JOURNAL OF CATALYSIS 131, 143-155 (1991)

Surface Phenomena during the Oxidative Coupling of Methane
over Li/MgO

Kevin P. PeIL, JAMES G. GOODWIN, JRr.,! AND GEORGE MARCELIN

Department of Chemical and Petroleum Engineering, University of Pittsburgh,
Pittsburgh, Pennsylvania 15261

Received June 20, 1990; revised March 18, 1991

This paper details an investigation of the oxidative coupling of methane for reaction temperatures
up to 645°C over MgO and Li/MgO catalysts using steady-state isotopic transient kinetic analysis
(SSITKA). Oxygen-exchange experiments in the absence of methane resulted in a quantification of
the lattice oxygen diffusivity and total oxygen uptake. The catalyst had three more-or-less distinct
regions: (1) the physical surface at which exchange between the gas phase and the solid occurred,
(2) several subsurface atomic layers readily available for exchange, and (3) the bulk oxide. Using
isotopic switches of oxygen and methane under steady-state reaction, the active intermediates along
the carbon and oxygen reaction pathways were quantified. Lattice oxygen was found to play a
significant role in the oxidation process under steady-state reaction. CO and CO, appeared to be
formed via a multistep surface oxidation pathway while ethane was formed via surface-generated
intermediates along a parallel pathway. Sites involved with the generation of intermediates for
selective coupling were found to have a lower activity than sites active for the generation of

nonselective intermediates.

INTRODUCTION

Considerable progress has been made in
recent years in the search for active and
selective catalysts for the oxidative coupling
of methane to ethane and ethylene (I, 2).
The majority of research in this area has
consisted of screening a variety of catalytic
materials (3—6) and has concentrated mainly
on the overall mechanistic pathways of the
reactant molecules (7-10). Very little work
has been reported dealing with the events
which take place in the catalyst bulk and
on its surface. In particular, the role and
reaction network of oxygen have been
largely ignored.

One of the most widely studied catalysts
for the oxidative coupling of methane has
been lithium-doped MgO which has been
shown to be active and selective in the cou-
pling of methane (11-22). This paper pres-
ents results of a study, using steady-state

' To whom all correspondence should be sent.

© 1991 Academic Press, Inc.

isotopic transient kinetics, which provide
new insights into the mechanistic events
leading to the formation of coupled products
over MgO and Li/MgO catalysts.

The feasibility of using isotope switching
experiments to study methane oxidation has
recently been shown (23-26). The unique fea-
ture of using isotopes is the ability to follow
aspects of the reaction in such a way as to
obtain detailed mechanistic information with-
out perturbing the steady-state equilibrium
27).

It was first shown by Lunsford and co-
workers that the initial step in the coupling
of methane over Li/MgO is most likely the
abstraction of hydrogen by [Li*O ] centers,
leading to the formation of methyl radicals
(28-31). However, considerable debate has
ensued as to whether the coupling of these
radicals occurs mainly in the gas phase or on
the surface of the catalyst. (3, 12, 32-34).
Recent work has shown that the catalyst sur-
face may play a role larger than that of just
a methyl radical generator (26). This paper
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addresses this issue and present results which
greatly add to the current knowledge of the
mechanism of oxidative coupling of methane.

EXPERIMENTAL

Preparation of Catalysts

A 14 wt% Li/MgO catalyst [wt% Li =
100(wt Li)/(wt Li + wt MgO)] was prepared
by adding Li,CO; (99% purity) and MgO
(99.5% purity) to distilled water and stirring
the mixture over heat until a thick paste
developed. The paste was then dried at
140°C for 18 h. The MgO catalyst was pre-
pared by adding MgO (99.5% purity) to dis-
tilled water to form a thick paste and drying
at 140°C for 18 h. The catalysts were pre-
treated by heating them in the reactor to
reaction temperature and holding for 30 min
in 25 cm®/min O, prior to introduction of the
reactants. After pretreatment of the 14 wt%
Li/MgO catalyst the Li concentration was
found to be 9 wt%. No further change in
the Li content was seen after reaction. BET
surface areas of the MgO and Li/MgO cata-
lysts were 30 and 8 m?/g, respectively.

Gases

Argon (99.995% purity) and helium
(99.995% purity) from Linde were used as
diluents. 2CH, with 5.1% Ar (purchased
from Linde) and 0, with 5.1% He (also
from Linde) were used as reactants. The Ar
and He present in the reactants permitted
correction of the transient results for gas-
phase holdup. 0, (97.5 at.%, balance '90,)
was purchased from Isotec and *CH, (99
at.%, balance '*CH,) was obtained from
Monsanto.

