rates, selectivities, and
yields in this paper are reported on a C, basis. The reac-
tion selectivities depend on many parameters, including
catalyst composition, methane conversion, gas composi-
tion, and catalyst activity. Figure 2 shows the wide range
of C,. hydrocarbon selectivities observed with the stan-
dard reactant mixture for all the catalysts as a function of
temperature. Only data for methane conversions of less
than 15% are included in this figure. Temperatures in
excess of 800°C are required to reach good levels of per-
formance, higher than the temperatures required for cata-
lysts such as (Li)MgQ, but similar to many others (2).
The reaction selectivities for all the Bi/Sn catalysts drop
sharply below 800°C.

The dependence of the hydrocarbon selectivity, Sc,,,
on conversion and on the reactant gas composition is
similar to that shown by other coupling catalysts. The
data in Fig. 3, typical for all investigated, shows that the
methane activation rate has positive reaction orders with
respect to both methane and oxygen. The C, production
rate responds more strongly to increases in P(CH;) than
it does to P(O;) while the CO, rate responds more
strongly to increases in P(O;) than to P(CH,). As a result
C, hydrocarbon selectivity improves with an increase in
the CH,4/0O; ratio, a common observaton for methane
coupling catalysts (2). The overall effective reaction or-
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FIG. 2. Range of catalytic selectivity to C,. hydrocarbons (C; basis)
in methane oxidative coupling for the suite of Bi-Sn oxide catalysts
listed in Table 1. Reaction conditions, 845°C, 100 kPa total pressure,
reactant gas compositions, CH,: O;: Ar = 2:1:5.
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FIG. 3. Variation of catalytic production rates (C, basis) of C,.,
hydrocarbons, carbon oxides and the total versus p(CH,) (a) and p(O,)
(b) at 845°C over a Bi—Sn pyrochlore catalyst (sample 13 in Table 1), 100
kPa total pressure: in panel a, p(O,) = 12.5 kPa, balance Ar; in panel b,
p(CH,) = 25 kPa, balance Ar.
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ders are approximately 0.5 for methane and 1.0 for oxy-
gen.

Figure 4 plots the higher hydrocarbon selectivity ver-
sus conversion achieved by variation in gas residence
time. The C,, selectivity seen at low methane conver-
sions eventually decreases with increasing conversion.
Higher CH,4/O, ratios lower the ultimate methane con-
version so that the higher initial selectivity does not
result in a higher yield. There have been attempts (with
mixed success) to use novel reactor concepts, such as
staged oxygen injection (25, 26) and chromatographic ef-
fects (27) to preserve the higher inherent selectivity at
low oxygen pressures. The decrease in selectivity at high
conversions could be due in part to an increase in meth-
ane or methyl radical oxidation (due, for example, to a
more aggressive gas phase radical pool). However, tracer
experiments on a limited number of catalysts indicate
that oxidation of the C, products is largely responsible
(24, 28-30). Another feature seen in Fig. 4 is a mild in-
crease in selectivity to a broad maximum at intermediate
conversions. This arises from complexity in the reaction
rate law which is further discussed below.

The catalyst composition has an influence on activity
and selectivity. Figure 5 shows the reactivity per m? of
surface (panel a) and hydrocarbon selectivity (panel b)
for various expanded pyrochlore catalysts. These data
were all measured for a narrow range of methane conver-
sions (between 15 and 20%j) in the standard reactant gas
mixture at 845°C and were measured during steady oper-
ation following the initial deactivation period. Of the non-
stoichiometric materials, those with small values of x are
the most active. Not shown is the ceramic material which

C, Selectivity
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Methane conversion

FIG. 4. Higher hydrocarbon selectivity versus methane conversion
(by residence time variation) for a Bi—-Sn oxide catalyst (sample 13 in
Table 1) at 845 °C, 100 kPa total pressure. Reactant gas compositions,
P(Ar) = 62.5 kPa; CH,/O, ratios (l) = 1, (A) = 2, (®) = 4, (H) = 10 are
indicated. The dashed line is the 25% yield locus.
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FIG. 5. Surface specific reaction rates, in umol/s - m? (panel a) and
%C,. selectivity (panel b), both on a C; basis, versus x, for a series of
Bi;Sn,_yBi,0;_,» pyrochlore materials (samples 10-16 in Table 1). Data
taken at 15 = 3% methane conversion, 845°C, 100 kPa total pressure,
CH:0;:Ar=12:1:5.

does not fit this trend and has the activity of approxi-
mately 1 umol/s - m?. The expanded materials also show
a general, if somewhat scattered, trend to higher C,, se-
lectivity with increasing bismuth content.

