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A transient kinetic study of the reaction of CH,/He and C,H/He with the lattice oxygen of Li" -
doped TiO, catalyst was performed. The results obtained indicate that lattice oxygen species must
be considered as oxidation sites for both CH, and C,H, molecules leading mainly to the formation
of gas-phase CO,. I1 was also found that more than one kind of carbon species accumulate on the
catalyst surface in large quantities, following reaction with C.H/He mixture in the range 700-845°C,
a result opposite to that found with the CH,;/He mixture. The amount of these carbon species
removed by reaction with gas-phase oxygen (O, titration) was found to strongly depend on the
temperature of titration. A kinetic model, based on a sequence of elementary steps is proposed
to interpret the transient oxygen titration results. An activation energy of 15.3 kcal - mol ™! for the
reaction of carbon species with gas-phase oxygen is estimated. Activation energies of 34 and 28
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INTRODUCTION

The oxidative coupling of methane to eth-
ane and ethylene has become a subject of
intense research worldwide. A large number
of oxide systems has been tested so far, and
review papers which summarize the results
obtained have appeared in the literature
(1-5). Most of the literature reports on this
subject are devoted to the activity and C,-
selectivity properties of different catalysts
with the goal to achieve C,-yields of practi-
cal interest. Less attention has been given
to the elucidation of the elementary steps
of methane dimerization and formation of
undesired CO, (x = 1, 2) products over
many catalysts studied. In particular, there
is no conclusive evidence concerning the
actual role of lattice oxygen species as com-
pared to that of other adsorbed oxygen spe-
cies formed during reaction conditions
(3, 6).

The steady-state tracing technique (7, §)
which allows the in situ measurement of sur-
face intermediate species and their reactivi-
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- mol~! for CH, and C,H, reactions with lattice oxygen, respectively, are calculated from

ties, has recently been applied on some cata-
lytic systems for the oxidative coupling of
methane (9-/4). For all the catalyst formu-
lations studied, it was found that the cover-
age of adsorbed methane under reaction
conditions is practically zero. However,
there is a large reservoir of oxygen species
(several monolayers) which participate in
the formation of CO and CO,. The coverage
of the precursor intermediate species that
leads to C,H, is also small (//, 14).

Some basic reaction steps may be similar
over many catalyst systems studied, but a
controversy on other mechanistic steps ex-
ists. The basic initial reaction step is gener-
ally agreed to be the hydrogen abstraction
from the methane molecule by the aid of
surface oxygen anion species (/5-17). The
production of methyl species in such a pro-
cess, and the subsequent release of these
into the gas phase to form ethane, has been
probed (15, 18). On the other hand, evidence
has been provided for the formation of C,H,
on the catalyst surface in addition to that in
the gas phase (/7). Other mechanistic steps
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on which a controversy exists are those
leading to CO and CO,. Under oxidative
coupling of methane conditions, it is not yet
clear whether CO and CO, arise from the
oxidation of C,H and C,H, in the gas phase,
or surface elementary reactions leading to
CO, are also important. For the latter, it is
still not clear whether lattice oxygen species
or adsorbed oxygen species (formed under
CH,/O, conditions) or both contribute to the
formation of CO and CO,.

It has been demonstrated in our labora-
tory (19-21) that Li~-doped TiO, is an effec-
tive catalyst for oxidative coupling of meth-
ane, giving rise to appreciable yield of C,, -
hydrocarbons. Lane er al. (22) have also
studied the Li/TiO, system under oxidative
coupling of methane conditions. However,
their catalyst is rather considered as a Li™-
promoted TiO, as it has been discussed in
a work recently reported (/9).

In the present work the kinetics of interac-
tion of CH, and C,H, with the lattice oxygen
of a Li*-doped TiO, catalyst is studied using
transient methods with on-line mass spec-
trometry. The objectives are (a) to examine
the reactivity of lattice oxygen species alone
(in the absence of gas-phase oxygen) to-
wards the reactant CH, and the major prod-
uct molecule C,Hq, of the CH,/O, reaction,
and (b) to characterize the carbonaceous
species left on the catalyst surface after
CH,/He and C,H¢/He reaction by O, titra-
tion transient experiments. It is hoped that
the present results will contribute towards
a better understanding of the individual role
that lattice oxygen and various other ad-
sorbed oxygen species (formed under CH,/
O, conditions) play on the reaction of the
oxidative coupling of CH, with Li*-doped
TiO, catalyst. The role of adsorbed oxygen
species formed under CH,/O,, C,;H/O,, and
C,H,/O, reaction conditions can be best
studied by steady-state tracing techniques
(11, 13, 14, 23). Experimental work on this
issue has recently been performed (24, 25).
The present results are discussed in relation
to catalytic results obtained on the same
system (/9-21).
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EXPERIMENTAL

(a) Preparation and Characterization of
Li*-Doped TiO, Catalyst

Lithium-doped TiO, catalyst was pre-
pared by the method of high temperature
diffusion. Lithium nitrate was used as pre-
cursor of the doping Li™ cation in an appro-
priate amount so as to yield 2 wt% lithium
concentration (based on Li,O/(Li,O +
TiO,)). The precursor was mixed with TiO,
(Degussa P-25) in a beaker containing dis-
tilled water. The slurry was heated under
continuous stirring to evaporate the water,
and the residue was further heated at 110°C
overnight. The solid material obtained was
crushed and sieved to about 48 mesh, placed
in a ceramic tube and then fired in air at
900°C for 6 h. The firing procedure involved
placing the ceramic tube in a furnace and
heating at a rate of 15°C/min to 900°C, main-
taining at this temperature for 6 h and then
allowing it to slowly cool to room temper-
ature.

The BET surface area of the catalyst was
found to be ca. 0.2 m?/g. Other characteriza-
tion measurements performed on the pres-
ent catalyst, such as electrical conductivity,
surface acidity and basicity, XRD, and XPS,
have been reported elsewhere (/9).

(b) Catalyst Treatment

Before any measurements were obtained,
the catalyst sample (1 g) was treated with
pure oxygen at 800°C for 2 h. Between suc-
cessive transient experiments with CH,/He
and C,H¢/He mixtures, the catalyst sample
was treated with a 10% O,/He mixture at
800°C for 30 min in order to establish ap-
proximately a similar initial surface state. It
was determined experimentally that oxygen
treatments at 800°C for a time greater than
30 min did not influence the transient re-
sults.