Isotopic Transient Reactor System

The quantitative nature of the intermedi-
ates leading to the formation of the different
products during catalytic reactions provide
important clues to the reaction mechanism.
The evaluation and quantification of such
reaction intermediates are best conducted
at steady-state working conditions (27, 35).
This can best be accomplished by means of
steady-state isotopic transient kinetic analy-
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sis (SSITKA). This technique entails abrupt
switches in the isotopic composition of one
of the reactants accompanied by the contin-
uous monitoring (e.g., by mass spectrome-
try) of the relaxation and evolution of la-
beled reactants and products. A complete
description and discussion of the technique
can be found elsewhere (36—40).

The reactor system used in this study con-
sisted of a 4-mm-i.d. straight-tube quartz
reactor which narrowed to a 1-mm opening
after the catalyst bed. The entrance and exit
lines were capillary stainless-steel tubing
heated to 100°C. The above design was used
to minimize holdup in the gas phase and
condensation of product water.

The product and reactant gases were ana-
lyzed in a Varian gas chromatograph
equipped with a 60/80 Carbosieve S-II col-
umn and a thermal conductivity detector.
Under the conditions used in this study, no
oxygenates (CH;0H, H,CO) were detected.

An extranuclear quadrupolar mass spec-
trometer coupled with a computerized data
acquisition system was used to follow and
record the evolution and decay of the differ-
ent labeled products and reactants following
an isotopic switch. Very low ionization en-
ergies (typically 15~18 eV) were used to
minimize fragmentation of the molecules.

For the oxygen-exchange experiments
the following conditions were used: 43 cm®/
min Ar, 2 cm’*/min 0, switched to 2 cm?/
min 0, catalyst weight = 100 mg, temper-
ature range = 400-635°C, pressure = 1 atm.

For the isotope switches under reaction
conditions, separate experiments were con-
ducted in which the isotopic composition of
the CH, was switched from'?CH, to *CH,
and that of the O, from '°0, to ®0,. The
reaction conditions were total flow = 53
c¢m?/min with He or Ar used as the diluent,
CH,/0, = 3.3-5, (CH; + O,)/inert =
0.11-0.13, temperature = 600-645°C, total
pressure = 1 atm, catalyst weight = 30-100
mg. In the absence of any catalyst, no reac-
tion products were detected.

All SSITKA transients (Figs. 1-6) are re-
ported as normalized flow rates out of the
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reactor versus time. Thus, F (f) for a labeled
molecule is

Fot) = *Mrate  *M
*M total rate  *M + M’
For instance,
160180

F160180(t) - 1602 + 160180 + 1802‘

F *oz(t) is used in the figure captions to desig-
nate Fl(soz(t)a Fleps5(t), and Flsoz(f)-
Feyo(t) stands for Frieg(t) and Foise(?)
while Fyco(f) stands for Flzco(t) and
Fi3.(0). All other normalized rates are done
accordingly.

Steady-State versus Non-Steady-State
Transient Kinetics

A variation on SSITKA in which the iso-
tope is pulsed into the system has been used
by Ekstrom and Lapszewicz (24, 25). How-
ever, it is important to remember that puls-
ing the isotopes is qualitatively and quantita-
tive identical with the SSITKA technique
only when there is a single pool of surface
intermediates present (i.e., a homogeneous
surface). For two or more pools in parallel,
each pool will relax with its own time con-
stant. Therefore, it is possible that contribu-
tions by the less reactive pools (pools with
large relaxation times) would never be mea-
sured by pulsing the isotopes (40).

Non-steady-state transient kinetic analy-
sis (NSSTKA) has been used by a number
of workers in the study of methane oxidation
(41-43). With NSSTKA, the concentration
level of one of the reactants undergoes a
step change in the same manner that the
isotopic composition of one of the reactants
undergoes a step change with SSITKA. The
main difference between SSITKA and
NSSTKA is the unavoidable perturbation of
the reaction environment with NSSTKA.
Recent work in our laboratories (44) has
demonstrated clearly the deviation of sur-
face reaction parameters measured under
non-steady-state transients from those ex-
isting under steady-state reaction condi-
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F1G. 1. Oxygen-exchange transients over (A) 100 mg
MgO and (B) 100 mg Li/MgO at 600°C. Solid line indi-
cates an inert gas tracer. F(t) = Fug (1), Fu(t). O,
1602; A, 160180; D, 1802' 2

tions. It is because of these limitations with
the NSSTKA and isotope pulsing tech-
niques that we chose to use the SSITKA
technique.