Kinetic analysis. In this section we correlate the trends
in catalytic performance with catalyst composition. The
first step requires a simple lumped kinetic analysis of the
rate data to extract more fundamental information in the
form of global rate coefficients from the rate data. This
simple analysis, described below, removes the coupling
between the catalytic activity and selectivity which arises
from the reaction mechanism. The rate coefficients de-
rived from this analysis are then used to examine the
influence of catalyst composition at standard conditions,
the primary aim of the study. Following this, the depen-
dence of these rate coefficients on reaction conditions is
briefly investigated.

Lumped kinetic model. There is general agreement on
the basic features of the methane oxidative coupling
mechanism. At low conversion, the reaction can be
viewed as comprising three global reaction steps. First,
hydrogen atom abstraction from methane by the catalyst
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surface (and by gas phase radicals) produces gas phase
methyl radicals

k
—

CH, CH;. (1]
The relative contributions of surface and gas phase pro-
cesses in this step have been addressed by many groups
and are probably catalyst specific. Here we describe the
rate of this overall process by a volumetric (based on bed
void volume) first-order rate coefficient, k,, which itself
may, of course, exhibit a complex rate law.

Much of the subsequent hydrocarbon growth chemis-
try is due to gas phase radical processes. The primary
product hydrocarbon product, ethane, is formed by
methyl radical combination in the gas phase with bimole-

cular rate constant 4;,

2CH; -5 CHs. 2]
The methyl radicals can also be oxidized to form carbon
oxides

CH; & co,. (3]
Like the methane activation step, the methyl radical oxi-
dation rate is also described by a first-order volumetric
rate coefficient, k3, which can involve both surface and
gas phase contributions. We assume that methyl oxida-
tion is the only pathway for CO, production from meth-
ane. These three steps can be used to describe the cata-
Iytic data as long as C, oxidation (or direct CHy
oxidation) does not contribute significantly to CO, forma-
tion. The differential C, selectivity (on a C, basis) is given
by

Scz = 1= ks[CH3)/ki[CH,] (4]

and by using the steady state approximation for methyl
radicals

0 = rey,= +k[CH4] — 2k[CH3)? — k[CH3l,  [5]
and substituting the resulting expression for [CHj] into
[4], the expression for the hydrocarbon selectivity, Sca.

can be derived

Sca+ = [(1 + V)2 = 1V[(1 + ) + 1], (6]

where
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The reaction selectivity thus increases as Y increases and
even in this simple version of the mechanism, the reac-
tion selectivity is linked to catalytic activity by the fact
that reaction (2) is second-order. This expression indi-
cates that unless k3 varies as k1? (as some reaction param-
eter such as catalyst composition changes), the observed
selectivity will depend on the catalyst activity, repre-
sented by k,. Therefore, the ratio ki/k; is a more funda-
mental measure of catalytic selectivity than is Sc;. Antic-
ipating the catalytic results, it is clear from this
relationship that a parallel increase in k; and 4; (constant
k\/k3) will result in a decrease in selectivity.

We now calculate values of the rate coefficients k; and
k; from the catalytic data using this simple model for
correlation with the catalyst composition and the reac-
tion conditions. We limit this treatment to low conver-
sion data, so that C, oxidation can be neglected and ini-
tially only consider data obtained at a single (standard)
gas composition. The procedure involves three simple
steps. First, k; is calculated from the overall methane
activation rate. Then, the average methyl radical concen-
tration in the void volume is calculated from the known
(32) gas phase methyl recombination rate constant, &;,
and the C, formation rate. From this calculated methyl
concentration, the methyl oxidation rate coefficient, k3,
can then be obtained.

