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To study the heterogeneous steps of the oxidative coupling
of methane to ethane and ethene over MgO, Li/MgO and Sn/
Li/Mg0O, oxygen and carbon dioxide isotope step experiments
were carried out in the absence of reaction, and oxygen and
methane isotope step experiments were carried out in a tubular
reactor at 1023 K, atmospheric pressure, an inlet molar ratio
of CH,/O, equal to 4, a methane conversion of 24%, and an
oxygen conversion of 85%. The steady-state axial total concen-
tration profiles of the reactants, intermediates, and products
have a significant influence on the shapes of the transient iso-
tope responses under these conditions. Oxygen interacts
strongly with all catalysts used by dissociative reversible ad-
sorption, except for lined-out Li/MgO. Both surface and bulk
lattice oxygen participate in the reaction. The promotion with
lithium and even more with tin increases the mobility of oxygen
in the bulk of the catalyst and the amount of exchangeable
oxygen per unit BET surface area. Carbon in methane can
either react to C, products, without any significant interaction
with the catalyst, or show a weak reversible interaction with
the catalyst, which does not lead to C, products. In the absence
of reaction, carbon dioxide interacts with the catalyst only in the
presence of lithium. Under reaction conditions, the experiments
can be described satisfactorily by postulating a methoxy species
as the only carbon-containing intermediate on the catalyst lead-
ing to carbon dioxide. © 1995 Academic Press, Inc.

INTRODUCTION

The oxidative coupling of methane aims at the produc-
tion of ethane, ethene, and higher hydrocarbons, abbrevi-
ated as C,. products, from methane and oxygen. The unde-
sired reaction is the oxidation of hydrocarbons to carbon
monoxide and carbon dioxide. Although coupling also oc-
curs without a catalyst (1-3) the process is usually carried
out in the presence of a catalyst to obtain sufficient activity
and selectivity to the desired products. In order to optimize
the catalyst performance, insight into the heterogeneous
and homogeneous reaction steps constituting the mecha-
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nism is required. The aim of the investigation presented
here is to study the heterogeneous steps of the oxidative
coupling of methane over MgO-based catalysts using
steady-state isotope transient kinetic analysis (SSITKA).
This technique, advocated by Happel (4) and Biloen et al.
(5) can yield information about the heterogeneous steps
in a reaction mechanism under steady-state conditions
without interference of the homogeneous steps. Experi-
mentally the decay or development of isotopically labelled
products and reactants is monitored by a mass spectrome-
ter after switching between reactant isotopes in the feed
stream, without changing the operating conditions (6). If
kinetic isotope effects can be neglected the steady state
will not be disturbed. The shapes of the transient responses
of labelled and unlabelled reactants and products give in-
formation about the reaction pathways of the labelled
atoms. The areas under the transient curves give informa-
tion about the amounts of species bound to the catalyst.
The SSITKA technique has been applied recently to study
the oxidative coupling of methane (7-16). The main con-
clusions drawn for MgO and Li/MgO are (8, 9, 11, 12)
dissociative adsorption of oxygen, the participation of both
surface and bulk lattice oxygen in the reaction, and only
a small interaction of carbon with the catalyst in both
methane and ethane. A strong interaction of carbon atoms
with the catalyst leading to carbon dioxide was observed,
indicating readsorption of carbon dioxide or a surface oxi-
dation pathway to carbon dioxide. In this study oxygen,
carbon dioxide, and methane isotope step experiments
over MgO, Li/MgO, and Sn/Li/MgQO are presented. Spe-
cial attention is paid to the effects of the promotion with
lithium and tin, the interaction of carbon dioxide with the
catalyst and the reaction pathway to carbon dioxide.

The experimental results are not only discussed in quali-
tative terms. [sotope transients can be described quantita-
tively in terms of surface concentrations and rates of ele-
mentary reaction steps. This is especially helpful in the
selection of a sound kinetic model, because of the severe
requirements that the transient responses impose on such
a model. In an ideal isothermal plug flow reactor the conti-
nuity equations for the isotopically labelled components
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TABLE 1

BET Surface Areas with Their 66% Confidence Intervals
and Elemental Composition of Fresh and Lined-Out Li/MgO
and Sn/Li/MgO

Li/MgO Sn/Li/MgO

Fresh Lined-out Fresh Lined-out

BET surface area 600 * 300 850 = 300 2000 * 300 2740 + 300

(m7car kg 'ear)

Li/wt.% 3.7 0.6 4.8 35
Sn/wt.% — — 3.0 2.6
Mg/wt.% 33 59 398 40.0

in the gas phase and on the catalyst are partial differential
equations (17). Moreover, under reaction conditions it may
be necessary to take the steady-state total concentration
profiles along the reactor axis into account. These steady-
state axial total concentration profiles can be described
with a set of ordinary differential equations for the gas-
phase components and a set of algebraic equations for the
species present on the catalyst. Usually the set of model
equations can only be solved numerically. Kinetic parame-
ters, such as reaction rate coefficients, surface concentra-
tions, and diffusion coefficients, can be estimated by regres-
sion of the experimental data using nonlinear regression
analysis. The most reliable model is developed if different
kinds of isotope step experiments are regressed simultane-
ously, i.e., described with a single set of kinetic parameters.
The present work follows the above approach.

EXPERIMENTAL
Catalysts

The catalysts used in this investigation are MgO, lithium-
promoted MgO, and tin/lithium-promoted MgO. The
preparation of these catalysts is described elsewhere (18).
For the promoted catalysts, a line-out procedure was ap-
plied to reach a stable level of conversions and selectivities
over a sufficiently long period of time (19). It consisted of
maintaining the following conditions for 12 h: atmospheric
pressure; an inlet molar ratio CH4/O; equal to 4; a space
time, defined as the catalyst mass divided by the total molar
flow rate, of 1.7 kgcar s mol™!; a dilution ratio of 10 kg a-
ALO; per kilogram of catalyst; and a temperature of 1123
K for Li/MgO and 1023 K for Sn/Li/MgO. For the isotope
step experiments both the fresh and the lined-out catalysts
were used. The BET surface areas and the elemental com-
position of Li/MgO and Sn/Li/MgO are presented in Table
1. The BET surface area of pure MgO amounted to
28900 m¢ a1 kghr-
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Equipment

Feed section. Helium (0.99995) was used as a diluent
and argon (0.999990) was used as a tracer to give indica-
tions of the deviation from plug flow. Oxygen (0.995),
methane (0.995), and carbon dioxide (0.995) were used as
feed gases. '*0,(0.995), ?C0O,(0.99), and *CH,(0.99) were
used in the isotope step experiments. Two gas mixtures
can be created which are identical except for the fact that
in one of these mixtures a component is replaced by an
isotope and that in the gas mixture with the unlabelled
component a trace amount of argon is present. A four-
way valve upstream from the reactor makes it possible to
switch between the two gas mixtures realising an isotope
step from the unlabelled to the labelled component.