RESULTS
Exchange of Oxygen

Figure 1A depicts the oxygen transients
obtained when the isotopic composition of
oxygen was switched from '°0, to *0, dur-
ing a flow of oxygen and argon over 100 mg
of MgO at 600°C. A trace amount of He was
present in the °O, to account for the gas-
phase holdup. The contribution to the tran-
sient due to simple gas-phase holdup is thus
represented by the solid line in the figure.
The transients have been normalized such
that the sum of all the various O, species
equals one. The failure of the 00 signal
to relax back to zero indicates the existence
of an oxygen source which slowly fed the
surface with 1°0 atoms. This oxygen source
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was the bulk oxide. When the same experi-
ment was repeated in the absence of any
catalyst, the %0, and He transients relaxed
together.

Similar results are shown in Fig. 1B for
Li/MgO. It is evident from a comparison of
the relaxation profiles of the isotopes for the
two catalysts that Li/MgO is capable of a
larger uptake of oxygen. However, it is in-
teresting to note that the final offset of the
160180 signal is relatively constant at about
F(t) = 0.15 for both catalysts. This offset
can be viewed as a measure of the contribu-
tion by the bulk to the overall rate of ex-
change. The extent of this relative contribu-
tion was not affected upon addition of the
Li promoter to the MgO catalyst, even
though the total uptake of oxygen increased
significantly.

This apparent contradiction can be better
understood by considering the contribution
of the bulk. To consider this contribution,
the molecular oxygen transients shown in
Fig. 1 must be converted to total atomic
oxygen transients. This is achieved by inte-
grating the 0, and '®0O'®0 transient curves
in Fig. 1 after correcting both for the 0
““bulk-phase’” contribution.

If we let ¢, be the time it takes for the new
isotopic steady state (in this case, a pseudo-
steady state) to be reached and F; be the
normalized transient responses for the three
isotopic forms of molecular oxygen, the nor-
malized amount of ‘‘surface’ O atoms
leaving the catalyst is given by

i J| CFiso, ) + Fiagusglt) = Fo(t)dr

A

S

2[(:5 1dt
¢))

where Fi(¢) is the correction for the bulk-
phase contribution. This contribution is as-
sumed to be an exponential function of time,
increasing from zero to the offset of the
150180 signal:

F @) = (offset)<1 - exp(t _tt )) 2)

PEIL, GOODWIN, AND MARCELIN

1.0
0.9 &=
o
0.8
0.74
0.6+
0.54.
0.4+
0.3
0.24 o
Q.14
Q.0
a

(B

20 4:0 E‘O E‘O 15_0— 120 140 180

Time (sec)

Fi1G. 2. Total “‘surface’’ %O transients for oxygen
exchange over Li/MgO corrected for the bulk phase
contribution. F () = F *oz(t)- O, 400°C; A, 500°C; 1,
550°C; <, 600°C.

The corrected O, transients, i.e., with no
“bulk-phase’” contribution, are shown in
Fig. 2 for the Li/MgO catalyst at four tem-
peratures. As previously shown (45), the
area under transient curves can be used to
determine surface coverages. Integrating
the transient curves in Fig. 2 and multiplying
the resulting area by the total O, flow rate
yield the total amount of ‘‘surface’’ 0
atoms leaving the catalyst. Since the tran-
sients have been corrected for the bulk con-
tribution, an equivalent number of atomic
layers readily available for oxygen exchange
can be calculated by measuring the surface
area of the catalyst and assuming 12.5 A%/
oxygen atom (based on a Mg—O bond length
of 2 A and the crystal structure of MgO).
The results of these calculations are given
in Table 1. As can be seen, at the higher
temperatures the amount of “‘surface’” oxy-
gen exceeds a monolayer by as much as an
order of magnitude. We will refer now to
this oxygen as surface/subsurface oxygen.
These surface/subsurface layers are distinct
from the bulk in that their oxygen atoms are
close enough to the surface to be readily
available for exchange and are not distin-
guishable using SSITKA from oxygen ex-
isting solely on the external surface.

