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The addition of chloride ions to a Li*—MgO catalyst at a ratio of
CI/Li 20.9 significantly improves the yields of ethylene that can
be achieved during the oxidative dehydrogenation (OXD) of eth-
ane. At 620°C, C;H, yields of 58% (75% conversion, 77% selectiv-
ity) have been maintained for up to 50 h on stream. These ethylene
yields are consistent with the large C,H4/C;H; ratios that are
attained over these catalysts during the oxidative coupling of
CH,. The activity of the catalysts with Cl/Li 0.9 is partly a
result of the fact that CO; formed during the reaction does not
poison the catalyst. In addition, the surface areas of the chlorided
catalysts are greater than those which contain a comparable
amount of Li, but no chloride ions. Based upon the activity
results, CO, temperature-programmed desorption data, and X-
ray photoelectron spectra, a model has been proposed in which
lithium is mainly present as LiC] on the MgO support, provided a
nearly stoichiometric amount of chloride is available. The active
centers are believed to be associated with a thin (atomic) layer of
Li,O that partially covers the LiCl crystallites. This Li,O is capa-
ble of activating C,Hj, but its basic strength has been modified so
that it does not form carbonate ions at 620°C. When the amount of
chloride is limited, or is not present at all, multilayers of more
strongly basic Li;O form on the surface of LiCl and/or on the
MgO. In the presence of CO,, this Li,O is extensively converted to
Li,CO;, which is inactive for the OXD reaction. -« 1995 Academic

Press, Inc.

INTRODUCTION

It was previously demonstrated that the addition of
chloride ions to a Li*—MgO catalyst significantly in-
creased the yield of ethylene during the oxidative dehy-
drogenation (OXD) of ethane (1). This promotional effect
of chloride ions has consequences during the oxidative
coupling of methane in that the resulting C;H,/C,H, prod-
uct ratios are much greater than those obtained over a
chloride-free Li*—MgO catalyst at comparable levels of
conversion (2, 3). Moreover, as pointed out by Burch and
Crabb (4), among those catalysts that they considered for
the OXD of C:Hg, only Li*—MgO-CI~ exhibited ethylene
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yields which exceeded those attained in a noncatalyzed
reaction under optimum conditions. One of the more sig-
nificant features of the Li*-MgO-Cl~ catalyst is that it is
sufficiently active that it can be used at T < 650°C, which
means that the loss of chlorine from the catalyst is slow,
and the secondary homogeneous oxidation of the product
C;H, is minimized. By adding certain lanthanide oxides
(e.g., Dy,0s) to the catalyst, it is possible to increase the
activity even further, without sacrificing selectivity, so
that the OXD reaction can be carried out at temperatures
as low as 570°C (5).

In the present study, the role of chloride ions in im-
proving properties of the Li*—MgO catalyst for the OXD
of ethane was investigated in more detail, with attention
being given to the near-surface composition of the cata-
lyst. Kinetic results provide additional information on the
reaction mechanism. Moreover, the significance of sur-
face chloride ions relative to gas-phase chlorine is ad-
dressed further. These results are compared with those
recently obtained for the oxidative coupling of methane
over a similar set of catalysts (3).

EXPERIMENTAL

Catalyst. In the previous study (1), chloride ions
were introduced into the catalyst during the formation of
a sol-gel by the addition of NH,Cl to a slurry of MgO or
by the reaction of gas phase HCI with a Li*-MgO mate-
rial. We have found, however, that some of the most
active and selective catalysts can be prepared by adding
aqueous HCI to a slurry of MgO, followed by the addition
of a solution of LiNO;. In particular, MgO powder
(Fisher *“light’’, M-349-4, 98% pure) was added to 200 ml
of deionized water in a 500 ml, 3-neck round-bottom
flask, equipped with an addition funnel and a water-
cooled condenser. It is important that the MgO be of low
apparent density. The behaviors of catalysts prepared
using MgO of high apparent density were inferior and
irreproducible. The slurry was kept at approximately
65°C, with constant stirring. A solution of HCI in 100 to
200 ml of deionized water was slowly added to the slurry
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over a | to 2 h period. By varying the amount of HCl, the
final chlorine content of the catalyst could be modified.
After ca. 24 h at 65°C, a 100 ml solution of LiNO; was
added. The slurry was transferred to a 3-1 beaker, and the
water was slowly evaporated during continuous stirring.
The material was dried in air at 130-150°C and the result-
ing solid was ground into a powder. The catalyst was
then calcined in air at 500°C for 1.5 h and at 750°C for 16
h, cooled in air to 150°C, and rapidly transferred to a
glove box. In the glove box, the sample was crushed,
sieved to 20/45 mesh size, and sealed in a bottle. The
chlorided catalysts were stored in a desiccator because
they were hygroscopic. The catalysts are designated as
Li*-MgO-Cl~ (A/B), where A and B refer to the atomic
ratio of Li* and Cl- with respect to Mg?*. The standard
Li*-MgO catalysts were prepared from a slurry of
Li,CO; and MgO, as described previously (6). They are
designated Li*-MgO (C), where C refers to the atomic
ratio of Li* to Mg?* ions.