Reactor section. A quartz fixed-bed microreactor with
an internal diameter of 9 mm and a length of 18 cm was
used in this study. Typically 0.25 g of catalyst was placed on
a porous quartz filter. The dead volume in the precatalytic
space was filled with quartz particles to minimize back-
mixing effects. The postcatalytic volume was minimized
by a narrowing of the reactor tube. The reactor was heated
by an electrical oven and the reaction temperature was
measured with a thermocouple placed in a well in the
catalyst bed. The response of the inert argon tracer after
a step He — He/Ar at a total molar flow rate of 3.5 X
107° mol s~ can be described satisfactorily with the empiri-
cal function

1 — 6'70‘77"

fy= 1T e 0770 (1]

where t is the time after switching (s). Equation [1] de-
scribes the fraction of argon observed at the outlet of the
reactor as a function of time. Because of the small height
of the catalyst bed, approximately 3 mm, as compared to
the height of the bed of inert quartz particles upstream
from the catalyst bed, approximately 10 cm, the function
presented by Eq. [1] is a good approximation of the signal
at the inlet of the catalyst bed.

Analysis section. A quadrupole mass spectrometer
(VG Quadrupoles, Sensor Lab 200D) coupled with a com-
puterized data acquisition system was used to monitor the
transient responses of the different isotopes. In this work
the mass spectrometer performed typically five measure-
ments per second. The mass spectrometer data were cor-
rected for background values and normalized to isotope
fractions such that the sum of the isotope fractions
equals one.

Under reaction conditions the reactor effluent was ana-
lyzed by a Carlo Erba gas chromatograph (VEGA SERIES
2). In a column packed with Porapack Q, methane and
carbon dioxide were separated and detected by a thermal
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conductivity detector (TCD). In a column packed with
molsieve 5A, methane and oxygen were separated and
detected by a TCD. In a column packed with Porasil C,
methane, ethane, ethene, and propane were separated and
detected by a flame ionization detector (FID). The meth-
ane conversion and the selectivities were calculated with
the normalization method, i.e., a 100% carbon balance was
assumed. As no internal standard was added, this assump-
tion could not be verified. The oxygen conversion could
not be calculated using the normalization method as not
all oxygen-containing components, i.e., water, were mea-
sured. Therefore the oxygen outlet flow rate was calculated
from the methane outlet flow rate using the gas chromato-
graph calibration factors and the peak areas of both compo-
nents.

Procedure

Before starting the isotope step experiments in the ab-
sence of reaction, the catalyst was pretreated overnight
with an oxygen flow rate of 6.8 X 107® mol s™' at 1123 K
to remove adsorbed water and carbon dioxide. Next the
temperature was decreased to the experimental tempera-
ture and the oxygen flow was replaced by a helium flow.
All experiments presented in this study were carried out
at atmospheric pressure, a temperature of 1023 K, with an
initial total molar flow rate of 3.5 X 107° mol s™!, an argon
flow rate of 3.5 X 107® mol s™! and 0.25 g of catalyst. In
the absence of reaction the flow was diluted with 96-98%
helium. Before starting an isotope step experiment under
reaction conditions, the catalyst was heated under a helium
flow until the desired experimental temperature was
reached. Under reaction conditions, experiments were only
carried out over the lined-out Li/Sn/MgO catalyst. These
experiments were carried out at an initial molar ratio CH./
0O, equal to 4 and with 80% helium dilution. Under these
conditions both C,. products and carbon dioxide were
observed. The methane and oxygen conversion and the
selectivities towards the observed products with respect to
methane were as follows: Xcy, = 24%, Xo, = 85%,
Sc,u, = 31%, Scu, = 23%, Scn, = 2%, and Sco, = 44%.

Before the isotope switch was performed, the reactor
was fed with the mixture containing the unlabelled compo-
nent until steady-state conditions were achieved, typically
within 60 min. After switching to the mixture with the
isotopically labelled component, the transient isotopic re-
sponses were monitored for a period of typically 5 min.

METHODS OF DATA EVALUATION
Reactor Modelling

The reactor can be considered to be isothermal and
isobaric. Hence, the reactor model is reduced to a set of
continuity equations for the species involved. If kinetic
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isotope effects can be neglected, the sum of the concentra-
tions of all isotopes of a component is constant at a given
position in the reactor throughout the experiment and only
the continuity equations for the labelled components need
to be considered. The fixed-bed reactor is assumed to be
of the plug flow type, because a value of 16 was obtained
for the Péclet number based on the total tube length from
the response of an inert component to a step. The total
molar flow rate can be assumed to be constant through
the bed, because of the high dilution of the flow with inert
gas. Intra- and interparticle gradients are assumed to have
no significant influence on the transient isotope responses.
With these assumptions the continuity equations for la-
belled gas-phase component i’ and labelled species j' on
the catalyst are as follows:

()C,"(X, [) 4 l(:)C,"(x, t) _ PB

ot r ox o, Ke(x.0) 21
6L,~(x, [) .
= R (3]

For an isotope step from gas-phase component & to k', the
initial and boundary conditions are

Initial conditions:

t=0 Vx C:=L=0 [4a]
Boundary conditions:

t>0 x=0 C, = input function (f) [4b]

t>0 x=0 C,=0fori’' #k’, [4c]

where C; is the concentration of labelled gas-phase compo-
nent i’ (mol m,z); L; is the concentration of labelled sur-
face species j' (mol kgcht); ¢ is the time (s); 7 is the resi-
dence time in the reactor (s); x is the dimensionless axial
reactor position, defined as the cumulative catalyst mass
at the corresponding position divided by the total catalyst
mass Weat (Kgcat); pg is the bed density (Kgcat Mpag); €8
is the bed porosity (m3,s my3s); Ry is the net production
rate of labelled gas-phase component i’ (mol kgchr s7!);
and R; is the net production rate of labelled surface species
i’ (mol kgchr s71). The residence time 1 in the reactor is
calculated as 7 = gzWeat/pPeFrorVme Where Fror is the
total molar flow rate (mols™!) and V|, is the molar volume
(m3,s mol™') at the reactor conditions. In this study the
input function is given by Eq [1]. Generally the production
rates R; and R; are linear combinations of the reaction
rates of the elementary steps in which labelled gas-phase
component i’ or labelled surface species j’ is involved, and
hence are determined by the corresponding kinetic param-
eters.
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The set of partial differential Equations [2]-[4] is inte-
grated using an adaptive moving grid method. This method
is especially suited for solving initial boundary problems
for sets of one-space dimensional partial differential equa-
tions the solutions of which exhibit rapid variations in space
and time (20). In the present study, this procedure was
implemented in a standard integration routine from the
Numerical Algorithm Group (21) for integrating stiff sys-
tems of implicit ordinary differential equations coupled
with algebraic equations (routine DO2NHF). An integra-
tion takes typically 15 min of CPU time on a Silicon Graph-
ics Power Challenge.

Under reaction conditions it may be necessary to take
the steady-state axial total concentration profiles into ac-
count. This is required if the latter have a significant influ-
ence on the reaction rates, i.e., if the reactor is operated
in an integral way. At the steady state the continuity equa-
tion for the sum of an unlabelled and a labelled gas-phase
component can be written as

dCi.in(x) _ PBT
i en Risin(x), (5]

where C;,;) is the steady-state total concentration of the
unlabelled and labelled gas-phase component (mol mg;),
R is the steady-state total net production rate of the
unlabelled and labelled gas-phase component (mol
kgcht s7'), and Ciiviy = Clasy at x = 0 as the initial con-
dition.

