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At Cl/Li atomic ratios approaching unity, Li*-MgO-Cl~ cata-
lysts undergo a marked change in behavior with respect to the
oxidative coupling of CH, to form C,H, and C,H, hydrocarbons.
Most significant are the large C,H,/C,H, ratios that may be ob-
tained, primarily as a result of the enhanced activity for the oxida-
tive dehydrogenation of C,Hy. The presence of Cl™ ions at the
appropriate level modifies the catalyst so that it no longer functions
as a strongly basic oxide. In particular, the catalyst is not poisoned
by CO,, which normally dominates the kinetic behavior of a
Li*-MgO catalyst. The intrinsic activity for CH; - radical genera-
tion over a properly chlorided Li* -MgO catalyst is less than that
of a normal catalyst, but after poisoning by CO,, the activities of
the two catalysts are comparable. At the typical reaction tempera-
ture of 650°C, chlorine is slowly lost from the catalyst, but this
chlorine may be replaced by adding a small amount of HCI inter-
mittently to the feed stream. At temperatures as low as 625°C, a
CH, conversion of 29% and a C,, selectivity of 60% may be
achieved. «© 1994 Academic Press, Inc.

INTRODUCTION

A practical goal in the oxidative coupling of methane
is to produce high yields of ethylene. Ethane is the primary
product of the reaction; however, in a single catalyst bed
the oxidative dehydrogenation (OXD) reaction also oc-
curs. It has been demonstrated by several investigators
that the latter reaction is promoted by chlorine, either
added directly to the catalyst or introduced into the re-
agent stream as HC] or an organic chloride (1-3).

Burch and co-workers (4—6) have carried out studies
on the promotional effect of chlorine on the partial oxida-
tion of methane over several catalytic materials. They
found that the injection of pulses of gaseous chlorinated
compounds over MnO,, Li/MnO,, Li/MgO, and Li/
Sm,0; increased the selectivity to ethane and ethylene
for various periods of time. The addition of CH,CI, to a
LiCl/MgO catalyst resulted in higher C,H,/C,H, ratios.

! To whom correspondence should be addressed.

The total C, (C,H, plus C,H¢) production was essentially
unchanged, suggesting that CH,Cl, acts to promote the
dehydrogenation of ethane. Otsuka et al. (7) found that
a puise of CH;Cl passed over a Li/NiO catalyst increased
the ethane selectivity for several hours.

Since chlorine is known to effect the dehydrogenation
of C,H, in the gas phase, it has been suspected that homo-
geneous reactions may be responsible for the large C,H,/
C,Hg ratios that are observed in these chlorine-containing
systems (2, 8). Burch et al. (6) found that CH;Cl was
ineffective in enhancing C,H, selectivity, although HCI
significantly promoted the conversion of ethane to ethyl-
ene in a gas phase process. A 1.5% HCI concentration in
the feed was required to obtain ethylene yields, in a purely
homogeneous reaction, similar to those obtained over a
LiCl/MnO, catalyst. Increasing the postcatalytic volume
did not have a positive effect on selectivity, indicating
that homogeneous reactions in this region are not respon-
sible for the enhanced C,H,/C,H; ratios.

Burch et al. (4) have proposed that with alkali chio-
ride-MnCl, catalysts, the improved C, selectivity results
from the formation of a manganese oxychloride surface.
Lambert and co-workers (9), using modified Mn;0,, have
confirmed the positive effects of chlorine introduced via
the gas phase or as KCl. The greater C, selectivity is
attributed either to site modification or the formation of
active chlorine radicals on the surface.

More recently, as a result of transient studies, Burch
et al. (10) have concluded that at low concentrations (ca.
25 ppm), there is no detectable effect of gas phase chlo-
rine. Rather, an important role of chlorine is to produce
new sites that are particularly effective in the activation
of ethane. Both HCl and Cl, at 1700 ppm inhibit the activa-
tion of CH, over Sm,0,, and they cause the C,H,/C,H;
ratio to decrease.

Thomas et al. (11) have examined a family of bismuth
oxychlorides for catalytic activity in methane coupling.
They reported CH, conversions up to 42% and C,H,/C,H,
ratios as great as 35. However, these materials generally
lost activity within a few hours. They observed that the
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structures with the least labile chlorine were the most
active for methane conversion, although this trend did
not necessarily hold for C,H,/C,H¢ ratios. Khan and
Ruckenstein (12) found BiOCl/Li,CO;/MgO materials to
be active and selective catalysts. Neither BiOCl nor
BiOCI/MgO were very effective, but the BiOCl/
Li,CO,/MgO catalyst gave 18% conversion and 83% se-
lectivity after 5 h on stream. The C,H,/C,H, ratio was
2.9. Temperature-programmed desorption (TPD) and X-
ray photoelectron spectroscopy (XPS) results suggested
that lithium helps stabilize the chlorine on the surface.
Furthermore, the bismuth is believed to enhance C, selec-
tivity.