Reactor system. Reactions were carried out in both
integral and differential modes. The integral reactor was
constructed of a high-purity alumina tube (Coors, 99.8%
AlLO;) that had an I.D. of 19 mm at its inlet end and 3 mm
at its exit. A stainless-steel reactor cap, constructed from
a modified Swagelock union tree, accommodated a high-
purity alumina thermocouple well (Coors) that extended
into the catalyst bed. The reactor was heated by a split
furnace. The space between the reactor and the furnace
was filled with molecular sieve to reduce thermal gradi-
ents. The amount of catalyst used in the integral reactor,
unless indicated otherwise, was 5.2 g. Alumina chips
were placed above the catalyst bed. The reactor and the
alumina chips were routinely washed with HNO; when
the catalyst was changed. The differential reactor, which
was constructed from an alumina tube having an i.d. of
6.4 mm (Coors, 99.8% Al-O3), was used in the Kinetic
experiments. To minimize the contribution from any non-
catalytic reactions, quartz chips were placed above and
below the catalyst bed. A thermocouple in a small alu-
mina tube was attached to the outside wall of the reactor.
The volume of the catalyst was 1.0 ml, unless specified
otherwise.

Reactant and diluent gases, C;Hg (99.5%), O; (extra
dry), 109% N, in He, and CO; (99.5%) were obtained from
Matheson and were used without further purification.
Gas flows were regulated by mass flow controllers (MKS
Model 1159A). The N, was used as an internal standard.
Reaction mixtures were analyzed using a gas chromato-
graph (HP5890A), equipped with a Spherocarb column.
The catalyst in the reactor was heated to 580-620°C in
flowing N,/He and then in O, for 4 h before admission of
ethane and oxygen. All studies were carried out at atmo-
spheric pressure, an ethane pressure of 290 Torr, and a
C;H,/0, ratio of unity unless indicated otherwise.
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Catalyst characterization. At the reactor outlet, two
water traps, cooled to 0°C, were used to remove evolved
HC] and most of the product H,O from the exit gas
stream. The chlorine concentration in the solution was
measured periodically using a chloride test kit (La Motte
Chemical). The chlorine contents of fresh and used cata-
lysts were determined gravimetrically using AgNO;s. In-
ductively coupled plasma (ICP) analysis was used to de-
termine the Li and Mg contents of the catalyst.

Surface analyses were performed with a Perkin-Elmer
(PHI) Model 5500 X-ray photoelectron spectrometer. Be-
fore obtaining XPS data, the catalysts were treated in one
of two ways: (i) The samples designated ‘‘fresh’’ were
prepared by returning the previously calcined samples to
the glove box for the preparation of a wafer. The wafer
was then transferred to the spectrometer in a sealed ves-
sel and was introduced without exposure to the air. (ii)
Used catalyst samples were prepared in a similar man-
ner, except that after treatment under reaction condi-
tions, the reactor was sealed, and the sample was un-
loaded in the glove box. Prior to sealing the reactor, the
catalyst was cooled quickly in a flow of O,, He and CO,.
Peaks were deconvoluted and fitted to a Gaussian shape
function. Peak areas were converted into atomic compo-
sitions using appropriate photoionization cross sections.
Binding energies are referenced to the carbon Is line of
adventitious carbon at 284.6 eV.