At the steady state, the continuity equation for the sum
of an unlabelled and labelled species on the catalyst re-

duces to the algebraic equation
Ryj-j)(x) =0, [6]

where Ry;.;, is the steady-state total net production rate
of unlabelled and labelled species on the catalyst (mol
kgchr s7Y).

Integrating the continuity equations for the gas-phase
components, Eq. [5], and simultaneously solving the alge-
braic equations for the species on the catalyst, Eq. [6],
leads to the steady-state axial total concentration profiles
for both the gas-phase components and the species on the
catalyst. The ordinary differential equations, Eq. [5], are
integrated using a Runge—-Kutta—Merson method. The al-
gebraic equations, Eq. [6], are solved with a modified Pow-
ell hybrid method. Both methods were taken from the
Numerical Algorithm Group (21) (routines DO2BBF and
CO5NBF, respectively.)

Regression Analysis

The estimation of the kinetic parameters was performed
by minimization of the objective function
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S0 = 3 3 093 [y = fy050- )l

g=1r=1
- f/(x;,b)] > minimum, [7]

where S is the objective function; o is an element of the
inverse error covariance matrix; y;,, is the gth experimental
response, either an isotope fraction or a concentration, in
the ith experiment; y;, is the rth experimental response in
the ith experiment; f,(x;, b) is the response value calculated
with the reactor model for response g of experiment i;
f,(x;, b) is the response value calculated with the reactor
model for response r of experiment i; x; is the vector of
set variables for experiment i; b is the parameter vector;
v is the number of responses; and n is the number of
experiments. The objective function is based upon the as-
sumption that the experimental errors are normally distrib-
uted with a zero mean. The minimization of the objective
function was achieved with a multiresponse Marquardt
algorithm (22, 23). The elements ¢  of the inverse error
covariance matrix are estimated by the regression routine
following a first regression with a unit error covariance
matrix. For the experiments in the absence of reaction the
isotope fractions of the labelled components were re-
gressed. For the experiments under reaction conditions the
concentrations of the labelled components, i.e., the isotope
fraction multiplied by the steady-state outlet concentra-
tion, were regressed because this allowed for the estimation
of more parameters than if isotope fractions were re-
gressed. Indeed, regression of the concentrations takes into
account observed conversions and selectivities.

The parameter estimates were tested for statistical sig-
nificance on the basis of their individual ¢ values. The
statistical significance of the global regression was ex-
pressed by means of the so-called F test, which is based
on the comparison of the sum of squares of the calculated
response values and the residual sum of squares. A high
F value corresponds to a high significance of the global
regression. Discrimination among rival models was based
on this statistical testing, whenever it was not possible by
direct observation or by physicochemical laws. A detailed
description of the regression analysis procedure is given
by Froment and Hosten (23).

EXPERIMENTAL RESULTS
Oxygen Isotope Steps in the Absence of Reaction

Oxygen isotope steps, '°0, — '*O,, were carried out in
the absence of reaction to study the interaction of oxygen
with the catalyst and to determine the effects of promotion
with lithium and tin on the amount of exchangeable oxygen
and the mobility of lattice oxygen in the bulk of the catalyst.
The catalysts used for the experiments were MgQO, fresh
and lined-out Li/MgO, and fresh and lined-out Sn/Li/
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FIG. 1. Oxygen responses after step '°0; — 80, (no reaction) over
fresh Li/Sn/MgO; T = 1023 K; 1.8% O,. Dashed line, argon; A, '°0,; B,
010; O, 0,; full lines, calculated with the set of parameter estimates
given in Table 3 by integration of Egs. [2] and [3] with the corresponding
net production rates [8], [9], and [12].

MgO. No significant exchange was observed in the absence
of catalyst. For all catalysts, except for the lined-out Li/
MgO catalyst, similar transient isotope responses were ob-
tained. As an example, the transient isotope responses and
the argon tracer of the experiment over fresh Sn/Li/MgO
are shown in Fig. 1. The 'O, response is slow as compared
to the inert response, indicating a strong interaction of
oxygen with the catalyst. The '*O'®O response decreases
slowly after reaching a maximum and tends to a relatively
stable level. The formation of '*O'®0 indicates the dissocia-
tive adsorption of oxygen. The relatively stable level of
the '°0'®0 signal indicates that an extra oxygen source is
available for exchange besides oxygen in the gas phase.
This extra oxygen source must be lattice oxygen in the
bulk of the oxide catalyst. No significant exchange was
observed with lined-out Li/MgO, indicating a very weak
interaction of oxygen with this catalyst or none at all.

Carbon Dioxide Isotope Steps in the Absence of Reaction

Carbon dioxide isotope steps, '*CO, — *CO,, were
carried out in the absence of reaction to study the interac-
tion of carbon dioxide with the catalyst and the effects of
promotion with lithium and tin on this interaction. The
catalysts used for the experiments were MgO, fresh and
lined-out Li/MgQO, and fresh Sn/Li/MgO. The 2CO, re-
sponses of the experiments over the various catalysts are
shown in Fig. 2. The *CO, responses are not shown but
can be calculated easily, remembering that by definition
the sum of the '2CO, and the *CO, fractions equals one.
For MgO and lined-out Li/MgO the '>CO, response only
slightly trails the inert response indicating only a small
interaction of carbon dioxide with these catalysts. The
12CQO, responses over fresh Li/MgO and Sn/Li/MgO are
very slow as compared to the inert response indicating a
strong interaction of carbon dioxide with these catalysts.
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FIG.2. '’CO,responses after step '*CO, — *CO, (no reaction) over
various catalysts; T = 1023 K. Dashed line, argon; +, MgO (3 mol%
CO,); O, lined-out Li/MgO (2 mol% COy); A, fresh Li/MgO (3 mol%
CO,); A, fresh Li/Sn/MgO (3 mot% COy).

Isotope Steps in the Presence of Reaction

Oxygen isotope steps. 'The oxygen isotope step experi-
ment, '0,/CH, — '*0,/CH,, was carried out under reac-
tion conditions to study the reaction pathways to the oxy-
gen-containing products and the interaction of oxygen with
lined-out Sn/Li/MgO under reaction conditions. The oxy-
gen and carbon dioxide isotope responses are shown in
Figs. 3 and 4. In contrast to the oxygen isotope responses
of the experiment over lined-out Sn/Li/MgQO in the ab-
sence of reaction, not shown but similar to the responses
shown in Fig. 1, the oxygen responses under reaction condi-
tions initially display a rapid relaxation, not significantly
different from the inert response. This could be the result
of the presence of water, carbon dioxide, or a carbonate
phase on the catalyst under reaction conditions, diminish-
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FIG. 3. Oxygen responses after step '*0,/CH; — '*0,/CH, over

lined-out Li/Sn/MgQO; T = 1023 K; (CH4/O5)|y = 4; Xen, = 24%; Xo, =
85%; Scu, = 31%: Scu, = 23%: Scu, = 2%; Sco, = 44%. Dashed line,
argon; A, 1°0y; A, “’O‘ﬂo; O, "80;; full lines, calculated with the set of
parameters given in Table 4 by integration of Eqs. [2] and [3] with the
corresponding net production rates [8]~[13].
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FIG. 4. Carbon dioxide responses after step °0,/CH, — *0,/CH,
over lined-out Li/Sn/MgQ; T = 1023 K; (CHy/O,)|, = 4; Xcu, = 24%;
X()‘ = 85%, S(szﬁ = 31%; S("H‘ = 23%, S(‘ H, = 2%, SCO, = 44%. Dashed
line, argon; A, C'%0;; ®, C'OQ™0; [, C‘*Oz; full lines, calculated with
the set of parameters given in Table 4 by integration of Eqs. [2] and 3]
with the corresponding net production rates [8]-[13].