(¢) Flow-System for Transient Studies

An appropriate flow system that allows
the application of transient methods (abrupt
switches in the feed gas composition) was
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employed in the present investigation. The
main design features of this system are simi-
lar to those which have been described in
detail elsewhere (26—-28). Chemical analysis
of the gases during transients is done by on-
line mass spectrometer (VG Quadrupoles,
Sensorlab 200 D) equipped with a fast re-
sponse inlet capillary system. The desired
gas mixtures are made up in a separate prep-
aration apparatus and not by continuous
blending of two streams to avoid mainly
changes in gas composition by switching the
valves (26). Calibration of the mass spec-
trometer is performed based on a prepared
mixture of a known composition. The out-
put signal from the mass spectrometer de-
tector is then converted to mole fraction
versus time by appropriate software. Meth-
ane, ethane, and carbon dioxide were re-
corded at the mass numbers of 15, 30, and
44, respectively. All gases were used at the
flow rate of 30 ml/min (ambient).

The reactor used in this study consists
of two 4.0-mm-i.d. sections of quartz tubes
which serve as inlet and outlet to and from
a quartz cell of 7.0 mm i.d. (nominal volume
2 ml). The entrance to the reactor cell was
machined in such a way as to create a local
gas mixing. The behavior of the entire reac-
tor cell is close to that of a CSTR, as evi-
denced by the Ar response signal, following
the switch He — Ar/He, and the analysis
presented elsewhere (27, 28). Heating was
provided by a small furnace controlled by
a programmable temperature controller
(Omega Engineering Inc., CN-2010). The
temperature of the catalyst is measured by a
K-type thermocouple placed within a quartz
capillary well in the middle of the catalyst
bed.

RESULTS
(a) CH,/He Reaction

Figure 1 shows transient responses of gas-
phase CO, at various temperatures between
760 and 845°C, following the switch: He —
5% CH,/He (t), where ¢ designates the real
time of the experiment. As the CH,/He mix-
ture starts to flow over the catalyst, an initial
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Fi1G. 1. Transient response of CO, under CH,/He
flow according to the delivery sequence: He — 5%
CHy/He (T.,t). Curve A, T = 845°C; curve B, T =
810°C; and curve C, T = 760°C.

transient (spike) of the rate of production of
CO; is obtained. This initial rate is found
to increase with temperature. Following the
initial transient response, the surface reac-
tion dynamics lead to a rapid (within 30 s)
decrease of the CO, production, following
which the value of the latter decreases
slowly during the remaining period of the
experiment (a pseudosteady state is ob-
tained). It is important to note that neither
C,H,, C,H,, nor CO was found to be pro-
duced during the transients of Fig. 1. In ad-
dition to CO,, H,O was also detected and
measured. Due to adsorption of H,O in the
source of the mass spectrometer, the quanti-
tative analysis of the H,O response and in-
terpretation of its transient is difficult, if not
impossible. Integration of the transients of
Fig. | provides the amounts of CO, pro-
duced (up to the time where less than 50
ppm of CO, are measured), and these are
given in Table 1. An equivalent amount of
lattice oxygen species (monolayers) re-
moved by the reaction as CO, during the
experiments of Fig. 1 can also be calculated,
and this is also given in Table 1. A mono-
layer of equivalent oxygen species is defined
as the amount of oxygen species (umol/g)
present on the catalyst surface and is calcu-
lated based on the BET surface area (0.2 m*/
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TABLE |

Amounts of CO, and Carbonaceous Species Produced during CH,/He and C,;H,/He Reaction with the Lattice
Oxygen of Li"-Doped TiO, Catalyst as a Function of Temperature

CH,/He C,H¢/He
CO, CO, Carbonaceous
species accumulated
T (°C) (umol/g) equivalent oxygen (umol/g) equivalent oxygen (umol/g)
(monolayers)/g (monolayers)/g
705 —_ —_ 15.5 5.7 160
745 — — 30.9 11.3 340
760 0.43 0.15 — —_— —
780 0.48 0.18 36.3 13.2 410
810 0.78 0.29 —_ — —_
845 1.80 0.65 433 16.0 500

g), the lattice parameters, and the number
of surface oxygen atoms/unit cell of rutile
titania.

The initial rates (spikes) of CO, and those
after 4 min of reaction (under pseudo steady
state condition) shown in Fig. 1, were used
to calculate activation energies for the reac-
tion of CH, with the lattice oxygen. Figure
2, curve (a) shows the results of the loga-
rithm of the initial rate vs 1/T in an Arrhen-
ius plot from which a value of 34.6 kcal -
mol "' is obtained. A value of 36 kcal - mol ™!
is obtained from pseudosteady state results,
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F1G. 2. Arrhenius plots of the rate of CO, production
after CH,/He (curves a and b) and C,H /He (curve
¢) reaction with the lattice oxygen of Li~-doped TiO,
catalyst.

which are also shown in Fig. 2, curve (b).
Initial rates of production of CO, from reac-
tion of CH, with lattice oxygen are deter-
mined based on the appropriate material bal-
ance for a CSTR reactor. At the peak
maximum shown in the transient results of
Fig. 1 the accumulation term is zero, and
therefore the outlet from the reactor molar
rate of CO, is equal to the rate of production
of CO, by reaction.