Temperature-programmed desorption of CO, was car-
ried out in an alumina reactor that typically contained 0.1
g of catalyst. The catalyst was pretreated in situ by heat-
ing in flowing He (50 ml/min) for 2 h at 750°C. The cata-
lyst was then heated in the presence of a flowing CO,/He
mixture (CO,/He = 0.66, 50 ml/min) for 2 h at 600°C and
cooled in the presence of CO; to 120°C. After purging the
system with He at 120°C for 30 min, the sample was
heated in flowing He (30 mi/min) at a constant rate of
16°C/min to either 870°C or 950°C and then maintained at
that temperature for an additional 30 min. The CO, that
desorbed was determined using a thermal conductivity
detector. A mass spectrometer attached to the outlet con-
firmed that only CO; evolved from the samples.

RESULTS AND DISCUSSION

Effect of Cl/Li ratio on the OXD of ethane. The com-
positions of a series of catalysts are given in Table 1. The
nominal compositions were determined from the
amounts of the various components used in the prepara-
tion of the catalysts. It is apparent that the Li/Mg ratio
remained almost constant after calcination at 750°C in
air, but the amount of chlorine lost strongly depended on
the initial CI/L.i ratios in the catalysts. If the CI/Li atomic
ratio prior to calcination was >1, then chlorine was lost
until the ratio decreased to ca. 0.9 to 1.0; if the original
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TABLE 1

Effect of Calcination and Reaction on the Catalyst Composition and Surface Area

Atomic ratio

Surface area

Nominal After calcination After use® (m?¥/g)

Li/Mg/Cl CI/Li Li/Mg/Cl CI/Li Li/Mg/Cl Cl/Li Fresh Used
0.53/1/1.05 2.0 0.46/1/0.45 0.98 nd?® nd 1.3 nd
0.46/1/0.69 1.5 0.44/1/0.42 0.95 nd nd 1.5 1.6
0.14/1/0.21 1.5 0.18/1/0.16 0.89 0.10/1/0.09 0.90 1.3 1.7
0.34/1/0.34¢ 1.0 0.37/1/0.33 0.88 0.28/1/0.104 0.36 1.2 1.9
0.37/1/0.37 1.0 0.41/1/0.37 0.91 nd nd 2.8 33
0.36/1/0.31 0.86 0.40/1/0.33 0.83 0.36/1/0.29 0.79 1.8 2.6
0.36/1/0.22 0.61 0.37/1/0.24 0.65 0.37/1/0.24 0.65 0.87 1.0
0.037/1/0.21 5.7 0.044/1/0.042 0.95 0.026/1/0.019 0.73 33 nd
0.0068/1/0.20 29 nd nd nd nd 2.7 2.9
0.39/1/0 0.0 0.54/1/0 0 nd nd 0.52 0.50
0.03/1/0 0.0 0.028/1/0 0 nd nd 3.6 29

2 Samples were used in the reaction for about 50 h in the integral reactor.

4 Not determined.
¢ Sample prepared by addition of LiCl to MgO.

4 The sample was used in the reaction for 550 h in the integral reactor.

ratio was <1 very little chiorine was lost. A sample that
was prepared with HCI, but without lithium, lost all of its
chlorine during calcination. These results indicate that
magnesium chloride or oxychloride is unstable under cal-
cination conditions and that the chloride ions are mainly
associated with lithium ions. The presence of crystalline
LiCl in these catalysts has been confirmed by X-ray dif-
fraction (3).

It shouid also be noted from the results in Table 1 that
the sample containing a substantial amount of lithium,
but no chlorine (Li*-MgO (0.39)), had a low surface area
after calcination, whereas, those with Cl/Li ratios near
unity had surface areas three to five times greater. A
larger surface area also was found for the sample having a
much smaller amount of lithium (Li*—MgO (0.03)). Thus,
lithium promotes sintering of the MgO while chloride
ions inhibit this effect.

The additional effect of chlorine incorporation on the
OXD of ethane is shown in Fig. 1. These catalysts all
contained 4.5-5.0 wi% Li. Clearly, the maximum ethane
conversion was observed at a nominal ratio of CI/Li = 1.
The conversion level decreased from its maximum at
80% to a level of only 10% as the Cl/Li ratio decreased to
0.65. Similar effects were observed previously for the
C,H,/C,Hg ratio during the oxidative coupling of CH, (3).
That is, large C,H,/C,;Hg ratios were attained only when
the CI/Li ratio of the catalyst approached unity.