The assumptions implicit in this treatment are several.
The calculations require differential selectivities,
whereas the experimental selectivities are integral mea-
surements. At low conversions, we treat these as differ-
ential measurements, although, as we show later, there
are minor changes over the first 10% of conversion which
make even these subject to some averaging. Thus all the
values for k; and k; derived from the data are weighted
averages over the conversion range measured. However,
the averaging is not important to the conclusions of the
paper. Also implicit in this analysis is the assumption that
the gas phase is locally homogeneous, i.e., that mixing is
rapid compared to the reaction. In fact, there are several
sources of inhomogeneity. First, the rate coefficients rep-
resent averages over the void volume of the catalyst bed
and do not take into account spatial distributions of pore
volume and reaction site density which could produce
local variations in methyl radical density. These inhomo-
geneities can evolve as the catalyst desurfaces during the
“run-in’’ period. Furthermore, even with uniform void
spaces and site distribution, spatial inhomogeneities can
arise due to insufficient diffusive mixing of the methyl
radicals during their lifetime (33, 34). Average methyl
radical lifetimes can be calculated from the reaction rate
and the calculated methyl densities. These lifetimes, of
the order 100 us, are only just sufficient to diffuse a dis-
tance equal to the average particle diameter. Nonuni-
formities in the CHj concentration are therefore possible.
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There is some variation in the bed void volume itself
during the experiments, which has not been taken into
account, Spatial inhomogeneities in reactivity may also
occur simply from the variation in conversion down the
bed, given the autocatalytic behavior noted above. C,
oxidation will artificially raise the calculated value of k;/
k; since it decreases the calculated methyl concentration
and inflates the value of &;. Attempts to correct for this,
using C,/CH, oxidation rate ratios from tracer studies
(24) did not appreciably affect the values of k3/k; calcu-
lated below 20% methane conversion. Any inhomoge-
neities in composition will be magnified if channeling
and/or other deviations from plug flow exist. Finally,
postbed homogeneous reactions can also have a signifi-
cant impact (35). Since the postbed volume in the heated
zone was held to a minimum, we do not believe that such
effects are present here. Keeping these complicating ef-
fects in mind, we now use this procedure to analyze the
catalytic results.

Trends with catalyst composition. The calcualted val-
ues of ki/k, for catalysts 9-17 at two different tempera-
tures and under standard reaction conditions are shown
in Fig. 6. The values at 845°C are restricted to a narrow
conversion range, thus limiting any averaging effects.
The 700°C data represent a wider conversion range (2 to
10%) and are somewhat more scattered, but values for
pure bismuth oxide are also available at this temperature.
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FIG. 6. Dependence of the rate coefficient ratio k;y/k; on x in

Bi,Sn,_,Bi,0;_,, pyrochlore materials (samples 917 in Table 1). Meth-
ane conversions <20%, 100 kPa total pressure, CH,: O;: Ar = 2:1:5;
700 = 5°C (@); 845 = 5°C (A).
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Even with the scatter, it is clear that the average values
of k;/k; show no visible trend with composition, including
Bi,0;. Therefore, according to this analysis, the catalysts
here appear to differ from one another largely with re-
spect to volumetric activity and, since the surface areas
are similar for the expanded pyrochlores, surface activ-
ity. They do not, however, show a significant variation in
inherent selectivity in this analysis. The higher &3k, ratios
at 700°C than at 845°C reflect a higher activation energy
for k; than for &;.

Similar surface chemistry among the catalysts is a logi-
cal explanation for the uniform values of ki/k;. A bis-
muth-rich oxide surface layer is consistent with the struc-
tural changes and the XPS results, even for the
stoichiometric pyrochlores. The fact that the ratio ks/k;
for Bi;Os is similar to that of the pyrochlores is especially
convincing. Therefore, what appears to be a trend to
higher selectivity in Fig. S with increasing Bi/Sn ratios is
an indirect result of a trend to lower activity and not a
result of changes in the inherent surface selectivity of the
materials.

Changes upon annealing. The expanded pyrochlores
lose activity and gain selectivity as a result of the initial
exposure to high temperature reaction conditions. Figure
7 shows these changes for one of the catalysts (sample
13) during the initial screening experiment. The deactiva-
tion during the first heating cycle is clearly shown in the
activation rate coefficient, k; in panel 7a. Arrhenius be-
havior is seen on the descending temperature sequence
but the final rate at 700°C is 1/10th its initial value. As
panel 7b shows, the hydrocarbon selectivity at 700°C is
improved after this high temperature excursion. The val-
ues of k3 (Fig. 7¢) also show an irreversible change. While
k, after annealing has a strong temperature dependence
(205 kJ/mol), the methyl oxidation rate coefficient, &;,
has a weaker non-Arrhenius temperature dependence.
The ratio k3/k; decreases with increasing temperature, as
shown in panel d and similar to the findings in the pre-
vious section. The significant finding is that the value of
this ratio at 700°C remains almost unchanged despite the
10-fold decrease in activity during this experiment. The
change in selectivity can be attributed solely to desurfac-
ing of the catalyst while the surface selectivity remains
unchanged. Therefore, most of the change in selectivity
seen in this annealing experiment is consistent with that
predicted by Eqs. [6] and [7] as a byproduct of the de-
crease in k.