(b) C-H,/He Reaction

(bl) Effects of temperature. Figures
3a-3¢ show transient responses of gas-
phase CO, at 705, 745, and 845°C, respec-
tively, following the switch: He — 10%
C,H /He(t). At the lowest temperature stud-
ied, 705°C (Fig. 3a), there is an initial sharp
increase (spike, peak 1) in the rate of pro-
duction of CO, as the C,H(/He mixture
starts to flow over the catalyst. This is fol-
lowed by a quick achievement of a constant
value of the rate of production of CO, which
lasts for about 4 min. Then, the rate of reac-
tion goes through a second overshoot
(spike, peak 2), much larger than the first
one, which decays to the former value (that
obtained after 4 min of reaction) within
about 2 min. Following this second peak in
the rate of production of CO,, a third small
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F1G. 3. Transient response of CO, under C,H./He
flow according to the delivery sequence: He — 10%
C,Hi/He (T.1): () T = 705°C, (b) T = 745°C, and (¢)
T = 845°C.

peak (peak 3) also appears after about 7 min
of reaction, and the rate of CO, formation
decays to essentially zero approximately 14
min after initiation of the experiment.
Increasing the temperature to 745°C (Fig.
3b), the second and third peaks observed
at the lower temperature of 705°C grow in
intensity, the peak maxima shift to shorter
reaction times, and the intensity of first peak
(spike) is also increased compared to that
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observed at 705°C. Further increase of the
reaction temperature in the range 780-845°C
results in the disappearance of the second
and third peaks. At these temperatures only
a single peak is obtained with a peak maxi-
mum at reaction time in the range t = 0-10
s. On the other hand, the quantity of CO,
produced increases compared to that ob-
tained at the lower temperatures. Figure 3¢
shows such a CO, transient response at
845°C. Integration of the transients of Fig.
3 gives the amount of CO, produced (umol/
g) and that of lattice oxygen consumed
(monolayers). These are also shown in
Table 1. It is noted that in the experiments
of Fig. 3 small amounts of CH, and C,H,
were also measured (less than 109% of the
CO, produced) in the range 780-845°C. As
shown later, during the transient reaction
of Fig. 3 carbon species accumulate on the
catalyst surface. The amount of the latter
can be calculated based on a carbon material
balance. Thus, the amount of carbon species
is found by subtracting from the amount of
C,H, consumed the amount of CO,, CH,,
and C,H, produced in the gas phase. The
amount of C,H¢ consumed is calculated
from the area difference between the experi-
mental C,H, response and that of an inert
Ar gas (28). The amount of carbonaceous
species (umol/g) accumulated on the cata-
lyst at 705, 745, and 845°C are also given in
Table 1.

The CO, transient results in the tempera-
ture range of 780-845°C, where only one
peak is obtained, were used to calculate the
apparent activation energy of the reaction
of C,H, with the lattice oxygen species of
Li~-doped TiO, catalyst to form CO,. The
observed logarithm of the initial rates of CO,
production are shown as a function of the
inverse temperature in an Arrhenius plot in
Fig. 2, curve (¢). From this plot, an activa-
tion energy of 28 kcal - mol~! is calculated.
This value is lower by 8 kcal/mol of the
corresponding value obtained for the reac-
tion of CH, with the catalyst surface.

The much greater extent of reaction of
C,H, than CH, with the lattice oxygen of
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FiG. 4. (a) Transient response of CO, under O,/He
flow according to the delivery sequence: C,H¢/He
(845°C, Arj — He (845°C, 180 s) — O,/He (r}. Curve
A, At = 3 min; curve B, Ar = 10 min; curve C,
A7 = 20 min, and curve D, At = 40 min. (b) Transient
response of C.H, obtained during O./He treatment ac-
cording to the delivery sequence given in (a).

Li~-doped TiO, catalyst was further investi-
gated with respect to (a) effects of time on
stream of C,H./He and (b) oxygen titration
of the carbon species produced by the C,H,/
He reaction with the catalyst as well as their
reactivity.

(b2) Effects of time on stream of C-H/He
at 845°C. Figures 4a and 4b show transient
responses of gas-phase CO, and C,H,, re-
spectively, at 845°C following the sequence:
109% C,H./He (845°C, At} — He (845°C, 3
min) — 10% O,/He (845°C, 1). Results are
given for times on stream of C,H./He, At,
between 3 and 40 min. The transient re-
sponses shown in Figs. 4a and 4b corre-
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spond to the 10% O,/He treatment of the
catalyst for the above-described gas deliv-
ery sequence. As time on stream increases,
the amounts of CO, and C,H,, produced in-
crease and a shift in the appearance of the
maximum of the CO, peak (Fig. 4a) towards
higher reaction times in oxygen flow is ob-
served. The latter result is discussed later
in relation to a kinetic model which is devel-
oped. Worth of noting is the broad peak of
C,Hg (Fig. 4b) and the absence of a shift in
the peak maximum of it, results opposite
to those observed for CO, (Fig. 4a). The
amounts of CO, and C,H, produced (umol/
g) are shown in Table 2.

(b3) Effects of temperature during O-/He
treatment. The transient kinetics of the re-
action of carboneceous species with oxy-
gen, the former produced by reaction of
C,H¢/He with the lattice oxygen of the cata-
lyst, was studied as follows: The catalyst
was first treated with C,H/He at 845°C for
10 min, followed by cooling of the reactor
in He flow to a given temperature. The feed
was then changed to O,/He and the gas
phase responses of the reaction products
were monitored by mass spectrometry.
Only CO, and small amounts of C,H, were
measured. These transients are presented in
Figs. Sa and 5b for CO, and C,H;, respec-
tively.

In Fig. 5a it is observed that upon switch-
ing to the O,/He mixture a rapid increase in
the rate of production of CO, is obtained,
which decreases with increasing reaction
temperature. In addition, the total amount

TABLE 2

Amounts of CO, and C,H, Produced during O, Titra-
tion at 845°C, Following Reaction in C,H,/He at 845°C
for Various Times on Stream

Time on stream CoO, C,H,
(min) (pumol/g) (umol/g)
3 46.8 1.6
10 48.0 1.7
20 64.0 3.3
40 79.5 4.0
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F1G. 5. (a) Transient response of CO, under O./He
flow according 1o the delivery sequence: 109% C,H./He
(845°C, 600 s) — He, cool to reaction T — 10% O-/He
(7,1). Curve A, T = 707°C; curve B. T = 750°C. curve
C. T = 788°C: and curve D. T = 845°C. (b) Transient
response of C;H, obtained during O./He treatment ac-
cording to the delivery sequence given in (a).

of carbonaceous species removed by O,, as
CO,, decreases significantly with increasing
reaction temperature and a shift in the ap-
pearance of the CO- peak maximum towards
shorter reaction times is observed. It is also
noted that the shape of the CO, transient
response is much affected by the tempera-
ture of reaction (Fig. 5a). The C,H, response
(Fig. Sb) is not the same as the CO, re-
sponse. In this case the broadness of the
peak maximum decreases with increasing
reaction temperature, while peak maxima
also shift towards shorter reaction times.
The amounts of CO, and C,H, produced
{umol/g) are shown in Table 3. The quanti-
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TABLE 3

Amounts of CO, and C;H, Produced during O, Titra-
tion at Various Temperatures, Following Reaction in
C,Hg/He at 845°C for 10 Min

0, titration temperature CO, C-H,
°C) (wmol/g) (umol/g)
707 455 27
750 238 2.5
788 145 2.1
845 48 1.6

ties of both species produced decrease sig-
nificantly with increasing O, titration tem-
perature.