It is interesting to note that a maximum
of ca. 12 of these readily available atomic
layers is reached at the higher temperatures
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TABLE 1

Oxygen Availability and Lattice Oxygen Diffusivity as Determined from Oxygen-Exchange Experiments

Catalyst Temperature Surface/subsurface Equivalent Average
°C) 60 atoms number of layers oxygen
desorbing/g diffusivity®
catalyst X 1072 (cm¥s x 10'7)
MgO 575 0.5 0.20° >0.64
600 2.5 1 >2.7
625 2.8 1.2 >5.1
Li/MgO 400 0.3 0.5¢ 2.1
500 5.2 8 9.2
550 5.9 9 13.4
600 6.5 10 23.0
635 7.9 12 30.9

2 Based on rate of bulk oxygen exchange.

b Based on a surface area = 30 m*/g and 12.5 A%/oxygen atom.
¢ Based on a surface area = 8 m%/g and 12.5 A%/oxygen atom.

for Li/MgO. Of course, this number is not
absolute and is only representative of the
point at which the subsurface oxygen be-
comes indistinguishable from the bulk
oxygen.

The average diffusivity of the lattice oxy-
gen in the solids can be estimated from the
offset of the 1°0'®0 signal. Either the rate of
exchange of oxygen at the surface or the
rate of lattice oxygen diffusion controls the
overall *0'®0 formation reaction. If diffu-
sion controls, there should be an approxi-
mate 30% decrease in 1°0'80 formation with
every doubling in time. When lattice oxygen
diffusion is rate controlling, lattice oxygen
diffusivity can be estimated by modeling the
catalyst as a solid bounded by a plane at x
= ( and extending to infinity in the direction
of positive x. Thus, we may write (46)

N, = _Da_cﬂ (3)
Jx
Ca=Caerf< ad ) (4)
0 2V Dt

where N, is the flux (moles cm~2 s7') of
atomic oxygen from the bulk to the surface,
D is diffusivity (cm? s~1), C, is the concen-
tration of atomic oxygen in the bulk (moles

cm ™), Cq is the initial concentration of
atomic oxygen in the bulk (moles cm ™), x
is the vertical position into the bulk from the
surface (cm), and 7 is the time (s). Substitut-
ing (4) into (3) and evaluating the flux at the
surface (x = 0) at 1 > ¢, give (46)

Ca,
N, (x =0) = D—=2 5
(x=0=Do== O

or

N}
D=7Tt<—éj0). (6)

N, can be obtained by multiplying the
%0180 offset by the O, flow rate and dividing
by the catalyst weight and surface area. C,
is determined by dividing the density of the
catalysts by its molecular weight and multi-
plying by the stoichiometric ratio of oxygen
in the bulk (which is 1 for MgO and Li/
MgO), and ¢, is the time it takes for the bulk
to become the dominant source of °0. The
average bulk oxygen diffusivities calculated
by the above method are given in Table 1
for MgO and Li/MgO. The diffusivities for
MgO are given as minimum values since the
criterion for diffusion control alone is not
totally met. Assuming an Arrhenius expres-
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sion for the diffusivity as a function of tem-
perature, values for the activation energy of
bulk oxygen diffusion were obtained corre-
sponding to 63.5 kcal/mole for MgO and
14.6 kcal/mol for Li/MgO. In comparison,
literature values of 62.4 (47) and 51.0 (48)
kcal/mole have been reported for MgO.

Reaction

For the isotope switches under reaction
conditions over MgO and Li/MgO, separate
experiments were conducted in which the
isotopic composition of the CH, was
switched from “CH, to BCH, and that of
the O, from '°0, to *0,. A trace amount of
Ar was present in the ?CH, and a trace
amount of He was present in the '°0, to
account for the gas-phase holdup. Carbon
and oxygen transients were obtained over
32.6 mg of Li/MgO at 645°C and CH,/O, =
5, resulting in a methane conversion of
7.3%, CO,/CO of 1.8, and ethane selectivity
of 31%. Carbon transients only were ob-
tained over 100 mg of MgO at 600°C and
CH,/O, = 3.3. Under these conditions,
methane conversion was 2.2% and CO,/CO
was 0.3. No ethane or ethylene were de-
tected over MgO even at temperatures as
high as 645°C. Other reaction conditions for
all runs were total flow = 53 cm?/min with
He or Ar used as a diluent and total pressure
= 1 atm. No reaction products were ob-
served in the absence of catalyst. Li/MgO
was studied at the higher temperature to
favor the coupled products.