It is interesting at this point to compare trends in selec-
tivity predicted by a gas phase radical mechanism with
these catalytic results. A gas phase mechanism might
also be expected to produce parallel trends in 4, and k;.
Figure 8 provides a comparison of the dependences of the
C; selectivity on volumetric activity, represented by the
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FIG. 7. Arrhenius plots of the variation of the rate coefficients and
selectivity with temperature for Bi,Sn,_,Bi, 0., (sample 13 in Table 1)
during initial screening cycle (see text); (a) k;, s™'; (b) C,, selectivity;
(c) k; (s™'); and (d) ki/k; during initial screening (see text). The total
pressure was 100 kPa; CH,: O,: Ar = 2:1:5. Arrows show temporal
order of experiments.

global rate coefficient, k,, for (i) the experimental data,
(i) the simple lumped model with constant k3/k; and (iii)
the predictions of a computer model of the gas phase
chemistry. The catalytic selectivity data at two tempera-
tures (700 and 845°C) at standard gas composition are
included for all the catalysts in Table 1. The data set
includes all methane conversions between 0.05 and 0.2,
and oxygen conversions of less than 0.4. Minor addi-
tional scatter is produced by including a somewhat wider
range of conditions. For constant k;/k, the selectivity is a
single-valued function of the catalytic activity, k. The
dashed lines in Fig. 8 are the predictions of Eq. [6] using
the best values of ki3/k; (constant at each temperature)
from Fig. 6. There is scatter in the data, but the obvious
trend in the data is well represented by this prediction.
A gas phase radical mechanism (initiated by the cata-
lyst surface) would have the opposite trend in selectivity
with catalyst activity to that seen in the data. The solid
lines in Fig. 8 show the predictions of a gas phase reac-
tion model in which the only catalytic step is methyl pro-
duction. The computer model is similar to other pub-
lished model (36-41) and contains 175 reactions involving
C, and C, species (24). A series of simulations with a
range of assumed activation rates produced the solid

MIMS ET AL.

lines in Fig. 8. The calculated selectivities are higher than
observed, especially at 700°C. More significantly, the
trends are opposite to the experimental data. The calcula-
tions are indicative of the selectivity of an unperturbed
gas phase mechanism since the model predicts two to five
methane molecules to be activated by the gas phase radi-
cal pool for every one activated on the surface. In order
for the selectivity to increase with activity, the value of
ki/k, calculated by the model must decrease markedly
with activation rate. The results above argue against the
dominance of gas phase radical reactions in determining
ks.

Effect of gas composition. A brief examination of the
trends in k; and k3 with gas composition is instructive,
and although the data are not extensive enough for a full
kinetic study, they illustrate some of the averaging in the
simple analysis and provide further mechanistic insight.
The data in Fig. 9, taken at constant low (0.03) conver-
sion, show the effects of methane and oxygen partial
pressure on k;, k3, and ki/k,. In panel a, methyl oxida-
tion, k3, is shown to be unaffected by changes in CH,
partial pressure. On the other hand, k; shows a negative
order in p(CH,) which simply reflects the fact that the
overall rate, given by k;fCHy], is less than first-order in
methane. Again, k& represents the global activation pro-
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FIG. 8. C,. selectivity versus k;: data points are from all
Bi,Sn;_,Bi,0;_,, catalysts listed in Table 1, at 845 + 5°C (W) or 700 =
5°C (A) with methane conversion <20%. The dashed curves are selec-
tivities calculated by Eqgs. [6] and [7] with: ki/k; (700°C) = 3.6 x 10* and
ki/k; (845°C) = 4.0 x 10°. The solid lines are simulated results (15%
methane conversion) using a gas phase reaction model described in the
text.
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FIG. 9. Variation of the rate coefficients with methane partial pres-

sure (panel a) and oxygen partial pressure (panel b): Data measured at
845°C at 100 kPa total pressure on catalyst 13; p(CH,) = 25 kPa (panel a)
and p(0,) = 12.5 kPa (panel b), balance Ar. Units of k; and &; are s™!.

cess, both gas phase and surface and could even repre-
sent a first-order surface activation process followed by a
radical chain length which declines with methane pres-
sure. Computer model calculations suggests that the
chain length would decrease with methane pressure, but
because of unknown heterogenous reaction steps, any
quantitative comparisons based on those calculations are
not warranted. Both &, and k; have similar dependence
on oxygen partial pressure (Fig. 9b) so that the ratio, &3/
k,, is relatively constant. With constant k;/k,, the in-
crease in activity with increasing p(0O,) causes a decrease
in selectivity (see Eq. [6] and Fig. 3).