(¢) Kinetic Model for the Oxidation of
Carbonaceous Species Produced by
C,H./He Reuction

To interpret the experimental results pre-
sented in Figs. 4 and 5, the following kinetic
model is proposed. First, the surface car-
bonaceous species produced by the reaction
of the C,H, molecule with the lattice oxygen
species are assumed to be of the CH, (x =
0-3) and/or —CH,O (i.e., methoxy, x = 3)
forms. The latter species (CH, O) could also
be formed during O, titration. The validity
of this assignment is discussed later. Sec-
ond, the formation of CO, occurs via a se-
quence of elementary steps, which are given
below, where only those steps that control
the overall reaction rate possess the same
rate constant k. Third, the interaction of O,
with the catalyst surface (creation of lattice
and adsorbed oxygen), (step 1), is not con-
sidered as one of the rate-limiting steps, thus
it is assumed to be at equilibrium. For the
case of a CH, species, steps 2—-6 are appro-
priate:

Oyg) + (2¢” ) = (O° | O, + Ofa)

(step 1)
CH,(a) + O(s) — CH, _,(a) + OH(s)

(step 2)
CH,_,(a) + O(s) — CH,_,(a) + OH(s)

(step 3)
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CH_‘,E(a) + O(S)‘—" CH.‘,,3(a) + OH(S)

(step 4)
C(a) + O(s) — CO(a) + (s) (step 5)
CO(a) + O(s) — CO4(g) + (s) (step 6)
2 OH(s) - H,O + O(s) + O.. (step 7)

Here [, is an oxygen vacancy, O is a
lattice oxygen species, O(a) is an adsorbed
atomic oxygen species, CH(a), x = 1-3 is
an adsorbed hydrocarbon species, O(s) is an
atomic oxygen site (lattice and/or adsorbed
oxygen species), OH(s) is a hydroxyl spe-
cies formed on an O(s) site, and (s) is a site.
For the case of the presence of a CH,O
species, similar steps as those of 2-4 and 6
can be written, whereas step 5 may be ab-
sent from the above-described sequence of
steps. Step 7 represents the formation of
H,O and the release of O(s) sites.

The rate of formation of CO, can be for-
mulated according to the number of elemen-
tary steps among the steps 2—6 given above
which control the overall reaction rate. With
this in mind and the assumption that the
surface concentration of O(s) species re-
mains constant during oxygen titration, then
analytical solutions for the rate of CO, for-
mation exist. Recently, Bianchi and Gass
(29) presented a similar analysis for the case
of hydrogen titration of surface carbon spe-
cies produced by the CO/H. reaction on an
Fe/AlLO, catalyst. The expressions for the
characteristics of the maxima in the rate of
CH, formation given by Bianchi and Gass
(29) were found to be similar for the present
CO, rate of formation according to the ki-
netic model described above. Of particular
application to the present work is the rela-
tionship (29)

;o a— 1
™" k,exp(— E/RT)[O]

(h

where: ¢, is the time of appearance of the
peak maximum in the CO, response during
O,/He titration, « is the number of elemen-
tary steps with the same rate constant &,
which control the rate of formation of CO,,
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F1G. 6. Application of Eq. (2) for justifying the kinetic
model derived for the oxidation of carbonaceous spe-
cies formed by the reaction of C.H, with the lattice
oxygen of Li~-doped TiO, catalyst.

and [O ] is the concentration of O(s) species.
The rate constant k is given by the Arrhenius
retationship: & = k, exp(— E/RT), where E
is the activation energy for the oxidation of
~CH, or —~CH,O species.

Equation (1) shows that there exists a
peak maximum at 7, # 0, if the rate of CO,
formation is controlled by more than one
steps (e > ). Equation (1) can be rearranged
to give

(e (E) (1
0ty = In (ko[OJ) * (R)(T> 2)

The validity of the kinetic model pre-
sented above was checked using Eq. (2) and
the results of Fig. 5a. Figure 6 is a plot of
these results based on Eq. (2). An activation
energy of 15.3 kcal/mol for the oxidation of
carbon species (— CH, or —CH,0O) to form
CO, is estimated. The good fit of the data
to the model is noted.

DISCUSSION
(a) CH,/He Reaction

The transient kinetic results of the reac-
tion of CH, and C,H, molecules with the
lattice oxygen of Li*-doped TiO, catalyst
to form CO, (Figs. 1-3) suggest the difterent
characteristics of each reaction pathway
(i.e., number of elementary steps, or rate-
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determining step(s), or rate constants of in-
dividual reaction steps, or composition of
surface intermediate species). The absence
of gas-phase ethane product during reaction
of CH, with the lattice oxygen of the catalyst
(Fig. 1) is an important result. It has been
suggested by many investigators, based on
experimental evidence given by Lunsford
and co-workers (/5, /8), that in many cata-
lysts used for oxidative coupling of methane
(OCM), methyl radical species (CH;-), gen-
erated by the catalyst under OCM condi-
tions (CH,/O, feed) via H- abstraction from
the CH, molecule by oxygen species, desorb
into the gas phase to form C,H,. If this
mechanistic step is correct, then the results
of CH, reaction with the catalyst surface in
the absence of gas-phase oxygen (Fig. 1)
suggest that the rate of desorption of methyl
radicals is much smaller than their rate of
reaction to CO, on the catalyst surface, or
CHs;- radicals desorb into the gas phase and
form C,H, which then burns on the catalyst
surface. The second explanation is not plau-
sible since no carbon deposits are left on
the surface as in the case of C,H (Table 1).
Furthermore, the transients of Figs. 1 and
3 are different. Thus, it is suggested that
surface oxidation steps leading to CO, are
dominant over the desorption of CH;- spe-
cies in the gas phase. These results then
may imply that gas-phase oxygen is required
in order to form adsorbed oxygen species on
the surface which favor formation of CH;-
species with a desorption rate (leading to
C,H,) comparable to that which leads to CO,
products. The present results of Fig. | sug-
gest that following reaction of CH, (in the
absence of gas-phase oxygen) with the
catalyst surface, —CH, (x = 0-3) and/or
— CH,O species are formed on the surface.
These species react with the lattice oxygen
of the catalyst to form exclusively CO,. In
particular, the formation of —CH;0 (me-
thoxy) species has been proposed as an in-
termediate species under OCM conditions
on other catalytic systems (30, 3/).
Ekstrom and Lapszewicz (/2) have stud-
ied the reactivity of CH, with the lattice
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oxygen of Sm,0,, Li/Sm,05, and Pr,0,, cat-
alysts using transient isotopic techniques.
Their results indicated that the lattice oxy-
gen of Sm,0, was not reactive towards CH,,
whereas the opposite was true for Pr,O,,.
For the latter case, the CO, transients ob-
served were very similar to those shown in
Fig. 1.