ing the number of exchange sites for oxygen. Alternatively,
a fast reaction of oxygen on the catalyst with carbon species
could hinder a strong interaction of oxygen with the cata-
lyst. In Fig. S5, the value of the ratio C?GOIKO/CngCmQ
versus time is given for the oxygen isotope step experi-
ments over lined-out Sn/Li/MgO both in the absence and
in the presence of reaction. The value of the ratio is equal
to 4 if the oxygen isotopes are in statistical equilibrium
(24-26). In the absence of reaction the value of the factor
tends to 4 while in the presence of methane nonstatistical
mixing of the oxygen isotopes can be observed. These
observations are in agreement with the experiments carried
out by Peil et al. (8) over Li/MgO. The fact that under
reaction conditions the oxygen atoms are not statistically
mixed could be rationalised by a limited surface mobility
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FIG. 5. The ratio C%,,“,gu/C.x“ C”’o versus time for the oxygen iso-
tope step experiments over lined-out Li/Sn/MgO in the absence (O) and
in the presence (@) of reaction. Full line, calculated by integration of
Eqs. [2] and [3] with the corresponding net production rates (8] to [13]
and the parameter estimates given in Table 4.

111

1.00 @

080

0.60

Fractions /-

0.40

1 2C2H4

T . . r_
008 9 R TE

0.20

0.00 s
200

FIG. 6. '*CH,, "*C;H4, and "*CO, responses after step Q./'*CH; —
0,/"*CH, over stabilized Li/Sn/MgO; T = 1023 K; (CH,/O,)|, = 4
X('H4 = 24%; )(()2 = 85%: S(‘IH(\ = 31%; S(‘,H‘ = 23%; S(‘z”x = 2%; S('(]‘
= 44%. Dashed line, argon; @, '*C,H,; +, ?CH,: A, '*CO,: full line,
calculated with the set of parameters given in Table 4 by integration of
Eqgs. [2] and [3] with the corresponding net production rates [14]-[16].

of adsorbed oxygen atoms due to other adsorbed species,
but this hypothesis cannot explain the initial rapid relax-
ation of the oxygen isotope responses under reaction con-
ditions. The differences between the oxygen isotope re-
sponses in the absence and in the presence of reaction will
be further addressed during the discussion of the model-
ling results.

The C'®O, response is slow as compared to the inert
response, indicating a strong interaction with the catalyst
of oxygen atoms leading to carbon dioxide. Similar to the
16Q'%0 response, the C'*O'™0 response tends to a rela-
tively stable level after reaching a maximum, indicating
the participation of lattice oxygen from the bulk of the
catalyst in the formation of carbon dioxide. The oxygen
atoms ending up in carbon dioxide remain on the catalyst
long enough to provide statistical mixing of the carbon
dioxide isotopes. The interaction of these oxygen atoms
with the catalyst is caused by the primary formation of
CO; and/or by readsorption of carbon dioxide as a carbon-
ate phase.

Methane isotopes steps. The methane isotope step ex-
periment, O,/'2CH, — O,/'*CH,, was carried out under
reaction conditions to study the reaction pathways to the
carbon-containing products and the interaction of methane
with lined-out Sn/Li/MgO. The resulting transient isotope
responses of the unlabelled components, ?CH,, '*C,H,,
and '*CO,, are shown in Fig. 6. Monitoring of other compo-
nents was not possible because of mass resolution limita-
tions.

The '2C,H, transient relaxes together with the inert re-
sponse indicating the lack of significant interaction with
the catalyst of carbon-containing species leading to ethene.
The '?CH, transient only slightlv trails the inert response
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TABLE 2

Reaction Mechanism Used for Describing
the Isotope Step Experiments on Line-Out
Sn/Li/MgO

k
1. 0, + 2+ ’:——' 20+
-1
k!
2. CH, + O* — CHj + OH*
3. OH* + OH* — H,O + O* + *

k
4. CHy + CHy — CH,

ks
5. C;Hg + O* > C,Hs + OH*
6. CgH;' + O* and CgH.; + OH*

k7
7. CHy + O* — CH;0*

k.
8. CH;0* + 0* = CH,0* + OH*
9. CH,0* + 30% — CO, + 30H* + *

“u

10. O* Z—; O suik

Note. The kinetically significant reactions are de-
picted in bold, while the other reactions are poten-
tially instantancous under the investigated condi-
tions.

demonstrating only a weak reversible interaction of carbon
in methane with the catalyst. Moreover, the fact that the
2CH, transient trails the inert response while the '*C,H,
does not differ significantly from it indicates that there are
two possible reaction routes available for methane; there
is one route in which methane reacts to, in general, C,,
products without any significant interaction with the cata-
lyst and another in which methane shows a small reversible
interaction with the catalyst, but which does not lead to
C,. products. The former reaction route could be assigned
to a reversible heterolytic activation of methane, while the
latter route could correspond to the homolytic production
of methyl radicals. At first sight, ethene is expected to
exhibit a stronger interaction with the catalyst than meth-
ane because of the double bond in ethene. The high basicity
of Sn/Li/MgO probably prevents the interaction of ethene
with the catalyst. It is clear that the latter improves the
selectivity of the catalyst.

The '2CO, transient is slow as compared to the inert
response, indicating a strong interaction with the catalyst
of carbon atoms leading to carbon dioxide.

REACTION MECHANISM

A reaction mechanism, shown in Table 2, was developed
with which it was possible to describe the experiments
adequately with physically realistic and statistically signifi-
cant kinetic parameter estimates. Only the reactions con-
cerning experimentally observed products and reactants
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are considered. The production of propane is not taken
into account because of the small selectivity towards pro-
pane. The reaction steps depicted in bold, reactions 1, 2,
4,5, 7, 8, and 10, are assumed to be kinetically significant
while the other reaction steps, reactions 3. 6, and 9, are
assumed to be potentially instantaneous. The kinetically
significant reactions are all assumed to be elementary, in
the sense that their reaction rates can be calculated using
the law of mass action. With these assumptions the kinet-
ically significant gas-phase components are oxygen, meth-
ane, water, ethane, ethene, carbon dioxide, and methyl
radicals. The kinetically significant species on the catalyst
are oxygen atoms and methoxy species, CH;O*. Further,
lattice oxygen in the bulk of the oxide catalyst needs to
be considered. Because of the high dilution of the gas flow,
reaction 4 is assumed to be the only kinetically significant
gas-phase reaction. This assumption is justified by the fact
that even for undiluted gas streams, the contributions of
gas-phase reactions other than the recombination of
methyl radicals, i.e., reaction 4, are small as compared to
the catalytic reactions, as was shown by Couwenberg (19)
for the lined-out Li/Sn/MgO catalyst.