The reported lifetimes of most chlorine-containing cata-
lysts are relatively short. Burch et al. (6) observed deacti-
vation in a few hours, in agreement with the report of
Otsuka et al. (13), who found that several LiCl/transition
metal oxides deactivated within 3 h at 750°C. The LiCl/
NiO system deactivated in a relatively short period at
750°C, but at 640°C the catalyst was found to be stable
for more than 20 h on stream.

Hinson et al. (14) found that a Li*-MgO-Cl~ catalyst
prepared via a sol-gel process was effective for periods
up to 238 h. C, vields up to 20% and C,H,/C,H, ratios of
ca. 5 could be achieved at 640°C. At this temperature,
the rate of chilorine loss from the catalyst was small. In
a related study, Conway and Lunsford (3) found that the
same catalyst was highly effective in the OXD of ethane
at 650°C. Ethylene yields as great as 45% (65% C,Hq
conversion and 69% C,H, selectivity) were found. These
results are consistent with the large C,H,/C,H, ratios ob-
served in the oxidative coupling reaction.

Ruckenstein and Khan (15) also have found that the
addition of mixed alkali metal chlorides to MgO yielded
stable catalysts that were active and selective for the
oxidative coupling reaction. These catalysts gave C,H,/
C,Hj ratios as great as 2.2. Based on benzoic acid titration
and CO, desorption measurements, the authors concluded
that these materials were highly basic, and that the resid-
ual chlorine species only enhanced the C, selectivity ini-
tially. This group also found that a Na*-Zr0O,-Cl~ cata-
lyst prepared by a sol-gel method was characterized by
a CH, conversion of 14%, a C, selectivity of 77%, and a
C,H,/C,H, ratio of 3.3 after 30 h on stream at 750°C (16).

In the present study, the role of Cl~ ions in modifying
the Li/MgO catalyst was evaluated in more detail by inde-
pendently varying the concentration of Li* and C1~ ions
in the catalyst. It will be shown that the presence of Cl-
ions in a Cl/Li ratio of =0.9 has a dramatic effect on the
nature of the active centers. With the addition of CI-
ions, the intrinsic rate of CH, activation decreases, but
the catalysts are also much less subject to poisoning by
CO,. Moreover, Cl~ ions inhibit extensive sintering of
the catalysts. As a result, under normal operating condi-
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tions, the Li*-MgO-Cl~ catalysts give greater CH, con-
versions than the conventional Li/MgO catalysts. Since
the chlorided catalysts are not poisoned by CO,, they are
particularly well suited for a kinetic study. A previously
developed model (17, 18) has been used to interpret the
kinetic data. A related paper will provide additional infor-
mation on catalyst characterization and will focus on the
oxidative dehydrogenation of ethane.

EXPERIMENTAL

Catalyst Preparation

The catalysts that contained both Li* and Cl- ions
were prepared both by a sol-gel method and an aqueous
slurry method. In the sol-gel method, the MgO was de-
rived from the hydrolysis of a magnesium alkoxide,
Mg[ - OCH,CH,CH(CH,),],, prepared according to a
variation of a method described in the literature (19, 20).
A catalyst consisting of HgCl, and CCl, was necessary
to promote the reaction between magnesium metal and
3-methyl-1-butanol, and chlorine was introduced into the
final product via this catalyst.

A typical sol-gel preparation was carried out using 4
g of Mg metal in a 500-ml, three-neck round bottom flask,
equipped with a chilled-water condenser. The condenser
was necessary to prevent loss of CCl,. The system was
flushed with N,. After the Mg and the 3-methyl-1-butanol
had been heated to 110-130°C, HgCl, and a few ml of
CCl, were added. Following initiation of the reaction,
CCl, was added as needed to sustain the reaction, and
the remaining 3-methyl-1-butanol was added slowly. Typi-
cally, the reaction was complete within 1 h, but the solu-
tion remained another 2 h before lithium was added as
LiNO;.

Hydrolysis was achieved by passing a water-saturated
stream of N, through the solution. Drying was carried out
on a hotplate in an open beaker. This was sometimes
followed by heating the catalyst in a vacuum oven at ca.
160°C. The dried material was ground to a powder and
calcined at 500°C for several hours and then at 600-750°C
for 10-16 h. This material was ground again and pressed
into wafers, which were broken and sieved to 20/45 mesh.
Finally, the catalyst was calcined a second time at 500°C
and then at 750°C. Catalysts prepared by the sol-gel
method are designated Li*-MgO-Cl~ (SG).