Figure 3 presents the transients observed
over Li/MgO when the isotopic composition
of oxygen was switched from '°0, to 0,
in the presence of methane. The reaction
temperature was maintained below 650°C
to minimize the vaporization of the lithium
catalyst component as well as to lengthen
the surface residence times of intermediates
and favor measurements using SSITKA.
These would not be possible at the higher
temperatures typically employed in oxida-
tive coupling studies. The molecular oxygen
transients depicted in Fig. 3A are noticeably
different from the molecular oxygen tran-
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F1G. 3. Molecular oxygen transients during reaction
with methane at 645°C over 32.6 mg of Li/MgO. F (1)
= Fxo,(t), Fexo(), Foxo,(t), Fr(1). (A) O tran-
sients: O, ¥0,; A, 0%0; 1, 0, . (B) CO transients:
O, C¥0; [0, C*®0. (C) CO, transients: O, C0,;
A, C0B0; O, C®0,. Other reaction conditions:
CH4/0, = 5, CH, conversion = 5.3%, CO,/CO = 2.4,
ethane selectivity = 19.3%. Solid lines indicate an
inert gas tracer.

sient obtained during oxygen exchange for
this particular catalyst at 645°C and shown
for comparison in Fig. 4. Calculations based
on the oxygen-exchange experiment indi-
cate that 15.4 x 10% surface/subsurface *0
atoms/g are available for exchange at these
conditions. Under reaction, the total
amount of '°0 leaving the surface/subsur-
face as '°0,, *0*0, C'®0, C'*0,, C*0*Q,
and H,'O is shown in Table 2 and corre-
sponded to 11.8 x 10?° atoms/g.

Thus, the total amount of surface/subsur-
face 0 atoms per gram leaving the catalyst
as products during reaction was approxi-
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Fi1G. 4. Oxygen exchange over 32.6 mg Li/MgO at
645°C. Solid line indicates an inert gas tracer. F(¢) =
Fo, (1), Fre(t). O, 1%0,; A, 1%0%0; O, %0,.

mately equal to the amount of surface/sub-
surface %0 atoms per gram available for
exchange as determined from the exchange
experiment. However, the amount of sur-
face/subsurface °0O desorbing during reac-
tion as molecular oxygen was an order of
magnitude less than the amount of such mo-
lecular O desorbing during simple ex-
change. Continued contribution to the over-
all rate from the bulk oxygen can be noted in
Fig. 3 for the *080 and C'*O'30 transients;
respectively.

The concentrations of C!°0,, C0'?0,
and C®0, (as shown in Fig. 3C) indicates
that the CO, interacts with the surface long
enough to provide a statistical mixing of the
oxygens. Since lithium carbonate was used
as the precursor in the preparation of this

TABLE 2

Oxygen Switch in the Presence of Methane (32.6 mg
Li/MgO at 645°C)

Species 150 surface/subsurface atoms
desorbing/g (X 10-20)¢
60, + 16010 1.4
C%0 0.8
H,'50 5.6
CIGO2 + CI5QB80 _A'_Q
Total 11.8

2 As determined from a %0, — 80, isotopic switch.

149

catalyst, CO, might be expected to strongly
interact with the surface by forming the car-
bonate species (23).

Similar experiments were conducted in
which methane was switched from CH,
to ¥CH, over both the MgO and Li/MgO
catalysts. The resulting transients for MgO
are shown in Fig. 5. Comparative transients
for the Li/MgO catalyst have been pre-
sented elsewhere (23) but the quantitative
results from such isotopic transients are
given in Table 3 for comparison with those
of MgO. No C, products were detected at
this low a temperature (600°C) with these
two catalysts.

As shown in Fig. 35, the *CO, transient
trailed the >CO transient considerably and
may indicate a multistep surface oxidation
pathway for carbon on MgO. This is similar
to observations reported earlier on Li/MgQO
(23) and Sm,0; (26) systems. The effect of
the lithium additive on the surface residence
times for reactive intermediates can be seen
in Table 3. 2CO and '>CO, interacted more
with the surface when lithium was present,
probably as a result of formation of a surface
lithium carbonate species.

To obtain a measurable '*C,H; transient
over the Li/MgO, the reaction temperature
was raised to 645°C, the CH,/O, increased
to 5, and the catalyst loading decreased to
32.6 mg. The temperature was kept pur-
posely <650°C to keep the surface residence
times of the reaction intermediates well
within detectable limits. The resulting tran-
sients are shown in Fig. 6. Duplicate experi-
ments were also conducted using catalyst
loadings of 45 and 100 mg to determine if
readsorption of any of the products was oc-
curring. Table 4 compares the residence
times of the various products for these three
reaction runs.