Surprisingly, during the OXD of C,Hj, the selectivity
for C,H, remained nearly constant for all of the catalysts,
even though the conversion levels varied significantly.

This result suggests that as the CI/Li ratio increases the
rate constant for C,H, conversion to CO, decreases.
Chloride ions must function as a poison for nonselective
sites (see below).

The results of Fig. 2 demonstrate the stability of se-
lected catalysts with respect to time on stream. The Li*-
MgO-Cl1~ (0.36/0.22) catalyst with CI/Li = 0.9 exhibited
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FIG. 1. Effect of nominal CI/Li ratio on the activity and selectivity

for the OXD of ethane in the integral reactor. The catalysts contained
4.5-5.0 wt% Li. Data were taken with 5.2 g catalyst at 620°C after ca.
15 h on stream.
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FIG. 2. The OXD of ethane as a function of time on stream in the
integral reactor: (a) conversion and (b) selectivity. P(C;H,) = 290 Torr,
P(O;) = 290 Torr, T = 620°C, total flow rate = 60 ml/min. B, Li*-
MgO-Cl- (0.37/0.37); @, Li*—MgO-Cl " (0.46/0.69); A, Li*-MgO-Cl-
(0.36/0.22).

reasonably stable activity throughout the entire time pe-
riod, whereas, the Li*-MgO-Cl~ (0.46/0.69) catalyst
with CI/Li = 0.95 after calcination was characterized by
an initial increase in conversion and a decrease in selec-
tivity. These transient effects may reflect the loss of a
small amount of chlorine, such that the CI/Li ratio ap-
proaches as ideal value of 0.9, or they may result from a
redistribution of Li and Cl on the surface. It may be nec-
essary that a small fraction of the Li be free to interact
with oxygen or with the MgO in order to generate active
centers (see below). The C;H, yield of 58%, obtained
with the Lit-MgO—-Cl~ (0.37/0.37) catalyst, is remark-
able, particularly since it remained stable for 50 h.
Additional studies were carried out on catalysts which
had either different rotal/ amounts of lithium and chlorine,
with a CI/Li ratio near unity, or had a CI/Li ratio signifi-
cantly less than unity. The results demonstrate that the
CI/Li ratio is a much more important factor in determin-
ing the C,Hg conversion than is the absolute amounts of
Cl and Li. For example, the catalyst Li*-MgO-Cl-
(0.037/0.21) was more active, and even more selective,
than the Li*—MgO-Cl~ (0.36/0.22) catalyst. But catalysts
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containing more Cl and Li were stable over long periods
on stream. The C,H¢ conversion over the Li*-MgO-Cl~-
(0.0068/0.20) catalyst, for example, decreased from
nearly 60 to only 20% over 40 h on stream. Apparently,
the excess Li and Cl serve as a reservoir for promoters
that are lost during the reaction.

One catalyst was prepared by adding LiCl to MgO
(Li*=MgO-Cl1~ (0.34/0.34)). This was followed by the
usual calcination at 750°C. The conversion and selectiv-
ity over this material were obtained for a period of 520 h.
Under the usual operating conditions (7 = 620°C, 60 ml/
min, 5.2 g catalyst), the C,H conversion increased from
54 to 85% over a period of 13 h, and then decreased to
50% over the remaining 500 h. Meanwhile, the C;H, se-
lectivity decreased from 82 to 73%, and then slowly in-
creased to 78%. In view of the fact that the final catalyst
had a CI/Li ratio of only 0.36, it is surprising that the
conversion level was as large as 50%.

The loss of chlorine from the catalysts in the integral
reactor is summarized in Table 2. In general, the rate of
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FIG. 3. The OXD of ethane as a function of time on stream in the
differential reactor (T = 620°C, P(C,Hy) = 290 Torr, P(O,) = 290 Torr,
total flow rate = 60 ml/min, 1.0 ml catalyst): conversion and selectivity
over (a) Li*-MgO-Cl- (0.46/0.69) and (b) Li*~MgO-Cl- (0.36/0.22).
The dotted line refers to the amount of chlorine remaining in the cata-
lyst.
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TABLE 2