In the slurry method, HCI was added slowly to a stirred
aqueous slurry of MgO or MgCO, and Mg(OH), at 40°C,
and the mixture was stirred for several hours. Typically,
Fisher MgO (light) was used; however, EM Science
4MgCO,; - Mg(OH), - 5H,0 also yielded a catalyst that
gave high C,H/CH, ratios. Fisher ACS certified MgO
was not as effective a starting material. It appears that a
MgO or MgCO, sample of low apparent density is needed.
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The initial surface area of the MgO starting material is
not a critical factor. An aqueous solution of LiNO; was
then added to the slurry, and the water was evaporated
while the slurry was stirred. The solid material was further
dried in an oven and ground to a powder. Some of the
preparations were calcined, reground, pressed into wa-
fers, sieved to 20/45 mesh, and calcined a second time in
manner similar to the catalysts derived from the sol-gel
method. Other preparations were calcined only once. The
second calcination did not appear to have any effect on
the catalytic properties. The catalysts are designated
Li*-MgO-Cl~ (R), where R refers to the CI/Li ratio.
Unless stated otherwise, the Li/Mg atomic ratio was 0.3.

A conventional Lit-MgO catalyst, without chloride
ions, was prepared in the usual manner by adding Li,CO,
to a MgO slurry. The material was dried and calcined at
750°C for 16 h. The Li*-MgO catalyst contained 5 wt%
Li (atomic ratio of Li/Mg = 0.3). The initial compositions
of all of the prepared catalysts are given in Table 1.

Reactor System

Reactions were carried out in both integral and differen-
tial modes. The integral reactor was constructed of a high
purity alumina tube (Coors AD-998, 99.8% Al,O,) that
was 19 mm i.d. at the large end and 3 mm i.d. at the small
end. The catalyst was placed just above the section of
the reactor where the diameter decreased; the gas flow
was downward. The space above and below the catalyst
was filled with alumina chips. A 6.4-mm o.d. alumina
thermocouple well extended into the catalyst bed, along
the axis of the reactor.

The differential reactor was constructed from an alu-
mina tube having an i.d. of 6.4 mm. A second alumina
tube of 6.2 mm o.d. and 3.0 mm i.d. was inserted to a
point halfway along the length of the larger tube. The
catalyst bed was supported on a layer of quartz wool,
which rested on the top of the inner tube. Alumina chips
were placed above the catalyst bed. A 3.2-mm o.d. fused-
quartz thermocouple well extended down the central axis
of the reactor to the top of the catalyst bed.

TABLE 1
Catalyst Composition

Li/Mg/Cle

Sample atomic ratio
Li*-MgO~-Cl~ (0.3) 0.30/1.00/0.10
Li*-MgO-Cl~ (0.7) 0.28/1.00/0.19
Li*-MgO-Cl~ (0.9) 0.22/1.00/0.21
Li*-MgO-Cl- (1.0) 0.31/1.00/0.31
Li*-MgO-Cl~ (SG) 0.27/1.00/0.27
Li*-MgO 0.31/1.00

¢ Calcined samples.
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The gases which consisted of 5% N, in He (Matheson),
hydrocarbons (Matheson, ultrahigh purity) and O,
(Matheson, extra dry) were introduced through mass flow
controllers (MKS). The product stream was analyzed us-
ing a gas chromatograph (HP 5890A) with an integrator.
A Porapak Q column was used to separate CO,, C,Hg,
C,H,, C;’s, and C;’s; a 13X molecular sieve column was
used to separate O,, N,, CH,, and CO.

Sample Characterization

A postreactor water trap was used to collect the small
amount of HCI produced during the catalytic reactions
over the chlorided catalysts. The quantity of chloride in
the solution was determined using a LaMotte chloride
test kit. Bulk analysis for lithium and magnesium was by
inductively coupled plasma (ICP) spectroscopy and for
chloride by a gravimetric method (21).

X-ray diffraction was carried out using a Seifert—Scin-
tag PAD V diffractometer. Because the chlorine-con-
taining samples were hygroscopic, air-tight cells with My-
lar windows were used. The samples were dried at 350°C
and transferred to the cells inside a glove box purged
with N,.

The temperature-programmed desorption (TPD) of CO,
from the catalysts was determiend using a thermal con-
ductivity detector. A mass spectrometer attached to the
system provided an identification of the desorbing gas.
The samples were pretreated in He at 750°C for 1 h, cooled
to 600°C, and exposed to CO, (Matheson, 99.8%) for 2
h. The catalysts were then cooled in CO, to 150°C, flushed
with He, heated to 870°C at a rate of 16.5°C/min, and
held at 870°C. As confirmed by mass spectrometry, the
only evolved gas was CO,.

RESULTS AND DISCUSSION

Catalytic Results

As pointed out previously (14) the coupling reaction
over Li"-MgO-Cl~ (8G) catalysts is characterized by
favorable CH, conversions, good overall C, , selectivities,
and large C,H,/C,H, ratios for long periods at 640°C. The
results of Fig. 1a show that in the integral reactor, similar
results were found over a Li*-MgO-Cl~ (1.0) catalyst.
Over a period of 160 h at 650°C, the C,H,/C,H, ratio
decreased from 4.1 to 2.7, while the total C,, selectivity
remained nearly constant. The level of CH, conversion
decreased only 7%. It is generally observed for these
catalysts that the C;H, productivity decreases more rap-
idly than does the CH, conversion rate, while the total
C, productivity remains nearly constant. By comaprison,
over a comparable Li*-MgO catalyst, the C,H,/C,H, ra-
tio would be ca. 0.7.