The increase in residence time with in-
creased catalyst amount evident for 2CO
and CO, is indicative of readsorption on
the catalyst surface due to an increase in
bed length. The “C,H; transient seemed to
be relatively unaffected by the change in
bed length, indicating that C,H¢ does not
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TABLE 3

Effect of Lithium Additive on Surface Carbon Residence Times (r)
and Coverages (100 mg of Catalyst at 600°C)?

Catalyst 7. (s)? Number of C atoms
desorbing/g (x 10~ ¢
IZCH4 2Co 12CO2 12CH4 2co 12C02
MgO 0.8 1.8 5.0 1.7 0.06 0.06
Li/MgO (23) 0 8.5 51.7 — 0.6 7.7

% No C, products detected.

b Experimentally determined error of =0.3 s.
¢ Calculated from 7, and flow rate of each species from reactor.

significantly readsorb and desorb as C,H,
after it is formed. However, from these data
the readsorption of C,Hy to form CO and
CO, or the gas-phase oxidation of C,Hg to
CO and CO, cannot be ruled out.

It is interesting to note that, at the lowest
catalyst loading where CO readsorption is
expected to be minimal, the ?C,Hg transient
lagged behind the 2CO transient (see Fig.
6). This implies that the intermediate (proba-
bly -CH,) leading to the formation of C,Hy
remained on the surface for a longer time
than did the intermediate leading to the for-
mation of CO. Since surface lifetime is in-
versely proportional to the site activity,
sites active for C, precursor formation ap-
parently exhibit lower activity than sites ac-

1.0 agc
0‘9 1™ ‘.“
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0.71
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0.4
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F1G. 5. Carbon transients over 100 mg MgO at 600°C
with CH,/0, = 33. F() = Fiep (D), Frcolt),
F*Coz(t), FAr(t)'

tive for the formation of CO. This is consis-
tent with similar findings made with the
Sm,0; system (26).

DISCUSSION
Exchange of Oxygen

In a series of papers, Winter and co-work-
ers presented results on the kinetics of 80
exchange between gaseous oxygen and vari-
ous oxides including MgO (49-51). One of
the main conclusions to come from this
work was that the exchange reaction could
be divided into two parts: a fast exchange
with the oxide surface and a slower ex-
change due to diffusion into lower layers of
the oxide. This interpretation is in
agreement with the results of the work re-
ported here.

10 %
-
0.94 \a. 2 o,
Ty . — Ar
0.8+ a1 e
Vi Rt
0.7 . 2 ., a- —a CH,
0.6 s
—~ oo PO A CO
£ o5
0.4 === s COy
0.3+
0.2 8= 3 CaHg
0.1
1 o
0.0 - — B g . - —
o} 4 8 12 16 20 24
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F16. 6. Carbon transients over 32.6 mg Li/MgO at
645°C. F(1) = Frcu/(t), Frco(t), Fro (1), Falt).
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TABLE 4

Effect of Catalyst Weight Loading on Surface Carbon
Residence Times (r.): Li/MgO

Species 7. (s)*

32.6 mg 45 mg 100 mg (23)
zco 2.0x03 3.1 203 8.5 0.3
2CQ, 22.4 25.2 51.7
12C,H; 3.1 2.9 —

¢ Temperature = 645°C.

The transient shown in Fig. 2 for ‘‘sur-
face™ oxygen exchange at 400°C for the Li/
MgO catalyst (after correction for diffusion
from the bulk) can be expressed by a single
exponential and represents exchange solely
between the gas phase and the oxide sur-
face. This is presumably because at this tem-
perature only the exchange between the gas
phase and the oxide surface is fast enough
to be measured.

The transients at 500 and 550°C cannot be
similarly represented by a single exponen-
tial. These transients have a sudden change
in slope at ca. 10 s and at least two exponen-
tials are needed for a successful fit. As with
the transient at 400°C, the initial rapid ex-
change can be interpreted as exchange be-
tween the gas phase and the oxide surface,
and the slower exchange can be interpreted
as exchange between the gas phase and the
first few subsurface atomic layers.

The transient for exchange at 600°C can
again be represented with a single exponen-
tial. At this temperature the number of sub-
surface atomic layers participating in the ex-
change is large enough and the overall rate
of exchange fast enough to prevent a distinc-
tion between the physical surface and the
subsurface layers. The rate of exchange be-
tween the gas phase and surface is equal to
the rate of exchange between the surface
and the first few subatomic layers.