Conversion and Evolution of Chlorine

Time on Conversion Cl evolution Cl content C,H,/Cl
Catalyst stream (h) (%) (smol/h) (wt%) (atomic ratio)
Li*-MgO-Cl- (0.46/0.69) 0 25.3
16 68 2444 22.6 223¢%
41 72 99.8 20.9
Li*-MgO-Cl- (0.34/0.34) 0 21.4
19 72 231 18.4 241
43 77 108 16.6
Li*-MgO-Cl- (0.37/0.37) 0 221
18 76 160 20.1 301
43 75 99.6 18.4
Li*-MgO-Cl- (0.037/0.21) 0 3.5
26 69 83.4 2.0
32 64 34.8 1.9 614
44 61 24.7 1.7
50 59 23.5 1.6
Li*-MgO-Cl- (0.36/0.22) 0 15.2
14 12 16 15.1 379
41 11 12 14.7
2.3¢ 12 199 14.9

2 Average data during the period specified; for example, 0—16 h on stream.

6 Average data through the entire time on stream.

¢ Water added at a rate of 3.7 g/h in the separate experiment.

chlorine evolution was larger at shorter times on stream,
but even after 40-50 h less than 25% of the chlorine has
been lost from the catalysts. By operating under differen-
tial conditions, however, it was possible to accelerate the
loss of chlorine. Presumably, secondary reaction with the
evolved HCI did not occur as efficiently at the larger
space velocities used in the differential reactor. As
shown in Fig. 3a the rate of chlorine loss and the total
chlorine content decreased to almost zero for the Li*-
MgO-Cl~ (0.46/0.69) catalyst after 175 h on stream. By
contrast, after 400 h of use the Cl~ content of the Li*—
MgO-Cl~ (0.36/0.22) catalyst decreased to only about
50% of its initial level because the rate of chlorine loss
was less (Fig. 3b). This difference in rates of chlorine loss
may be attributed to the larger rate of reaction, and hence
H,O formation, over the Lit-MgO-Cl~ (0.46/0.69) cata-
lyst. Water is known to be a contributing factor in the loss
of chlorine from these catalysts (1, 7).

The conversion data reported in Fig. 3 appear to con-
tradict the earlier point that Cl/Li ratios =0.9 are re-
quired for high OXD activity. The results of Fig. 3a show
that during the first 150 h of operation the activity of the
Lit-MgO-CI~ (0.46/0.69) catalyst increased slightly,
even though the CI/Li ratio became quite small. By con-
trast, the activity of the Li*-MgO-Cl~ (0.36/0.22) cata-
lyst initially was small, but continued to increase over
400 h. At the end of the experiments, the activities of the
two catalysts were comparable (15% conversion vs 10%

conversion). As will be discussed in more detail below, a
major impediment to achieving high activity with the
Li*-MgO-Cl~ (0.36/0.22) catalyst is the fact that the sur-
face is partially covered by Li;CO;, which appears to be
inactive for the OXD reaction (8). One of the roles of
chlorine is to fix lithium as LiCl and to prevent the forma-
tion of carbonate, which may spread over the surface
during calcination at 750°C. (The melting point of Li,CO;
is 723°C.) Once this function is achieved, the Li,CO; does
not spread over the surface at 620°C, even when much of
the chlorine is lost from the sample. Thus, the catalysts in
Fig. 1 having Cl/Li <0.9 were relatively inactive because
they had been calcined at 750°C, while the catalyst in Fig.
3aremained active after CI/Li <0.9 because the tempera-
ture was kept below 620°C. This role of chlorine is en-
hanced by the fact that the surface areas were larger for
the chlorided catalysts.

The effect of chlorine on C;Hg conversion was partially
mimicked by decreasing the amount of lithium in a Li*-
MgO catalyst. For example, at constant space velocity in
an integral reactor, conversions attained over the Lit-
MgO (0.030) and the Li*—-MgO (0.39) catalysts were 42
and 9%, respectively, after 10 h on stream. The ratio of
conversions reflect the five-fold greater surface area of
the Li*-MgO (0.030) catalyst (Table 1), but such a com-
parison based on surface areas may be an oversimplifica-
tion as the surface compositions of these two catalysts
were quite different (see below).
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Effect of CO; on activity and selectivity. It has been
demonstrated previously that CO; has a major effect on
the catalytic properties of Li*—MgO catalysts (6, 9). Be-
cause of the basic nature of the catalysts, CO, poisons
active centers, for both CH, and C,H, conversions, but it
also enhances selectivity at a constant level of conver-
sion (10). By contrast, incorporation of Cl~ ions at a Cl/
Li ratio of ca. 0.9 resulted in a catalyst for CH4 conver-
sion which was unaffected by CO; (3). As shown by the
results of Fig. 4, after 5 h on stream the addition of up to
25 Torr of CO; had no effect on the conversion of C,;Hg
over the Li"—MgO-Cl~ (0.46/0.69) catalyst, but the same
amount of CO, seriously poisoned the Li*-MgO-CI-
(0.36/0.22) and the Li*-MgO (0.03) catalysts. With re-
spect to the results of Fig. 3, it should be noted that CO,
partially poisoned the Li*~MgO-Ci~ (0.46/0.69) catalyst
when the CI/Li ratio fell below 0.9; e.g., after 15 h at a
relatively high space velocity.