The global rate coefficients also show a mild depen-
dence on conversion, even at low conversion, which re-
flects the influence of the products on the reaction rates.
It adds to the amount of averaging associated with the
foregoing analysis. Figure 10 shows k; and &; values de-
rived from a residence time study. Both &, and 43 de-
crease moderately with conversion but &3 shows a some-
what stronger variation, so that a modest decrease in
k3/ky occurs over this conversion range. Because of the
averaging in the k;/k, values calculated, the actual trends
with conversion are somewhat more pronounced. The
combination of decreasing activity and decreasing k;/k;
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with conversion produces the mild maximum in integral
selectivity seen in Fig. 4 over the 0-20% conversion
range. Similar effects were noted on other catalysts, and
the resulting k3/k, ratios at a given conversion were quite
similar although there are substantial variations in volu-
metric activity. The residual differences in k3/k, after an-
nealing (Fig. 7) can be attributed to the resulting change
in conversion. The source of the conversion dependence
is the effect of accumulating products, particularly H,O
and CO,, on the surface processes. Additionally, contri-
butions by the gas phase pathways may augment either
process. This is plausible as the buildup of C, products in
the gas phase will increase the radical chain length (24,
36-38).

General discussion. The lumped Kinetic analysis was
critical in unifying an apparently erratic dependence of
reaction selectivities on catalyst structure. The surface
selectivities of these catalysts do not show any discern-
ible variation with the catalyst composition, suggesting
that the catalytic surface in all cases is a Bi~O;-rich film.
In this regard, bismuth oxide is a good coupling catalyst
and can selectively couple propene to form 1,5-hexadiene
(42, 43). The catalysts exhibit variability in activity per
unit surface area, so that a simple model of a Bi,O, sur-
face film does not provide a complete picture. However,
even this conclusion must be taken with caution, since
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FIG. 10. Variation of rate coefficients &, (in s '), &, (In's ') and the
ratio k;/k, as a function of methane conversion on catalyst 13. 100 kPa
total pressure, CH,: O,: Ar = 2:1:5, 845°C.
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the surface areas at reaction conditions may differ sub-
stantially from those measured after reaction. Residual
substitutions in the lattice or surface layer may have an
effect on oxygen mobility, or other processes related to
restoration of the abstraction site and therefore surface
activity. Finally, the storage of a surface active compo-
nent in solid state solution may be important in maintain-
ing the desired surface composition in this and other sys-
tems. In any case, the role of defects is hidden by the
phase separation which is observed.

Several findings point to a dominance of surface reac-
tions in the oxidation of methyl radicals. First, the com-
puter model predicts a gas-phase-dominated reaction to
increase in selectivity as activity increases, rather than to
decrease as seen experimentally. The constant k3/k, ratio
(conversion effects excluded) is seen over a wide range of
catalysts and conditions. Surface reactions for both pro-
cesses involving a common surface intermediate would
naturally exhibit such behavior. Also consistent with sur-
face reactions are the observed dependences of &) and &;
on gas phase composition. Both the absence of a methane
pressure dependence on k; and similar oxygen pressure
dependences for k; or k; are consistent with surface pro-
cesses, but not characteristic of gas phase reactions. Fi-
nally, support for the dominance of surface processes in
deep oxidation has come from isotope tracer studies of
competitive CH,/C; oxidation (24, 27-31) on other cata-
lysts, comparative rate measurements (44), and studies of
kinetic isotope effects (45). The gas phase model predicts
that addition of C; hydrocarbons to the CH,/O- reactant
should increase the production of CO, from methyl. This
effect arises from the formation of HO, and other aggres-
sive radicals as a result of C, oxidation processes. As a
result of these processes, the model predicts the C, selec-
tivity to degrade rapidly with conversion, more rapidly
than is seen experimentally. Experimentally, however,
C, addition does not produce an increase in C, oxidation
but merely increases CO, production by oxidation of C,.
There is strong evidence that surface processes interfere
with the gas phase radical pool (24, 46, 47). The destruc-
tion of peroxy species (which are key gas phase chain
carriers and methyl oxidizers) is particularly important.
The direct measurement of the CH; surface oxidation
rate for these catalysts as has been done for others would
provide a direct test of this interpretation.
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