The gradual changes in catalytic results were accompa-
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FIG. 1. (a) Variation in oxidative coupling of CH, over a
Li*-MgO-Cl~ (0.9) catalyst with time on stream: (@) CH, conversion;
(A) C,H,, (V) C;Hq, (®) C;, and (W) CO, selectivities. (b) CH, conver-
sion and chlorine released as a function of time on stream. The reaction
was carried out over 6 g catalyst at partial pressures of 100 Torr CH,
and 38 Torr O, at 50 ml min~'.

nied by the loss of a small amount of the chlorine from
the catalyst as HCI. Only trace amounts of CH,Cl were
observed in the product stream. We concluded earlier (3)
that the loss of chlorine is associated with the production

LUNSFORD ET AL.

of water during the reaction. As indicated from the results
of Fig. 1b, the ratio of moles of CH, converted to moles
of chlorine released was 129, and the analogous ratio of
C,, formed to chlorine released was 78. Thus, if C,H, is
produced via chlorine-mediated gas phase reactions, the
chain length for these radical reactions must be very long,
considering the fact that only a fraction of the HCI would
be converted to Cl.

Over a used Li*-MgO-Cl- (SG) catalyst, HCl was
added to the inlet stream; the results are summarized in
Table 2. The HCI was first introduced at a rate of 0.05 m
mol h™!, which corresponds to the rate of HCI release
described in Fig. 1b. This amount of added HCI caused
almost no change in the product distribution. After 20 h,
the rate of HCI in the feed was increased to 0.21 mmol
h~!, which resulted in a slow decrease in the CO, selectiv-
ity and a parallel increase in the CO selectivity. Moreover,
the C,H,/C,H, ratio increased from 5 to 11. This might be
interpreted as evidence for a gas phase reaction involving
chlorine; however, when the introduction of HCl was
stopped, the large C,H,/C,H, ratio, as well as the CO
productivity, remained at a high level for many hours.
These results agree with those of Burch et al. (10) and
suggest that it is the surface chlorine that is responsible
for the large C,H, productivity.

The effect of temperature on the catalytic properties of
a Li*-MgO-Cl~ (1.0) catalyst is shown in Fig. 2. One of
the attractive features of this class of catalysts is that it
reaches its optimum C,, selectivity and C,H,/C,H; ratio
at a relatively low temperature, for an oxidative coupling
reaction, of 625-650°C. At only 625°C, a C,, selectivity
of 60% was achieved at a conversion level of 29%, using

TABLE 2
Conversion and Selectivities of a Li*-MgO-Cl~ (SG) Catalyst during HCI Co-Feed

HC] Selectivities (%)

Time on addition CH, 0O,

stream’ rate, conv. conv. C,, yield
th) (mmol h~') (%) (%) C,H, C,H, CO, CcO (%)
0 0.05 36 87 39.2 10.4 50.4 0 17.9
0.4 0.05 35 84 39.1 11.3 49.6 0 17.5
5.1 0.05 34.4 85 39.3 11.4 49.3 0 17.4
18 0.05 34.4 84 42.0 11.0 47.0 0 18.2
20 0.24
24 0.24 38.0 87 44.1 8.9 47.1 0 20.1
25 0.24 36.8 87 46.5 8.8 44.7 0 20.4
43 0.24 32.2 69 49.5 49 28.6 17 17.5
67 0.24 31.0 67 49.0 4.5 27.8 18.7 16.6
68 0.00
69 0.00 33.8 80 50.8 5.4 30.2 13.6 19.0
76 0.00 36.7 83 50.3 5.9 33.0 10.8 20.6
82 0.00 359 83 50.4 6.4 34.2 9.0 20.4
%0 0.00 36.3 85 49.7 6.9 36.2 7.1 20.5

% The catalyst had already been on stream for 150 h prior to starting this experiment.
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FIG. 2. Oxidative coupling of CH, over Li*-MgO-Cl~ (1.0): (O)
CH, conversion; (A) C,H,, (¥) C,H,, and (@) CO, selectivities. The
reaction was carried out over 7.5 g catalyst (volume, 7.7 ml) with 60
Torr CH, and 30 Torr O, at 50 ml min~"',

a space velocity of 388 h~!. At these lower temperatures,
the chlorine and the lithium were lost from the catalysts
rather slowly. Results reported previously for the
Li-MgO-Cl~ (SG) catalyst were similar (14), which dem-
onstrates that the catalysts prepared by the two methods
are functionally the same.