The activation energy for the formation
of CO, (34 kcal/mol), calculated from the
CH, transient results of Fig. 1 as explained
in a previous section, is similar in magnitude
to that found under OCM conditions (38
kcal/mol) for the present catalyst (/9). How-
ever, the activation energy of the reaction
of C,H, with lattice oxygen to form CO, was
found to be smaller by 8 kcal/mol than that
of the reaction of CH,. On the other hand,
recent transient work (25) with C,H./O,
mixtures provided the activation energy of
reaction of C,H, with adsorbed oxygen spe-
cies (no gas-phase reaction) to be of 40 kcal/
mol. These facts may imply that a large frac-
tion of CO, produced under OCM condi-
tions originates from the combustion of
methyl radicals, which occurs via lattice ox-
ygen species, and also from the combustion
of C,H, with adsorbed oxygen species. For
the latter, experimental evidence using
13C,H, has been provided recently by Nel-
son and Cant (32) over the Li/MgO catalyst.
On the other hand, the combustion of C,H,
on lattice oxygen sites might be of second-
ary importance. Large amounts of carbon
species accumulate on the catalyst during
reaction with C,Hg in contrast to the case
of CH,. These results indicate that breaking
of the C—H bond on the catalyst surface is
more difficult than breaking of the C-C
bond. However, the resulting carbon inter-
mediate species from the reaction of CH,
with the catalyst surface are more active
towards lattice oxygen than the correspond-
ing carbon species formed by the reaction
of C,H, with the surface.

The kinetic model developed to interpret
the transient results of Fig. 5 assumes that
the surface oxygen concentration remains
constant during the oxidation steps 2-6.
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Given the facts that: (a) only a small amount
of carbon species is accumulated on the sur-
face during reaction of CH, with the cata-
lyst, (b) a small amount of equivalent oxy-
gen is removed as CO, during the first 20 s
of reaction (time required to form the peak
maximum, spike in Fig. 1, followed by the
rapid decay), and (c) diffusion of lattice oxy-
gen species from the bulk to the surface does
occur (21), it could be stated that during the
initial 20 s of the transient the concentra-
tion of surface oxygen species remains ap-
proximately constant. Then, the appearance
of the CH, peak maximum at r = 0 (spike
in Fig. 1) at all temperatures studied sug-
gests that the rate of oxidation of CH_ (x =
0-3) and/or —CH,O species according to
the elementary steps 2—-6 and Eq. (1) occurs
via only one rate-determining step.

(b) C.H¢/He Reaction

The isothermal transients of the reaction
of C,H with the lattice oxygen species of
the catalyst at 705°C (Fig. 3a) and 745°C
(Fig. 3b) produced three peaks, whereas at
845°C only one peak is obtained. In at-
tempting to understand these peaks and the
sequence of steps for the oxidation of C,H,
by lattice oxygen species of the catalyst, a
quantitative model should be used which
must exactly describe these transients.
However, such a task is not within the scope
of this work. Only qualitative conclusions
are drawn from the various peaks of Fig. 3.

Peak 1: The overshoot at time zero (peak
1) is in agreement with the initially high sur-
face concentration of lattice oxygen species.
In addition, this implies that the rate of oxi-
dation of the various carbonaceous interme-
diate species that eventually lead to CO, is
relatively fast.

Peak 2: The overshoot appearing as peak
2 in the temperature range of 705-780°C,
which is much higher than that of peak 1,
cannot possibly arise from an oxygen spe-
cies of the same layer which is more reactive
than that associated with peak 1. If this were
the case, then one should expect that upon
introducing C,H, over the catalyst surface
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the more active oxygen species would react
first. The following may be appropriate in
trying to interpret the overshoot in peak 2.

The appearance of this overshoot coin-
cides approximately with the depletion of
the first equivalent monolayer of oxygen
species of the catalyst. As oxygen atoms of
the first layer are removed from the lattice of
TiO,, the corresponding lattice Ti** cations
are reduced, and one expects that the
strength of titanium and oxygen bond of the
second layer would increase. During this
destructive process of the surface of TiO,,
diffusion of lattice oxygen species from the
bulk to the surface is expected, as it has been
shown in a recent study by 'O, transient
experiments (21). This diffusion process
may result in an increase in the surface con-
centration of oxygen, if the rate of removal
of surface oxygen by reaction is smaller than
the rate of supply by diffusion. However,
the surface concentration of oxygen would
never exceed the value corresponding to the
first atomic layer (before the catalyst is ex-
posed to the C,Hqi/He reaction mixture).
Therefore, the overshoot of peak 2, five
times larger than that of peak 1, cannot be
explained by a sudden increase in the sur-
face concentation of oxygen.