Activation of Oxygen

For all catalysts, except for lined-out Li/MgO, the exper-
iments indicate a strong interaction of oxygen with the
catalyst, reversible dissociative adsorption of oxygen, and
exchange of oxygen on the catalyst with lattice oxygen in
the bulk of the oxide catalyst. The lattice oxygen in the solid
becomes available for exchange by diffusion of oxygen in
the oxide structure, which is generally believed to take
place via a vacancy mechanism (27-29). No significant
exchange was observed with lined-out Li/MgO, probably
because of the loss of lithium during the line-out, see Table
1. Hence, it seems probable that on the lithium-promoted
catalysts the oxygen involved in the isotope exchange is
present as a lithium oxide phase. The latter agrees with
the large interaction of oxygen with lined-out Sn/Li/MgQO,
which still contains a large amount of lithium after the
line-out procedure. The decrease of the interaction of oxy-
gen with Li/MgO during the line-out procedure could be
connected to the observed decrease of activity of the Li/
MgO catalyst for the oxidative coupling of methane during
the line-out procedure. The high specific surface area of
pure MgO, as compared to that of the lithium-promoted
catalysts, probably provides the exchangeable oxygen nec-
essary for a large interaction of oxygen with MgO. The
effects of the promotion with lithium and tin will be deter-
mined more exactly from the results of modelling the tran-
sient isotope responses over the various catalysts as de-
scribed below. Also described below are the results of
modelling the oxygen isotope experiments in the absence
of reaction. Reaction 1 was selected for describing the
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reversible dissociative adsorption of oxygen after discrimi-
nation between several rival models. Other plausible reac-
tion mechanisms, such as molecular adsorption of oxygen
followed by dissociation in a second step, were rejected
because of physically unrealistic values for the kinetic pa-
rameters or because the regression results were worse than
those corresponding to reaction 1. Reaction 1 closely re-
sembles the oxygen activation proposed by Ito er al. (30).
The free sites in reaction 1, denoted by an asterisk, can
be compared to the oxygen vacancies at the catalyst surface
in the description of Ito et al.

Reaction 10 describes the exchange between oxygen on
the catalyst and lattice oxygen in the bulk of the catalyst.

Activation of Methane

The methane responses were not regressed because of
their rapid relaxations as compared to the inert response.
Therefore the small reversible interaction of methane with
the catalyst is not taken into account in the reaction mecha-
nism presented in Table 2. Reaction 2 describes the produc-
tion of methyl radicals as an Eley—Rideal reaction between
oxygen on the catalyst and methane from the gas phase.
Reaction 3 describes the regeneration of adsorbed oxygen,
O*. Reactions 1, 2, and 3 are similar to the reactions pro-
posed by Ito et al. (30) for the production of methyl radicals
from oxygen and methane in the presence of lithium-pro-
moted magnesia. The assumption that under the investi-
gated conditions the C-H bond breaking in reaction 2 is
rate controlling rather than the regeneration of active sites
in reaction 3, is in agreement with studies in which deute-
rium-labelled methane was used to examine kinetic isotope
effects (31, 32).

Production of C, Products

The experiments with deuterium-labelled ethane also
provide strong indications for the direct homogeneous cou-
pling of methyl radicals, presented by reaction 4 (31). The
coupling of methyl radicals in the gas phase was confirmed
by experiments using temporal analysis of products (TAP).
At pressures sufficiently low to inhibit gas-phase reactions
methyl radicals but no ethane were detected (33, 34). Reac-
tions 5 and 6 describe the dehydrogenation of ethane to
ethene by oxygen on the catalyst. The production of ethene
as described above is in agreement with the methane iso-
tope step experiment under coupling reactions, Fig. 6; no
carbon-containing intermediates interacting significantly
with the catalyst are involved in the reaction path to ethene.

Production of Carbon Dioxide

In the absence of reaction a large interaction of carbon
dioxide with fresh Li/MgO and Sn/Li/MgO and a weak
interaction with MgO and lined-out Li/MgO was observed.
The large decline of the interaction of carbon dioxide with
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the Li/MgO catalyst because of the line-out procedure is
probably caused by the loss of lithium. Apparently, lithium
is necessary for a large interaction of carbon dioxide with
the catalyst. This result is not surprising, since carbon diox-
ide can convert lithium oxide, L1,O. into lithium carbonate,
Li,COs;. This carbonate phase is believed to be the pool
for the exchange of carbon in carbon dioxide in case of both
fresh Li/MgO and Sn/Li/MgQO in the absence of reaction.
Under reaction conditions a strong interaction with lined-
out Sn/Li/MgO of both the oxygen and carbon atoms lead-
ing to carbon dioxide was observed. This could be caused
by the formation of carbon dioxide on the catalyst and/or
interaction of carbon dioxide from the gas phase with the
catalyst. In the reaction mechanism in Table 2 interaction
of carbon dioxide from the gas phase with the catalyst is
not included, because modelling of the experiments over
lined-out Sn/Li/MgO under reaction conditions showed
that this interaction can be neglected compared with the
interaction due to the surface-catalyzed formation of car-
bon dioxide from methane and oxygen via reactions 7
to 9. Although not measured, it seems probable that the
interaction of carbon dioxide from the gas phase with lined-
out Sn/Li/MgO is at least weaker than with fresh Sn/Li/
MgO, because the catalyst loses lithium during the line-
out procedure, as can be seen in Table 1. Moreover, under
reaction conditions oxygen and water may be present on
the catalyst, preventing a large interaction of carbon diox-
ide from the gas phase with the catalyst. Reaction 7 de-
scribes the formation of a methoxy species on the catalyst.
Both methane and methyl radicals are assumed to react
with the same type of adsorbed oxygen atoms, O*, which
is probably a simplification of the actual mechanism. In
reactions 8 and 9 this methoxy species is transformed to
carbon dioxide. Reaction 9 is assumed to be potentially
instantaneous and is shown only for stoichiometric reasons.
A single kinetically significant carbon-containing species
on the catalyst in the reaction path to carbon dioxide is
considered because the slope of the '*CO, response of the
methane isotope step experiment under coupling condi-
tions (see Fig. 6) is different from zero at 1 = 0 (4, 1). In the
case that more than one carbon-containing intermediate
interacts significantly with the catalyst, the slope of the
2CQO, transient should be zero at time ¢ = (). The choice
for a methoxy species as the intermediate in the reaction
path to carbon dioxide was based on the results of simulta-
neous modelling of the methane and oxygen isotope step
experiments under coupling conditions, among other re-
sults. It was not possible to obtain acceptable simulations
if the carbon/oxygen ratio in the carbon-containing inter-
mediate on the catalyst in the reaction path to carbon
dioxide was not equal to one, such as in CO¥ or CO}, Many
authors mention a methoxy species as an intermediate in
the reaction path to carbon dioxide (30, 35-39). Moreover,
the existence of methoxy species on the catalyst was shown
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experimentally under conditions typical for the oxidative
coupling of methane (40--42). The primary production of
carbon dioxide, as described above, is in agreement with
the experiments carried out by Couwenberg et al. (19),
who found that for the lined-out Li/Sn/MgO catalyst, the
selectivity towards C,. products was only a weak function
of the space time. If the oxidation of C,, products were
to have a large contribution to the production of CO,, the
selectivity should decrease at increasing space time. Nelson
and Cant (43) found that below 1013 K the secondary
production of CO, from C; products on a Li/MgO catalyst
was only a minor source of CO, production. Because of
the high basicity of Li/Sn/MgO as compared to Li/MgO,
it seems reasonable to neglect the production of CO; from
C, products for the Li/Sn/MgO catalyst at the temperature
1023 K used in this work.