The ClI/Li ratio, however, has a marked effect on these
catalysts, as shown by the results of Fig. 3, where CH,
conversions and C,H,/C,H, ratios are compared for four
chlorine-containing catalysts and a Li*—MgO catalyst. It
is evident that the CH, conversion increases with Cl-
content, although not exactly in a linear manner because
at the larger conversions, the system became oxygen lim-
ited. The most dramatic difference is found in the large
increase in C,H,/C,H, ratio that occurs at CI/Li = 1.
Comparable results have been obtained for the ethane
OXD reaction in that the C,H, conversion reached a maxi-
mum value at CI/Li = 1 (22). Thus, surface chloride either
modifies existing active centers in some manner or creates
new centers that are especially active for the OXD of
ethane. Subsequently, calcined catalysts that had CI/Li
ratios near unity (i.e., >0.9) are referred to as ‘‘good
catalysts’’; others are referred to as “‘poor catalysts’.

Kinetic Results

Kinetic data were obtained under nearly differential
conditions (O, conversion less than 209%) for a
Li"-MgO-Cl~ catalyst that had Cl/Li = 1.0. The CH,
conversion increased linearly with respect to the 0.6
power of the O, pressure, as shown in Fig. 4. The most
remarkable feature is that the catalyst was not poisoned
by the addition of CO,. Almost all oxidative coupling
catalysts are strongly basic oxides, and they are severely
poisoned by CO,. For example, as shown in Fig. 5, the
Li*-MgO catalyst was poisoned both by CO, produced
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FIG. 3. Effect of Cl/Li ratio on (a) CH, conversion and (b) C,H,/
C;H¢ ratio: (@) Li*-MgO-Cl- (1.0), (A) Li*-MgO-Cl~ (0.7), (W)
Li*-MgO-CI~ (0.3), (0) Li*-MgO-CI~ {SG), (O) Li*-MgO. The reac-
tion was carried out with 60 Torr CH, and 30 Torr O, at a space velocity
of 388 h~!,

during reaction and by addition of CO, to the reagents.
It was first pointed out by Ross and co-workers (23) that
this poisoning has a strong effect on the apparent kinetics
of the reaction, because as more O, is added, more CO,
is produced. This phenomenon results in the curvature

CH, Conversion, %
o
T
1

0 n 1 i 1
0 10 20

P(O,)°%, Torr

FIG. 4. Order of CH, reaction with respect to O, over the
Li*-MgO-Cl~ (1.0) catalyst at 650°C: (@) without addition of CO,, (C)
with addition of 6 Torr CO,. The reaction was carried out over 0.2 g
catalyst with 295 Torr CH, at a total flow rate of 50 ml min~'; Li/Mg/
Cl = 0.46/1.00/0.45.
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shown in Fig. 5. By adding CO,, one can make the reac-
tion pseudo-zero-order in CO, and thereby obtain true
kinetic data, but only on a severely poisoned catalyst.
Ross and co-workers (24) found that the coupling reaction
over a Li*—MgO catalyst at 750°C was first order with
respect to O,, whereas, at 650°C we find nearly 0.8 order.
When the addition of CO, was stopped, the catalyst re-
gained its original activity, demonstrating the reversibility
of the poisoning effect. It is, of course, much more
straightforward to obtain the order of reaction for a good
Li*-MgO-Cl- catalyst, since it is not poisoned by CO,.
The variations in CH, conversion with respect to the CH,
pressure are shown in Fig. 6 for the Li*-MgO-Cl~ and
Li*—MgO catalysts.

We have developed a heterogeneous-homogeneous
model which adequately describes the orders of reactions
(17). The model, which previously was applied to the
kinetic data of Ross and co-workers (24), has been used
to interpret the present results. The heterogeneous part
of the mechanism is the same as that proposed previously
for the oxidative coupling reaction (25), viz.

Ky

CH, + O; - CH;- + OH; [1]
kl
20H;, - H,0 + O + O~ [2]
! 5
502+D+O§‘2205. (3]
k.3

Here, the active form of oxygen (e.g., O~ ions) must be
modified by the presence of chlorine to the extent that it
is no longer poisoned by CO,. Based on Kinetic isotope
effect (KIE) studies (see below), we conclude that reac-
tion [2] is rapid compared to the other reactions. In addi-

CH,4 Conversion, %

80

P(O,)08,Torr

FIG. 5. Order of CH, reaction with respect to O, over the Li*-MgO
catalyst at 650°C: (@) without addition of CO,, (O) with addition of 6
Torr CO,. The reaction was carried out over 1.3 g catalyst with 295
Torr CH, at a total flow rate of ml min™'.
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FIG. 6. Order of CH, reaction with respect to CH, over (a)
Li*-MgO-C1~ (1.0) and (b) Li*-MgO catalysts at 650°C. The reactions
were carried out over 0.15 g Li*-MgO~Cl- (1.0) and 1.3 g Li*-MgO
with 50 Torr O, at a total flow rate of 50 ml min~!; Li/Mg/Cl = 0.46/
1.00/0.45.

tion to these heterogeneous reactions, there are 156 gas
phase reactions (18), but these play a relatively minor role
in the conversion of CH, at 650°C.