It is important to remember that the tran-
sients in Fig. 2 have been corrected for the
bulk-phase contribution and the slow ex-
change is not a measure of the mobility of
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the oxygen in the oxide bulk. The slow ex-
change is representative of subsurface
atomic oxygen which is readily available for
exchange due to its close proximity to the
surface.

When Li was added to MgO the lattice
oxygen mobility increased, with a corre-
sponding decrease in the activation energy
of diffusion from 63.5 kcal/mole for pure
MgO to 14.6 kcal/mole for Li/MgO. There
was also an increase in the number of sub-
surface atomic layers which provide a
readily available source of oxygen. The in-
crease in lattice oxygen mobility may be due
in part to the creation of lattice defects upon
the addition of Li. Wang and Lunsford (/4)
have studied the addition of Li* to MgO and
have concluded that the excess of cations in
the MgO matrix results in the formation of
oxygen vacancies and that the resulting bulk
phase is best described as a Li-doped MgO.
The oxygen vacancies formed by this doping
can react with gaseous O,, resulting in the
formation of O®~ ions.

The behavior of O, on MgO and Li/MgO
catalysts can be best represented as shown
in Fig. 7. During exchange, the catalysts can
be divided into three regions: the physical
surface at which exchange between the gas
phase and the solid occur, several subsur-

Oz

U ’

Physical surface

]
|
U Sub-surface
T
|
0

Bulk

Fi1G. 7. Model of MgO and Li/MgO during the molec-
ular exchange of oxygen.
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face atomic layers readily available for ex-
change, and the bulk oxide, although any
distinction between subsurface and bulk is
really arbitrarily decided by a measurement
criterion. The relative mobility of lattice ox-
ygen to a large extent determines the shape
of the transient curve. Although one might
be tempted to speculate that the surface/
subsurface oxygen measured comes from
a separate Li phase (Li,O or Li,CO,, for
example) present in the Li/MgO, one does
observe the same phenomena for Sm,0;.
Thus, any such conclusion about the exis-
tence of a surface phase which furnishes
all the rapidly exchanging oxygen would be
pure speculation at this point.

Reaction

One important result from this study is
the direct evidence for a contribution of the
lattice oxygen during reaction on these cata-
lysts. The addition of Li to MgO resuited in
increased O~ mobility as well as increased
overall activity of the catalyst.

It is interesting to compare the total mo-
lecular oxygen transients obtained in the
presence and absence of methane, i.e., Figs.
3A and 4, respectively. Whereas, in the ab-
sence of methane, random mixing of the ox-

ygen isotopes took place, this was not the
case when methane was present. Such a
nonstatistical mixing of the 0, , 1*0*®0, and
180, obtained during reaction may indicate
competition for the exchange sites by very
reactive surface carbon intermediates, re-
sulting in the lack of enough nearest-neigh-
bor oxygen atoms to produce random
mixing.

The use of isotopic switches during
steady-state reaction provides information
related only to the reaction pathway involv-
ing that particular isotope. Thus, the surface
residence times and surface concentrations
obtained from a carbon isotope switch cor-
respond to the active intermediates along
the carbon reaction pathway and no infor-
mation can be obtained on the oxygen reac-
tion pathway even if the intermediates con-
tain oxygen.

The transient curves for C°0,, C'%0"0,
and C'0, shown in Fig. 3C indicate that
along the oxygen reaction pathway CO, re-
mains on the surface long enough to provide
a statistical mixing of the oxygen isotopes.
Since CO, will readily adsorb on Li/MgO
and can readily form lithium carbonate, this
result is not surprising. The strong interac-
tion of CO, with the catalyst surface can
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also be seen from the long induction period
for the C'®0, transient. Although a consider-
able surface holdup along the oxygen reac-
tion pathway was also observed for C'°0, it
did not interact as strongly as CO, with the
surface, as is evident from a comparison of
the induction periods for the C**O and C"0,
transients.

The effect of Li/MgO catalyst loading on
the surface residence times for intermedi-
ates along the carbon reaction pathway is
given in Table 4. Decreasing the catalyst
loading from 100 to 32 mg decreased the
surface residence time along the carbon re-
action pathways of ?CO and >CO,. Since
the ethane transients were relatively unaf-
fected by decreasing the catalyst loading
from 45 to 32 mg, this suggests that gas-
phase ethane does not reversibly readsorb
under these conditions. However, based on
these data, irreversible adsorption of C,Hg
to form CO and CO, cannot be ruled out.