REGRESSION RESULTS

To further validate the adequacy of the reaction mecha-
nism shown in Table 2, it was used to describe quantita-
tively the oxygen isotope step experiments in the absence
of reaction as well as the oxygen and methane isotope step
experiments under reaction conditions. According to Table
2, the expressions for the net production rates of the 180)-
labelled gas-phase and surface components, to be substi-
tuted in Egs. [2] and [3], are as follows:

gas phase:
k| ki
ngo —E L%S‘o - E C”‘ozl‘3 (8]
k- k
R1600180 = 2-L—!1L180(LO - LIBO) - —L~1[ C180160L3 (9]
k
Rcito, = f LenolLas, [10]
t

k
Rcisots = Es LentoLo — Lig,)
t

kg

+ I (Lenyo = Lentfo)Lag, [11]
t
surface:
k k
Rig,. =2 ﬁ C1302L3 + Z“ll Ciegis, Lt
k_ k-
—2 T:L%go - 2—LTIL180 (Lo — Lig,) [12]
1
- 5 kZCCH4L180 - kscczﬂﬁLlso
5 kg

= k7Cen, Lis, — E'ELCH3OL180 = a5 P, (x, 1)
1

ks

RCH;"O* = k7CCH3-L180 3
1

L(‘,H;"OLO- [13]

An expression for @5 (mol mcar s7'), the flux of 'O
atoms towards the bulk of the catalyst, is derived in Appen-
dix B.

The expressions for the net production rates of the *C-
labelled gas phase and surface components, to be substi-
tuted in Egs. [2] and [3], are as follows:

gas phase:
Rm(.“‘ =~k Cm(‘HJLo [14]
ks
RB(‘(): = —[: LB(‘H‘()LO [15]
surface:
C”(“m ky
Rl3(‘H3(J- = k7LOC(‘H3- Cd(‘H— ’”l: Lu(.H‘OLo- [16]

L, denotes the concentration of free sites available for
oxygen adsorption on the catalyst (mol kgchr). The exact
nature of these sites is not clear but they could be oxygen
vacancies at the catalyst surface. L, is calculated from
L,=L,— Lo~ Lcu,o, where L is the total concentration
of sites on the catalyst available for exchange (mol
kgchr). Lo is the concentration of oxygen on the catalyst
(mol kgcly 1), available for exchange with gas-phase oxygen
or lattice oxygen in the oxide structure as well as for reac-
tion with methane, ethane, methyl radicals, and methoxy
species. The oxygen corresponding to Lo can be oxygen
atoms simply adsorbed on the catalyst or present in the
form of an oxide phase. Bulk lattice oxygen is not directly
available for exchange or reaction and is therefore not
included in the value of L. Boreskov (26), Klier et al.
(24), and Winter (25) described oxygen exchange between
gas-phase oxygen and solid oxides with three global reac-
tions in which either one, two, or no oxygen atoms of an
oxygen molecule are exchanged with the solid. Using this
approach, the detailed reaction mechanism is not im-
portant. Moreover, diffusion of oxygen in the solid was
either neglected or assumed to be infinitely fast. In this
work, the reactions which are directly responsible for the
exchange between gas-phase oxygen and the solid oxide
are considered explicitly and, hence, values for the corre-
sponding kinetic parameters, i.e., the oxygen adsorption
and desorption rate coefficients and the diffusion coeffi-
cients of oxygen in the oxide structure, can be obtained.
The reaction rates of the elementary steps are calculated
according to the law of mass action, neglecting kinetic
isotope effects and assuming that all exchangeable species
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TABLE 3

Estimates for the Rate of Adsorption and Desorption, the Concentration of Oxygen on the Catalyst and the Diffusion
Coefficient of Oxygen in the Bulk of the Catalyst with Their 95% Confidence Intervals Obtained by Regression of the Oxygen
Isotope Step Experiments in the Absence of Reaction at T = 1023 K

Co2 Fw Lo D,
Catalyst (mol mg) (mol kgéar s™") (mol kgchr (mol meir))* (mEar mchy s7h)
MgO 0.19 52 + 03 % 107 8+2x102(2.6=06Xx10°) 2.10 £ 0.01 x 1072
Fresh Li/MgO 0.24 56 0.1 x 107 1.98 = 0.06 x 102 (33201 X 10’5) 4.04 = 0.01 x 1072
Fresh Sn/Li/MgO 0.24 1.4 * 0.1 x 1072 27 +01x10"! (1.34 = 0.06 X 10“) 1.51 + 0.0t x 100"

“ Lo in the units mol m¢&y is equal to Lo in the units mol kgchr divided by .

on the catalyst are equivalent and distributed at random.
Hence, the rates of the elementary steps are equal to the
product of a reaction rate coefficient and the concentra-
tions of the corresponding (labelled) species. The factor 2
in Egs. [9] and [12] is caused by the equivalence of *O"O
and ®0'0. Although methyl radicals are kinetically sig-
nificant intermediates according to the reaction mechanism
presented in Table 2, it is not necessary to formulate to
formulate the continuity equation for *CHj;- if methyl
radicals are assumed to react very fast as compared to their
production. In that case the steady-state approximation is
valid for methyl radicals and the concentration of labelled
methyl radicals can be calculated from the concentra-
tion of labelled methane via the following relation:
C13CH1,/CCH3< = C13CH‘/C(‘H4-

Oxygen Isotope Steps in the Absence of Reaction

In the absence of reaction the oxygen isotope responses
are simulated by integration of Eqs. [2] and [3], with the
corresponding net production rates [8], [9], and [12]. The

k .
rate of oxygen adsorption, r| = Zl Co, L2, is equal to the
t

) k_
rate of oxygen desorption, r_; = —ElLé. Thus ry = r_, =
1

rw (mol kgchrs™!). Introducing this expression in Egs. [8],
[9]. and [12] reduces the number of parameters to three,
i.e., rw, Lo, and Dq. For MgO and fresh Li/MgO and Sn/
Li/MgO the estimated values for these parameters with
their 95% confidence intervals are presented in Table 3.
The concentration of oxygen on the catalyst, Lo, is also
given in the units mol mciy to facilitate the comparison
of the catalysts. As an example the calculated oxygen iso-
tope responses corresponding to the experiment over fresh
Sn/Li/MgO is the absence of reaction are given in Fig.
1. The effects of promotion with lithium and tin can be
determined from the comparison of the three catalysts.
The estimates for rw are approximately equal for MgO
and Li/MgO while the value of ry for Sn/Li/MgO is sig-
nificantly higher. The concentration of oxygen on the cata-