According to this model, the orders of reaction are
determined mainly by the forward and reverse rates of
reaction [3] relative to the rate of reaction [1]. As the rate
constants &; and k_, increase at constant &, and ky/k_;
ratio, the order becomes 1 with respect to O, and a frac-
tional order with respect to CH,. These values agree with
the high-temperature results of Ross and co-workers (24).
As ky and k_; decrease, with ki/k_, and &, being held
constant, the order with respect to O, decreases and the
order with respect to CH, increases.

The solid lines of Figs. 4—-6 were calculated using a
particular set of the rate constants &,, k;, and k_,. Over
the Li*-MgO-Ci~ (1.0) catalyst, the corresponding or-
ders with respect to O, and CH, were 0.61 and 0.79,
respectively, while over the Li*-MgO catalyst, the corre-
sopnding orders were 0.81 and 0.61. The fit to the data
of Fig. 6b is not optimum, probably because the poisoning
effect of CO, has not been accounted for. In this experi-
ment, CO, was not added to the system. Qualitatively,
our ability to fit the data with the model suggests that
the rate of active oxygen formation and decomposition,
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TABLE 3

Kinetic Isotope Effects Determined during the
Oxidative Coupling of Methane®

Run No. CH,/0, = 2 CH,/0, = 9
Li*~MgO~CI-

1 1.70 1.87

2 1.74 1.79

3 1.76 1.89

4 1.67 1.79

5 1.69 .81
Averaged

and corrected® 1.55 1.66

Li*-MgO

6 1.76 1.43

7 1.70 1.35
Averaged

and corrected” 1.57 1.26

@ T = 650°C, P (CH,) = 180 Torr, 0.30 g of catalysts.
b Corrected by a factor of 1.1 for methyl radical colli-
sions.

relative to the rate of hydrogen atom abstraction, deter-
mines the order of reaction.

The KIE results, obtained by simultaneously reacting
CH, and CD, over the catalysts and measuring the distri-
bution of H and D in the resulting ethane product, indicate
that reaction [3] is comparable in rate to reaction [1]. As
shown in Table 3, corrected KIE’s of 1.55 and 1.57 were
obtained for the Li*-MgO-Cl~ (1.0) and Li*-MgO cata-
lysts, respectively, at CH,/O, = 2 and 650°C. If the C-H
bond breaking step were strictly rate-limiting, the theoret-
ical KIE would have been about 1.84. Curiously, when
the CH,/O, ratio was increased to 9, the KIE increased
to 1.66. Based on the proposed mechanism, one would
have expected the forward rate of reaction [3] to have
decreased realtive to reaction [1], giving a smaller KIE.
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The normal behavior was found with the Li*-MgO cata-
lyst at the larger CH,/O, ratio. A KIE for reaction [2]
was determined by first saturating CH, and O, with H,0O
or D,0 and then carrying out the oxidative coupling reac-
tion. No isotope effect was observed; therefore, we con-
clude, as did Cant et al. (26), that reaction [2] is not a
rate-limiting step.

The apparent activation energy for the conversion of
CH, over the Li*-MgO-Cl~ (1.0) catalyst varied from
27to 33 kcal mol !, depending on the CH,/O, ratio. Unlike
the case with the Li*~MgO catalyst, for which apparent
activation energies as large as 55 kcal mol~! have been
observed (24), the E,’s determined for Li*-MgO-Cl "~ are
not dominated by CO, poisoning.

Although it is known that the large C,H,/C,H, ratios
result from the exceptional activity of the Li*-MgO-Cl~
catalyst for the OXD of C,H (3), a comparative study of
the rates of reaction for the three relevant hydrocarbons
has not been previously carried out. The specific rates
for the conversion of CH,, C,H,, and C,H, are compared
in Table 4 for Li*—MgO-CI~ (1.0) and Li* —MgO catalysts
containing 4 wt% Li. Assuming that the reaction sequence
can be approximated by CH, - C,H, — C,H, — CO,,
to attain large C,H,/C,H; ratios, it is required that the
C,H, be rapidly reacted to C,H,, and that the conversion
of C,H, be slow. Recent results using '*C-labeled C,H,
have confirmed that ethylene is a major source of CO, over
these catalysts, even at the relatively mild temperature of
650°C (27). From the information in Table 4, it is evident
that the ratios of C,H,-to-CH, reaction rates are 1.5-1.8
greater for the Li*-MgO-Cl~ catalyst than for the
Li*-MgO catalyst. Moreover, in all but the last entry,
the reaction rates for C,H, conversion were less over the
Li*-MgO-Cl- catalyst. The interpretation of the results
with respect to oxidative coupling are qualitative, how-
ever, because during the coupling reaction all three hydro-