Considering the rate of production of
CO,, Reg,, given by the relationship,

Reo, = K'0c80, 3)

where &’ is the rate constant, 8 is the cover-
age of carbon-containing intermediate spe-
cies formed by the reaction of C,H, with the
catalyst surface and which participate in the
rate-determining step, and 6, is the cover-
age of surface lattice oxygen species, and
the considerations mentioned in the previ-
ous paragraph, then it is logical to think that
the parameters 6. and k' appeared in Eq.
(3) must be responsible for the sudden in-
crease in the rate of CO, formation (peak 2)
observed.

It is appropriate to note here that catalytic
rate enhancements during transient condi-
tions have been observed in many systems.
For example, oxidation of ethylene (33),
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acetylene hydrogenation (34), ammonia
synthesis (35) and carbon monoxide oxida-
tion (36-38). A concept that has been pro-
posed to explain this catalytic rate enhance-
ments is that adsorbed intermediate species,
which participate in the reaction, form is-
lands (39—42). These islands are patches of
the surface and reaction takes place along
the perimeter of the island of the adsorbed
reaction intermediate species. In the present
work it was found that during the first 4 min
of reaction (Fig. 3a), carbonaceous species
build up on the surface. Their form by which
are deposited on the surface is of course
unknown. It is reasonable to suggest that in
the present situation as well, during con-
sumption of the first layer of surface lattice
oxygen carbonaceous species accumulate in
“island’” forms on the catalyst surface.
When a critical oxygen coverage occurs, by
diffusion of lattice oxygen from the bulk,
reaction occurs whose rate is enhanced dra-
matically due to high concentration of car-
bon species, and also to local increase of
temperature from the exotherm of the com-
bustion reaction. These processes give rise
to peak 2 of Figs. 3a and 3b.

Similar overshoots in the rate of reaction
have been observed for the CO/H, reaction
on Rh/ALO; (43) and other catalysts. For
the Rh/ALO; case it was found that the Rh
surface appears deficient in hydrogen con-
centration following reaction in CO/H,.
Upon change of the feed from CO/H, to H,,
an overshoot in the rate of CH, production
occurred, similar to that observed in the
present work (Fig. 3, second peak). How-
ever, the CH, overshoot was explained,
based on experimental evidence, as due to
a sudden increase in the surface coverage
of hydrogen.

Peak 3: The appearance of the third CO,
peak (not a spike) in the transients of Figs.
3a and 3b, following that of the second peak
described in the previous paragraphs, may
have the same origin as that of the second
peak. The magnitude of this peak is signifi-
cantly smaller than that of the previous one
due to the fact that the availability of mobile
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lattice oxygen is now limited since a large
fraction of it has been consumed previously.
This peak may also be attributed to oxida-
tion of carbon species, formed in a previous
reaction time, with a higher activation en-
ergy than that which gives rise to the second
CO, peak.

The possibility that part of the CO, tran-
sient results in Figs. 3a and 3b could be
explained as due to desorption of CO, as
a result of readsorption effects along the
catalyst bed, or from Li,CO; decomposi-
tion, is excluded. This is based on the fol-
lowing experimental evidence. Transient
experiments with 1.59% CO,/He in the range
700-850°C showed that upon the switch
from He to CO,/He the gas phase response
of CO, followed exactly that of an inert,
nonadsorbing gas (Ar) when the switch from
He to Ar/He in the range 700-850°C was
made. This experiment clearly suggests that
as far as the CO, is concerned there are no
CO, readsorption effects in the results of
Fig. 3. In addition, if any Li,CO, is formed
during the transient reaction of Fig. 3, the
aforementioned transient results with CO-/
He suggest that the decomposition of
Lt,CO; is a very fast process. Worth noting
here are also results from transient isotopic
experiments with *CH,/'*0, (24) which pro-
vided strong evidence that the carbon pool
to form CO, during OCM reaction at 800°C
is practically zero. This suggests that any
appreciable amount of Li,CO, reversibly in-
teracting with gas phase CO, does not exist
on the present Li™-doped TiO, catalyst.

At temperatures in the range 780-845°C,
reaction of C,H with lattice oxygen of the
catalyst results in a single CO, peak only
(Fig. 3c). This behaviour suggests that it is
not possible, in this temperature range, to
resolve the reaction processes which give
rise to the second and third CO, peaks (Figs.
3aand 3b). The corresponding reaction rates
become similar, and the plateau in the rate
of CO, which appeared before the occur-
rence of the overshoot in peak 2 (Figs. 3a
and 3b) disappears. The latter may be re-
lated to the dependence of island formation
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of carbon species on reaction temperature.
Thus, the single peak of Fig. 3¢ probably
incorporates the three peaks of Figs. 3a and
3b. A noticeable break in the right-hand-
side of the peak in Fig. 3¢ might indeed
indicate this incorporation.

The amount of CO, produced during reac-
tion of C,H, with lattice oxygen is less than
the total amount of equivalent oxygen pres-
ent in the catalyst (0.35% of the total amount
at 845°C). This, along with the fact that the
reaction stops after a given time (see Figs.
3a—3c¢), may suggest that the carbonaceous
species formed during reaction inhibit in
some way the diffusion of bulk lattice oxy-
gen to the surface or that the rate of diffusion
of bulk lattice oxygen of lithium-doped tita-
nia which has been reduced to a consider-
able extent is immeasurably low. The possi-
bility that destruction of the lattice may also
play an inhibiting role for the aforemen-
tioned diffusion processes cannot be ex-
cluded. In addition, the release of O(s) by
dehydroxylation of the surface to form H,O
(step 7) may be a slow enough reaction step
compared to the other ones shown in the
sequence of steps 2-6 of the model pre-
sented here, reducing, therefore, further re-
action of C.H, with lattice oxygen.

Morales and Lunsford (44) proposed the
formation of C,;H:O~ species on the surface
of MgO after reaction of the latter with
C,H,. This ethoxide species may decom-
pose to C,H, or get oxidized to CO and CO,.
If such a species is formed on the present
catalyst, then the predominant reaction
route for this species is its oxidation to CO,.