lyst in the units mol mchr increases considerably from
MgO to Sn/Li/MgO. For MgO the concentration of oxygen
on the catalyst amounts to only 10% of a theoretical mono-
layer, which is 2 X 1075 mol mgir, while for the lithium-
promoted catalysts, especially for Sn/Li/MgO, the value
of a theoretical monolayer is exceeded. Peil et al. (8) attrib-
uted this phenomenon to subsurface oxygen immediately
available for oxygen exchange. Alternatively, on MgO oxy-
gen is simply adsorbed, while on the lithium-promoted
catalysts oxygen is present in the form of a lithium oxide
phase. In both hypotheses, especially for the lithium-pro-
moted catalysts, the units mol kgchr are more appropriate
than the units mol m&r. The high specific surface area is
responsible for a large amount of exchangeable oxygen on
MgO, as can be seen from the value of Lo in mol kgchr
as compared to the value in mol m¢i 1. The only value for
the diffusion coefficient of lattice oxygen in MgO at 1023
K found in are literature amounts to 10°2* m s+ mghr s™!
(27). Considering the large differences in reported values
at other temperatures the estimated value of D, presented
in Table 3 is of the proper order of magnitude. Peil et al.
(8) estimated Do for MgO and Li/MgO from the offset of
the 080 signal and found similar values. The promotion
with both lithium and tin increases the mobility of lattice
oxygen in the bulk of the catalyst, as can be seen from the
increased value of Dg for the lithium-promoted catalysts
and even more for the tin/lithium-promoted catalysts as
compared to the unpromoted MgO catalyst. This could be
the result of an increase in the number of oxygen vacancies
in the MgO crystal. Lacy et al. (28) proposed the following
mechanism for the formation of oxygen vacancies in the
MgO lattice due to the promotion with lithium. For every
two Li* ions leaving the Li,O precipitate only one Mg?*
leaves the MgO crystal. From stoichiometric considera-
tions the lack of oxygen atoms, or the excess of cations,
in the crystal can result in the formation of oxygen vacanc-
ies. The increase of Dg due to promotion with lithium and
tin explains inter alia the observed increase of activity of
the MgO catalyst for the oxidative coupling of methane
after promotion with lithium and tin (18), possibly because
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TABLE 4

Estimates with Their 95% Confidence In-
tervals for the Kinetic Parameters Obtained
by the Simultaneous Regression of the Oxy-
gen and Methane Isotope Step Experiments
in the Presence of Reaction over Lined-Out

Sn/Li/MgO*
Parameter Value
kyLy (035 kgchr s7') 35+ 0.1 x 1072

1301 %107
1.75 = 0.05 x 107?

ko L7' (kgear mol™' s71)
ks (md,, mol™' s7')

k7 (m},s mol™ s7) 5.1 +06
kgL' (kgear mol™! s71) 2.73 * 0.07 X 103
Do (mEar mehrs7') 5+1x10°%

4 Reaction conditions: T = 1023 K, initial molar
ratio CH,/O, = 4, 80% helium dilution, X(‘H4 = 24%,
Xo, = 85%, Scu, = 31%, Scu, = 23%, Scu, = 2%,
and Sco, = 44%, ’ ‘

of an increased oxygen activation due to an increased num-
ber of oxygen vacancies at the catalyst surface.

Isotope Steps in the Presence of Reaction

The ¥0,, '*0'°0, C'*0Q,, C*O'*0, and '*CO, responses
in the presence of reaction were regressed simultaneously
to obtain a single set of statistically significant and physi-
cally realistic estimates for the kinetic parameters. It was
necessary to take the steady-state axial total concentration
profiles, calculated according to Eq. [5] and [6], into ac-
count as they had a significant influence on the transient
isotope responses. Because the inlet methane to oxygen
ratio was much higher than the stoichiometric one, the
methane concentration could, however, be assumed con-
stant through the bed and equal to the mean of the inlet
and outlet concentrations. The estimates of the kinetic
parameters with their 95% confidence intervals are pre-
sented in Table 4. The largest value of the binary correla-
tion coefficient between the parameter estimates was 0.91.

As can be seen from Table 4, the parameter L, was not
estimated individually but had to be lumped with, respec-
tively, the parameters &, k,, and kg to obtain statistically
significant estimates. This was necessary because under the
investigated conditions L, was approximately equal to L,.
The value of k4 does not influence the shape of the transient
isotope responses. Therefore k, was not estimated by re-
gression but calculated using expressions from the litera-
ture, taking into account the temperature-dependent pres-
sure fall-off behaviour of k4 (2, 19). At atmospheric
pressure and 1023 K the value of k, is equal to 1.21 X 10*
m&,s mol~! kgchy s™!. The value of ks was calculated from
the value of k; using collision theory to relate the preexpo-
nential factors (44) and the Polanyi-Semenov equation
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(44, 45) to relate the activation energies. In this study the
difference in the activation energies of k, and ks was taken
as equal to the difference in the standard reaction enthal-
pies of reactions 2 and 5, i.e., 20 kJ mol™! (46). According
to these assumptions, the relation between ks and k, at
1023 K is ks = 7.67 k. All estimates presented in Table
4 are within the range of physically realistic values (47, 48)
expected for rate coefficients corresponding to the elemen-
tary steps shown in Table 2.

The calculated responses of '80,, OO, C'*0,, and
C'*0'"0, corresponding to the oxygen isotope step experi-
ment and the calculated '*CO, response, obtained from
the 13CO, response, corresponding to the methane isotope
step experiment, are shown in Figs. 3, 4, and 6. The initial
rapid relaxation of the oxygen responses is only partially
simulated, especially the initial rapid relaxation of the

2
C]ﬁ()lfi()

—_— 1n
Civg Ci,

the presence of reaction is adequately simulated, viz. Fig.
S. The calculated steady-state axial total concentration pro-
files of O,, CO,, C,H¢, C;H,, and CH;- are shown in Fig.
7 and the corresponding profiles of O* and CH,O* are
shown in Fig. 8. With the set of kinetic parameters given
in Table 4, not only reasonable agreement between the
experimental and calculated transient isotope responses of
both the oxygen and methane isotope step experiments
was obtained. The steady-state outlet concentrations of
oxygen, carbon dioxide, ethane, and ethene were also cal-
culated adequately, as can be seen in Fig. 7.
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FIG.7. Steady-state axial total concentration profiles of oxygen, car-
bon dioxide, ethane, ethene, and methyl radicals in the gas phase, calcu-
lated with the set of parameters given in Table 4 by integration of Eq. [}
and simultaneously solving Eq. [6]. The CHj;- concentration is calculated
assuming the pseudo-steady state for methyl radicals. The methane con-
centration has a constant value of 1.7 mol méjs. Observed outlet concen-
trations: @, CO,; [, O,; ®, C;Hg; +, C,H;,.
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FIG. 8. Steady-state axial total concentration profiles of oxygen
atoms and methoxy species on the catalyst, calculated with the set of
parameters given in Table 4 by integration of Eq. [5] and simultaneously
solving Eq. [6].

If the oxygen isotope responses are simulated with the
values of &, L., k_; L;', and Do from Table 4 and with
the values of the other parameters equal to zero, i.e., in
the absence of reaction, the oxygen isotope responses are
indeed similar to those obtained in the absence of reaction
(Fig. 1). In the absence of reaction the estimated value of
Lo on lined-out Sn/Li/MgO was 2.00 = 0.05 mol kgchr,
which is comparable to Lo in the presence of reaction
(Fig. 8). Thus the differences between the oxygen isotope
responses in the absence and in the presence of reaction
are not caused by a decrease in exchange sites for oxygen.
Apparently the reactions on the catalyst cause the initial
rapid relaxation of the oxygen signals. The value of Lo on
lined-out Sn/Li/MgO is larger than the value estimated
for fresh Sn/Li/MgO (see Table 3), possibly because the
concentration of gas-phase oxygen in the experiment with
lined-out Sn/Li/MgO was higher by a factor of two as
compared with the experiment with the fresh catalyst, or
because the line-out procedure alters the oxygen adsorp-
tion and/or desorption rate coefficients.