TABLE 4

Relative Rates of Conversion for Methane, Ethane, and Ethylene®

Relative rates (umol m~2 s~

Temp. Flow rate, Rate C,H, react./

Catalyst °C) {cm® s71) Methane Ethane Ethylene Rate CH, react.
Li~-MgO 625 0.83 0.57 0.98 0.76 1.7
(SA = 0.58 m* g h 625 1.67 0.71 1.70 1.04 2.4
650 0.83 1.01 2.26 1.83 2.2
650 1.67 1.37 3.24 2.10 24
Li*-MgO-Cl~ (1.0) 625 0.83 0.50 1.56 0.59 3.1
(SA = 32mig 625 1.67 0.56 2.04 0.73 3.6
650 0.83 0.89 3.35 1.19 3.8
650 1.67 1.21 4.22 2.17 35

@200 Torr of hydrocarbon, 100 Torr of oxygen, balance was helium; 0.7 g Li*-MgO, 0.3 g Li*-MgO-Cl~; the space

velocities were equivalent.
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FIG. 7. Methyl radical formation over (V) Li*-MgO and (C)

Li*-MgO-CI~ (1.0) catalysts; after addition of 1.5 Torr CO, to the
reactants over (¢) Li*-MgO and (&), Li*-MgO-Cl- (1.0). The total
pressure was ca. 2 Torr over 0.15 g of each catalyst.

carbons would compete for the same set of active centers,
with ethane being favored as a result of its weaker C-H
bond. Therefore, in reality, the competitive rates would
favor the C,H, reaction even more than is indicated in
Table 4.

The results obtained at different flow rates show that
the larger reaction rates were obtained at the larger flow
rates. In part, this reflects the fact that the product mole-
cules, including CO, for the Li*-MgO catalyst, compete
for the active centers. We have no explanation for the
larger values obtained during the oxidation of C,H, over
the Li*-MgO-Cl~ catalyst, as there were no hydrocar-
bon products and CO, does not poison the catalyst.

In comparing the activities of the two catalysts, one
should note that the surface area of the Li*-MgO-Cl~
catalyst was 5.5 times greater than that of the Li*-MgO
catalyst. Thus, on a per-gram basis, the chlorided catalyst
would be 7 times more active than the Li*-MgO catalyst
for C,H, conversion. Previously, it was shown (3) that the
percentage of C,H, conversion, under integral conditions,
was 2.7 times greater over a Li*-MgO-Cl~ (SG) catalyst
than over a LiT-MgO catalyst.

Methyl Radical Formation

Surface-generated gas-phase CH;- radicals were de-
tected using the matrix isolation electron spin resonance
(MIESR) system described previously (28). Arrhenius
plots of CH;- radical production, both with and without
added CO,, are shown in Fig. 7. These results were ob-
tained at an O, pressure over the catalyst of about 0.01
Torr; therefore, the pressure of CO, resulting from the
reaction was quite small. Under these conditions, E, over
the Li*-MgO catalyst was ca. 22 kcal mol !, in good
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agreement with previously reported results (29). The sur-
prising result was that the activity for CH;- radical forma-
tion was so much greater over the Li*—MgO catalyst than
over the Li*—-MgO-Cl~ catalyst. When 1.5 Torr of CO,
was added to the reagents, the Li*—MgO catalyst was
severely poisoned, but, as expected, the Li"-MgO-Cl~
catalyst was unaffected. As a result, after CO, addition
the two catalysts had comparable activities for CH,- radi-
cal generation.

The E, of 57 kcal mol ™! for CH;- radical formation over
Li*-MgO-Cl~, obtained in the low pressure mode
(Pro = 2 Torr), is considerably greater than the values
of 27-33 kcal mol ! that were found in the conventional
reactor. When the MIESR system was operated at 760
Torr with 203 Torr CH, and 25 Torr O,, the E, was 35
kcal mol~!. The larger value of 57 kcal mol~! may result
from a change in the rate-limiting step in the catalytic
cycle when the partial pressure of O, was only 0.01 Torr.

TPD of CO,

The TPD results for the three Li*—-MgO-Cl~ (ex. HCI)
catalysts and the Li*-MpgO catalyst of Fig. 3 are depicted
in Fig. 8. The amount of CO, that was held on the cata-
lysts, presumably as carbonate ions, decreased with in-
creasing chloride content, until at CI/Li = 1 the amount
of CO, desorbed was very small (= 0.001 CO,/Li). For
the Li~—MgO sample, the molar CO,/Li ratio was 0.16.
Apparently, much of the Li* on the surface is present as
an oxide or as a hydroxide. The small amount of CO,
held on the Li*-MgO-Cl- (1.0) catalyst is consistent
with the observation that CO, did not poison this material.
The presence of chlorine causes not only a decrease in the
amount of adsorbed CO,, but also a shift in the desorption

1.5 T T T T T T
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=
-]
v
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a
L%d
[ 13
o
3]
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0 i L A | i 1
200 400 600 800
T Increase to 870°C T Constant at 870°C
FIG. 8. TPD of CO, from catalysts: (a) Li*-MgO-Cl~ (1.0), (b)

Li*-MgO-Cl~ (0.7), (¢) Li*-MgO-Cl~ (0.3), (d) Li*-MgO. The
amounts of catalysts used were 130 mg for (a)-(c¢) and 65 mg for (d).