(¢) Oxidation of Carbonaceous Species
Formed by C,H¢/He Reaction with
Lattice Oxygen of the Li™-Doped
TiO, Catalyst

The kinetic model used for the oxidation
of carbon species formed upon reaction of
C,.H, with the lattice oxygen of Li -doped
TiO, catalyst, based on a sequence of ele-
mentary steps, was found to explain well
the shift, with respect to reaction time under
oxygen flow, of the peak maximum obtained
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in the CO, transient response. The produc-
tion of CO, during C,H,/He reaction (Fig.
3) certainly implies a breaking in the C-C
bond of the ethane molecule, thus —CH,
{x = 0-3) species are first expected to be
formed. Further reaction of CH, species
with lattice oxygen to form a more stable
CH, O species is also possible. The present
kinetic model, together with the experimen-
tal results of Fig. 5, for the first time pro-
vides information that accounts in some de-
tail for the sequence of steps of the oxidation
of carbon intermediate species formed by
reaction of C,H, with the lattice oxygen of
an OCM catalyst.

1t has been shown (//, I4) and it has also
been observed in this laboratory (24) that
under OCM conditions the coverage of car-
bon-containing intermediate species that
fead to CO and CO, is rather small. The
transient responses (under steady-state
tracing conditions) of *CO, and "CO are
relatively fast and close to the 'CHj, re-
sponse, so a detailed analysis of these tran-
sients by a model based on a sequence of
elementary steps to probe for the mecha-
nism of CO, formation may not be feasible.
On the other hand, the present transient re-
sults of Fig. § along with the kinetic model
presented provide an alternative way to
probe for the formation of CO, by the oxida-
tion of carbonaceous species —CH, and/or
~CH, O, which are also likely to be formed
under OCM conditions but with a very small
coverage. Thus, the results of Figs. 5 and 6
may suggest that a stepwise dehydrogena-
tion mechanism of an hydrogen-containing
carbon intermediate species, formed under
CH,/0O, reaction conditions by the aid of
adsorbed oxygen species, to form CQO and/
or CO, may be operative. On the other hand,
the results of Fig. 6 provide an activation
energy of 15.3 kcal/mol for the formation of
CO,, based on the stepwise dehydrogena-
tion mechanism, to be compared 1o 38 kcal/
mol found under OCM conditions. These
results may suggest that under OCM condi-
tions the rate-determining step in the reac-
tion sequence to form CO, is not the
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stepwise dehydrogenation of an hydrogen-
containing carbon species but rather the for-
mation of that by the reaction of CH, with
the catalyst surface. Such a step might be
the formation of CH;' or —CH_ O species.

It is important to note here that at least
two steps are rate-determining for the oxida-
tion of carbon species formed by the reac-
tion of C,H, with lattice oxygen. This oxida-
tion is performed under O, flow conditions.
On the other hand, the oxidation of carbon
intermediate species by lattice oxygen, the
former produced by CH, reaction with lat-
tice oxygen, is controlled by one step only,
as discussed in a previous section.

The elementary step 6 of the kinetic model
presented, which eventually leads to gas-
phase CO., is taken as an irreversible step.
This implies that adsorption of CO, on the
catalyst surface or formation of Li,CO, is
neglected. We have shown in a previous
work (/9) and discussed before that the
present catalyst does not adsorb CO, at tem-
peratures higher than 500°C, whereas XPS
measurements have shown that lithium seg-
regation to the catalyst surface is small (/9).
Thus, the irreversibility of step 6 of the ki-
netic model is justified by experimental evi-
dence. Transient experiments with 0.5%
CO/6% O,/He mixture showed that above
700°C CO reacts with the catalyst to form
CO, whereas the surface coverage of CO
is practically zero (25). These results may
imply that steps 5 and 6 of the kinetic model
presented are relatively faster than steps
2-4,

The irreversibility of steps 2—-6 and the
assumption that a number of these steps
have about the same rate constant &,
whereas the other steps have a much larger
value of &, provided a simple and useful
relationship (Eq. (2)) from which kinetic pa-
rameters can be extracted. Otherwise, the
individual k of each step in the sequence of
steps could only be obtained by solving a
complex system of differential equations,
the latter based on material balances and the
kinetics involved in the proposed scheme of
steps 1-7. Then, appropriate & values are
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obtained which best describe the transient
responses of Fig. 5. As it was mentioned in
a previous section, Eq. (2) of the kinetic
model proposed has also been used 1o ex-
plain shifts in the peak maximum of the CH,
rate observed during isothermal transient
hydrogenation of carbonaceous species
formed after CO/H, reaction (29).

The transient CO, and C,H, results of Fig.
S, which refer to the oxidation of carbona-
ceous species formed by C,H,/He reaction
with the catalyst, contain very important
information related to the kinds of adsorbed
oxygen species and their reactivity towards
the aforementioned carbonaceous species.
At first, the fact that the quantity of carbona-
ceous species removed by O, as CO, de-
creases drastically with increasing tempera-
ture of reaction in O, flow may seem
surprising. This behaviour could be attrib-
uted to an increase in reactivity of the car-
bonaceous species formed at 845°C by
C,H¢/He reaction with the catalyst, while
the catalyst is cooled to a lower temperature
in He flow (transformation to a more active
form). If this were true, then one would ex-
pect an effect of time in He flow treatment
on the reactivity of carbonaceous species.
An experiment was conducted which con-
sisted of cooling the reactor from 845 to
707°C during a period of 5 or 40 min,
whereas the corresponding experiment
shown in Fig. 5a, curve A corresponds to a
cooling period of 10 min. The results ob-
tained were identical to those shown in Fig.
Sa, curve A. Thus, it is reasonable to ex-
clude the possibility that during the cooling
period from 845°C to a lower temperature,
before O, titration, the reactivity and
amount of carbonaceous species had
changed. An alternative explanation must,
therefore, be sought.

It is suggested that the effect of tempera-
ture on the quantity of carbonaceous species
removed by O, titration (Fig. 5a) can be
attributed to two main factors. The first one
is the different kind of adsorbed oxygen spe-
cies, formed by interaction of gas-phase ox-
ygen with oxygen anion vacancies, whose
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formation on the catalyst surface depends
on temperature. These oxygen species have
different reactivity towards the carbona-
ceous species formed by C,H,/He reaction
with the catalyst. Oxygen-adsorbed species
such as O™, O5, and O3~ have been re-
ported to be formed under oxygen treatment
conditions of an OCM catalyst (5). The sec-
ond factor is related to the concentration of
these adsorbed oxygen species at a given
temperature. The higher the concentration,
the higher the probability of finding adjacent
oxygen sites required for the oxidation of
carbonaceous species according to the se-
quence of steps 2-6 of the kinetic model
presented. Thus, the lower the temperature,
the higher the concentration of adsorbed ox-
ygen species expected to be formed on the
catalyst surface. The increase in the intial
oxidation rate with decreasing temperature
shown in Fig. Sa, is a strong indication of the
validity of the explanation offered above.