A comparison of the surface residence
times along the carbon reaction pathways
for CO and C,H,, shown in Table 4, pro-
vides some clues for the mechanism of
methane coupling. The commonly accepted
mechanism for methane coupling involves
surface generation of methyl radicals fol-
lowed by desorption to the gas phase, where
they can further react to form C,Hg and
CO, . However, these residence times along
with the transients in Fig. 6 suggest that the
role of the catalyst surface is more than just
a methyl radical generator. If the catalyst
surface served only to generate methyl radi-
cals with subsequent reaction of these radi-
cals in the gas phase, the surface lifetimes
of all the intermediates leading to the forma-
tion of CO, CO,, and C,H, would be identi-
cal in the absence of readsorption. As evi-
dent from these data, this is not the case.
In fact, ethane trails CO. These results are
similar to results obtained with a Sm,0; cat-
alyst (26). These data show that sites along
the carbon reaction pathway involved in the
formation of C,H, have a lower activity than
sites involved in the formation of CO and
CO, . This result is not very surprising since
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sites with a strong oxidizing potential will
tend to favor CO and CO, over the coupled
C2H6 .

Reaction Pathways

From the data presented, the role of the
catalyst appears to be more complex than
previously thought. The catalyst surface is
more than a methyl radical generator and it
seems to provide two parallel carbon path-
ways for the conversion of methane. One
pathway is active in the formation of CO
and CO, and the second is active in the for-
mation of C,Hg. By comparing surface life-
times along the carbon and oxygen reaction
pathways the relative sizes of the active car-
bon and oxygen reservoirs on the catalyst
can be determined. For CO and CO, the
catalyst residence times along the oxygen
reaction pathways are larger (at least by an
order of magnitude) than the lifetimes along
the carbon reaction pathways. The oxygen
reservoir is larger than the carbon reservoir
because it includes the subsurface and bulk
oxygen. Therefore, since the catalyst resi-
dence times of the carbon and of the oxygen
increase proportionally with catalyst load-
ing rather than by equal increments, it can
be assumed that gas-phase CO and CO, dis-
sociatively readsorb on the catalyst surface,
exchanging oxygens with the subsurface lat-
tice. The surface lifetimes along the carbon
reaction pathways include surface reaction
and readsorption while the surface lifetimes
along the oxygen pathways include surface
reaction, readsorption, and exchange with
the lattice. The carbon in C,Hg does not
appear to interact significantly with the sur-
face after formation. Also, CO and CO, may
be formed sequentially on the surface, with
both subsurface and lattice oxygen partici-
pating in reaction.

The rapid exchange and scrambling noted
for gas-phase oxygen indicate that it can
dissociatively and reversibly adsorb on the
catalyst surface and exchange with the bulk
oxygen or react with an adsorbed methane
to give an adsorbed methyl radical. It is im-
possible from these data to determine if the
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methyl radical reacts on the surface or de-
sorbs and reacts in the gas phase. Thus, gas-
phase coupling cannot be ruled out even at
these low temperatures. Figure 8 summa-
rizes the proposed C and O pathways which
are consistent with the findings presented
here. Based on the residence times for the
different intermediates along the two paral-
lel carbon reaction pathways, the selective
sites leading to ethane formation appear to
have a lower activity than the nonselective
sites.

CONCLUSIONS

Isotopic switches under steady-state reac-
tion conditions have provided a quantitative
description of the reactive intermediates and
reaction pathways over MgO and Li/MgO.
In the absence of methane, oxygen-exchange
experiments have resulted in quantification of
the lattice oxygen diffusivity and total oxygen
uptake. The MgO and Li/MgO catalysts can
be divided into three regions: the physical
surface at which exchange between the gas
phase and the solid occur, several subsurface
atomic layers readily available for exchange,
and the bulk oxide.

During reaction, the subsurface oxygen
and bulk oxygen serve as significant addi-
tional oxygen sources. From carbon isotope
switches the constant lagging of the CO tran-
sient by the CO, transient suggests a
multistep surface oxidation pathway. Eth-
ane is formed via surface-generated inter-
mediates (with possible gas-phase cou-
pling). Surface sites producing selective
coupling have a lower activity than nonse-
lective sites. By comparing catalyst resi-
dence lifetimes along the carbon and oxygen
reaction pathways the active reservoir of
oxygen was seen to be much larger than the
reservoir of active carbon. Also, gas-phase
CO and CO, appeared to reversibly and dis-
sociately readsorb. The carbon in C,H, did
not appear to interact much with the surface
after formation of the product.
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