OXIDATIVE COUPLINGOF METHANE

peak to lower temperatures. It should be emphasized that
the peak at 870°C is not a true TPD maximum, as the
temperature was ramped up to this value and then held
constant. The variations in the amount of CO, and the shift
to lower temperature maxima suggest that the presence of
chloride ions decreases both the number of basic sites and
the basic strength of these sites. Since the decomposition
temperature of MgCO; is 420°C at a CO, pressure of 1
Torr, all of the peaks in Fig. 8 at T > 500°C must be
associated with lithium. Pure Li,CO,, however, exhibited
a rather sharp decomposition peak at 733°C. One may
conclude, therefore, that there is a synergism between
Li* and MgO that gives rise to the several CO, TPD peaks.
The dynamics of the adsorption—desorption process also
may play a role in the width of the peaks and the tempera-
ture at which the maxima occur. For the Li*-MgO sam-
ple, it is likely that the reversible catalyst poisoning at
650°C is associated with the TPD peak at ca. 600°C. In a
separate experiment, it was shown that the TPD peaks
shifted to a higher temperature when CO, was added to
the He stream. Thus, in the presence of CO,, the peak
at 600°C could shift to approximately 650°C.

The TPD results described here for the Li*-MgO-Cl~
catalysts are very different from those reported by Ruck-
enstein and Khan (15), who found that a large amount
of CO, was strongly bound on a catalyst that had been
prepared by the addition of LiCl to MgO. In their experi-
ments, the CO, was adsorbed at 50°C and desorbed at
progressively higher temperatures. We repeated this
mode of adsorption and again found that almost no CO,
was adsorbed on our good Li*-MgO-Cl~ catalysts.

XRD of Catalysts

Evidence for the presence of certain phases on the
catalysts was obtained by XRD. As expected from the
TPD results, a Li,CO; phase was clearly evident on the
Li*-MgO catalyst. By contrast, the fresh Li*-MgO-Cl~
(SG) catalyst had a LiCl phase, in addition to MgO, but
no Li,CO, phase. After reaction, a trace amount of the
carbonate phase may have existed. Similarly, a
Li*=MgO-Cl~ (1.0) catalyst exhibited only a LiCl phase
after 231 h on stream, but no Li,CO; phase. A catalyst
having CI/Li = 0.03 was characterized by a Li,CO, phase;
no LiCl phase was detected. These results demonstrate
that when an adequate amount of Cl~ is present, the LiCl
phase prevails, and the Li,CO, phase is largely excluded.

SUMMARY AND CONCLUSIONS

The addition of Cl~ ions to a Li*~MgO catalyst at a
ratio of CI/Li = 1 has a remarkable effect on the activity
for the reaction of C,H, to C;H,. The presence of Cl-
ions significantly increases the rate of C,H, conversion
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relative to the rate of CH, conversion. As a consequence,
exceptionally large C,H,/C,H, ratios are observed during
the oxidative coupling of CH,. Moreover, the presence
of chloride ions limits the sintering of the catalyst, and
prevents the poisoning of the catalyst by CO,, which is
a product of the reaction. Although the specific activities
are similar, the CH, conversion levels, at a constant space
velocity, are actually greater over a good Li*-MgO-Cl~
catalyst than over a Li*-MgO catalyst. The presence of
Cl~ ions inhibits the formation of Li,CO;, which, if pres-
ent in sufficient amount, essentially covers the surface of
the catalyst. The latter observation is based on XPS re-
sults that will be described in a subsequent paper in this
series (22).

From results described to this point, one might con-
clude that at a certain Cl/Li ratio, a LiCl phase is formed,
and this phase is responsible for the catalytic conversion
of CH, and/or C,H,. However, the XPS and additional
XRD data will demonstrate that the differences between
good catalysts with CI/Li = 0.9 and poor catalysts with
CI/Li < 0.9 are subtle and cannot be explained by the
presence or absence of LiCl on the surface.

The different decay patterns for CH, conversion and
C,H, productivity indicate that two different types of ac-
tive centers are operative on the Li*-MgO-CI - catalysts.
One type is responsible for the activation of CH, and
C,H,, while another type is responsible for the activation
of only C,H,. It should be recalled that the C—H bond
strengths in CH, and C,H, are 104 and 98 kcal mol ',
respectively; thus, it should be easier to activate C,Hq.
The nature of the active centers remains a matter of specu-
lation; however, it is clear that Cl~ ions either create new
centers or they make the existing ones on Li*—MgO less
basic, so that they are not poisoned by CO,.
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