The estimated value of the diffusion coefficient of lattice
oxygen, Do, from Table 4 is lower than the value of Dg
estimated for the oxygen isotope experiment in the absence
of reaction over lined-out Sn/Li/MgQO, which was 3.36 *
0.09 X 107" m{ Ao+ mehrs7! (not shown in the tables). The
difference could be caused by the presence of a carbonate
phase on the catalyst under reaction conditions, which
could result in a decrease in the amount of lithium in
the MgO lattice or a decrease in the number of oxygen
vacancies as compared with the situation in which no car-
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bonate phase is present on the catalyst. The concentrations
of both O* and CH;0%*, shown in Fig. 8, are too large to
be explained by simple adsorption. Probably both species
are present as or in an extra phase, such as lithium oxide
or lithium carbonate, as was already suggested for the
existence of oxygen on the lithium-promoted catalysts in
the absence of reaction. In this context it should be men-
tioned that the methoxy species must in fact be seen as a
CH,O* species. The number of hydrogen atoms in this
species cannot be determined because only oxygen and
carbon isotope step experiments were carried out.

Further extensions of the presented model can be pro-
posed, for example the use of a heterogeneous instead of
a homogeneous model, i.e., to make a distinction between
the catalyst pellets and the fluid phase. It is expected,
however, that these extensions will have only a marginal
influence on the results presented in this work.

In this study, the experiments under coupling conditions
were carried out only over lined-out Sn/Li/MgO. In the
absence of reaction, the effects of promotion with lithium
and tin were determined from the experiments with the
corresponding catalysts. A similar approach under reaction
conditions would give information about the effects of
promotion on each of the kinetic parameters given in Ta-
ble 4.

CONCLUSIONS

Both in the absence and presence of reaction, oxygen
interacts strongly with the catalysts. The exception is pro-
vided by lined-out Li/MgO, probably because of the loss
of lithium during the line-out procedure. Oxygen displays
reversible dissociative adsorption and exchange between
oxygen on the catalyst and lattice oxygen in the bulk of
the catalyst. The promotion with lithium, and even more
with tin, increases the diffusion coefficient of oxygen in
the bulk of the catalyst and the amount of exchangeable
oxygen on the catalyst per unit BET surface area. Two
possible reaction routes are available for methane; there
is one route in which methane reacts to C, products without
any significant interaction with the catalyst and another in
which methane shows a weak reversible interaction with
the catalyst, but which does not lead to C, products. In
the absence of reaction, a strong interaction of carbon
dioxide with the catalyst is only possible if lithium is present
in large amounts. The experiments under reaction condi-
tions can be described satisfactorily with a methoxy species
on the catalyst as intermediate in the reaction route to
carbon dioxide.

The above conclusions could only be reached using
quantitative descriptions of the isotopic transients. Valida-
tion of and discrimination between reaction mechanisms
was possible on the basis of their ability to quantitatively
describe the isotopic transients. Moreover, values for reac-
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tion rate coefficients, surface concentrations, and, in this
study, the diffusion coefficient of oxygen in the oxide cata-
lyst could be obtained from nonlinear multiresponse re-
gression analysis. The most reliable model is developed if
different kinds of isotope step experiments are regressed
simultaneously, i.e., described with a single set of kinetic
parameters. In an integral reactor it is necessary to take the
steady-state axial total concentration profiles into account,
because of the significant influence of the latter on the
simulation of the transient isotope responses.

APPENDIX A: NOMENCLATURE

b parameter vector

o concentration of gas-phase component |,
mol mg;,

Do diffusion coefficient of oxygen in the bulk of the

catalyst, m¢ st mghyr s™!

Fror  total molar flow rate, mol s7!

f function describing the inert response after switch-
ing between two gas mixtures

1y response calculated with the reactor model for
response g

k; rate coefficient of reaction step i, units situation
dependent

L; concentration of component j on the catalyst avail-

able for exchange, mol kgchr
L, total concentration of sites on the catalyst avail-
able for exchange, mol kgchr

L, concentration of free sites on the catalyst available
for oxygen adsorption, mol kgchr

No oxygen concentration in the bulk of the catalyst,
mol m&it

n number of experiments

R; net production rate of component i, mol kgchrs™'

r position in a catalyst particle, defined as the dis-
tance from the surface, m

r; reaction rate of reaction step i, mol kgchr ™’

rw rate of oxygen adsorption and desorption in the
absence of reaction, mol kgchy s

S objective function

Si selectivity towards product i with respect to meth-
ane, %

T temperature, K

t time, s

Vmot  molar volume, m3,; mol™'

v number of responses

Wear total catalyst mass, kgcar

X; conversion of reactant i, %

x dimensionless axial reactor position

X; vector of set variables for experiment i

Vi fraction of component i in the gas phase

gth experimental response in the ith experiment
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Greek Symbols

o specific surface area of the catalyst, m¢ A kgchr

€p bed porosity, my,, myds

&g,  isotope fraction 'O in the bulk of the catalyst

o8 bed density, kgear mpsg

o element (g, r) of the inverse error covariance
matrix

T residence time in the reactor, s

@0 oxygen flux to and from the bulk of the catalyst,

mol mcaT s~

Xis, isotope fraction '*O on the catalyst
Superscripts

' labelled

0 reactor inlet

APPENDIX B: EXPRESSION FOR THE FLUX OF #0
ATOMS INTO THE BULK OF THE CATALYST

In the oxygen isotope step experiments exchange be-
tween oxygen atoms on the catalyst and lattice oxygen in
the bulk of the oxide catalyst was observed. The flux of
'*O atoms towards the bulk of the catalyst is calculated
from the continuity equation for 'O in the bulk lattice of
the catalyst, which, assuming a slab geometry, corresponds
to Fick’s second law for 'O in the solid phase,

2
3_55_0 = Do ?_;_:2 (1]
Initial condition:
t=0 Vr €18, =0 [2a]
Boundary conditions:
t>0 r=0 &g, = Xig, [2b]
t>0 r=o & =0 (semi-infinite solid), [2¢]

where &40 is the isotope fraction '*O in the bulk lattice
of the catalyst (—), Xy4_ is the isotope fraction '*O on the
catalyst, Do is the diffusion coefficient of lattice oxygen in
the bulk of the catalyst (m¢ar mchts7!), and r the position
in a catalyst particle, defined as the distance to the sur-
face [m].

The flux ¢4 at the surface of the catalyst is calculated
via Fick’s first law,

aéis,

2
ar 0

(3]

P18, — —No Do

where Ng is the oxygen concentration in the bulk [mol
mchr], calculated by dividing the catalyst density by its
molecular weight.
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Integration of Eq. [1] and substitution of the result in
Eq. [3] leads to the following expression for ¢4 :

=VDg No—= \/_ ' \/.1___78%;" dr. (4]
This integral can be quadratured as
P, =2 VDo NO 5]

where @3, is the flux at time ¢, and position x in the re-
actor.
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