The shape of the CO, transient at 707°C
in Fig. 5a may suggest that more than two
kinds of carbon species had been accumu-
lated on the catalyst surface following reac-
tion of C,H¢/He at 845°C. The presence of
these carbon species is probed by O, titra-
tion at various temperatures (compare
curves A and D in Fig. 5a). It should be
made clear that the activation energy of 15.3
kcal - mol ™! found for the oxidation of these
carbon species, calculated based on the ob-
served shift in the peak maximum of CO,
transient response in Fig. 3a, is associated
with one kind of carbon species only, that
which almost exclusively reacted with oxy-
gen at 845°C (Fig. 5a, curve D). Thus, reac-
tion of C,H, with lattice oxygen produces
more than one kind of carbon species, likely
similar to those appeared in the kinetic
model proposed.

An important information which can be
drawn from the results of Fig. 5a is the ex-
clusion of an Eley—Rideal mechanism for
the reaction of gas-phase oxygen with the
carbonaceous species to form CO,. Such a
mechanism would have to result in a higher
reaction rate and removal of more carbon
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species with increasing temperature, since
the oxygen pressure and the initial coverage
of carbon species are kept constant at any
temperature. This is exactly the opposite of
that observed in Fig. 5a.

Worth of discussion is the appearance of
C,H, during the O, titration of the carbon
species following reaction of C,H,/He with
the catalyst (Fig. 5b). The assignment of the
signal of m/e = 30 to C,H, came after care-
ful examination of the possibility that this
signal may also arise from CH,0O. Due to
the lack of capability of performing a GC/
MS quantitative analysis of the effluent gas
from the reactor under dynamic conditions,
the following procedure has been applied
using only the mass spectrometer detector.
The m/e = 26 has been used to identify the
presence of C,H,, where the CH,O species
does not contribute to the signal of this mass
number. The increase of m/e = 26 signal
from its background value during the O,/He
titration was indeed observed. If there were
no CH,O in the product stream, and the
latter consisted only of C,H,, then the ratio
of the signals corresponding to m/e = 26
and 30 ought to be the same as that obtained
by passing to the mass spectrometer an
C,;H,/He mixture bypass the reactor. This
result was indeed observed within 10%. It
is also mentioned that (a) no signals due
to m/e = 31 and 43 have been observed,
indicating that neither CH;OH, C,H;OH, or
CH,CHO are formed during oxygen titra-
tion of the carbon species (Fig. 5), and (b)
no desorption of C,H, was measured during
He purge from 845°C to the O, titration tem-
perature. These results may imply that the
removal of carbon species by oxygen to
form CO, releases appropriate sites which
are required for the formation of C,H, from
its precursor surface species. It is specu-
lated whether an ethoxide species (OC,Hy)
is the precursor to form C,H, during O, titra-
tion. This species has been reported to be
formed by C,H, reaction with the O~ ions of
MgO and lithium-promoted MgQO catalysts
(44, 45).

Catalytic results of the CH,/O, reaction
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over the present Li*-doped TiO, catalyst
show that the Cy-hydrocarbons selectivity
increases  with reaction temperature
(19-21). This result may be related to the
results of Fig. 5, which show that the lower
the temperature the larger the amount of
carbonaceous species removed by gas-
phase oxygen as CO,. Even though the cov-
erage of carbon species that are in the se-
quence of steps to form C,H, and CO, (x =
1,2) is relatively small under OCM condi-
tions over many catalytic systems (//, 13,
14), this does not contradict the aforemen-
tioned notion.

The shift of the peak maximum of CO,
response obtained during O, titration, fol-
lowing reaction of C,H¢/He at 845°C for var-
ious times on stream (Fig. 4a), could be ex-
plained evoking Eq. (1). An increase of ¢
could be caused by a decrease in the concen-
tration of oxygen species [O.]. This is very
likely to be the case since it was found that
the amount of carbon species formed on the
surface by C,H,/He reaction at 845°C in-
creases with time on stream. Thus, as time
on stream increases the concentration of ox-
ygen vacancies blocked by carbonaceous
material may increase as well,

CONCLUSIONS

The following conclusions may be drawn
from the results of the present investigation:

I. The lattice oxygen of 2 wt% Li,O-
doped TiO, catalyst used for the oxidative
coupling of methane reaction is found to be
a total oxidation site, producing exclusively
CO,, following reaction with CH,/He. For
the case of C,H,/He reaction, small
amounts of C,H, and CH, are formed,
whereas the main reaction product is also
CO,. In addition, large amounts of carbona-
ceous species accumulate on the catalyst
surface. Activation energies of 34.0 and 28
kcal - mol~! for CH, and C,H, reaction with
the lattice oxygen of Li*-doped TiO, cata-
lyst were found, respectively, whereas their
transient kinetics were much different.

2. The present CH,/He transient reaction
results suggest that adsorbed oxygen spe-

EFSTATHIOU, PAPAGEORGIOU, AND VERYKIOS

cies formed by interaction of gas-phase oxy-
gen with oxygen vacancies of the present
catalyst may be responsible for generating
CH;- species that can be dimerized on the
surface or in the gas phase to form C,H,.

3. Oxygen titration transient results of
carbonaceous species formed by C,H./He
reaction were interpreted by a kinetic
model, based on a sequence of elementary
steps. It was found that a stepwise dehydro-
genation of these carbonaceous species,
~CH, (x = 0-3) and/or —CH,O explains
well the main features of the O, titration
transient results.

4. The oxygen titration transient results
of carbonaceous species formed by C.H/
He reaction at 845°C suggest the presence
of more than one kind of adsorbed carbon
species with different reactivity. An activa-
tion energy of 15.3 kcal - mol ™! was calcu-
lated for one kind of these carbonaceous
species.
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