The consequences of CO, poisoning are manifested in
several different ways, which makes a simple comparison
of chlorided and nonchlorided catalysts difficult. In Table
3, the specific rates over four catalysts are compared.
Over the Li"—MgO (0.03) catalyst, the rate increased by
more than a factor of 6 as the space velocity was in-
creased from 0.23 to 10.4 s~!. This increase in rate is
attributed to a lower partial pressure of CO; product over
the catalysts at the larger space velocity. For the Lit—
MgO (0.03) catalyst the CO, pressure, due to the reac-
tion, increased from 8.8 Torr at a SV = 10.4 s~! to 65.1
Torrata SV = 0.23 s7!, which is greater than the range of
partial pressures depicted in Fig. 4. The effect of space
velocity on rate was much smaller over the Li*-MgO-
Cl~ (0.46/0.69) catalyst. In fact, one would not expect
CO; to have any effect on rate. The smaller rates at the
low space velocities may, in part, result from the fact that
conversions were beyond the differential range. It is
probably fortuitous that the Li*-MgO-CI~ (0.46/0.69)
and the Li*-~MgO (0.03) catalysts had similar rates at a

WANG, ROSYNEK, AND LUNSFORD

6 1 1 1 I 1
»r
o
c
<
£
L
°
=
o
2
®
>
=
o
O
1 1 1 1 | 1
0 5 10 15 20 25 30
Partial Pressure of CO,, Torr
FIG. 4. Effect of CO,; added to the reagents on the conversion of

ethane: @, Li*-MgO-Cl- (0.46/0.69) (0.2 ml) after 5 h on stream; O,
Lit~MgO-Cl- (0.46/0.69) after 1S h on stream; A, Li~—~MgO-Cl- (0.36/
0.22) (1.0 ml) after 175 h on stream; B, Li*-MgO (0.03) (0.05 ml). The
amount of catalyst in the differential reactor was adjusted to give com-
parable C;H, conversion in the absence of added CO,. P(C;H,) = 290
Torr, P(OQ,) = 290 Torr, T = 620°C, total flow rate = 60 ml/min.

SV = 10.4 s~!. At the larger space velocities, the activity
of the Li*—MgO-Cl~ (0.36/0.22) catalyst, having a CI/Li
ratio of 0.65 after calcination, was intermediate between
that of a fully chlorided catalyst and one without chlo-
rine.

Moreover, the effect of CO, is evident in the selectivi-
ties obtained over the four catalysts in Table 3. As indi-
cated by the numbers in parentheses, only the Li*—MgO-~
Cl~ (0.46/0.69) catalyst produced C,H, selectivities
>80% at the larger space velocities. The lower C,H, se-
lectivities obtained over the other catalysts reflect the
fact that CO, is not available to poison the nonselective
sites at the larger space velocities. The high C;H, selec-

TABLE 3

Effect of Space Velocity on the Specific Activity

Space velocity (s™')¢

Catalyst 0.23¢# 1.1 2.2 43 5.2 10.4
Li*-MgO-Cl- (0.46/0.69) 2.2¢ (78)¢ 3.0 (7N 3.5 (86) 3.5 (88)
Li*-MgO-Cl- (0.36/0.22) 0.43 (75) 0.42 (74) 0.84 (79)

Li*-MgO (0.39) 0.53 (63) 0.68 (76) 1.1(66)
Li*-MgO (0.03) 0.57 (67) 1.4 (73) 2.1(73) 2.9(72) 3.9(67)

« Space velocity changed by varying the amount of catalyst.

b Data obtained in the integral reactor.
¢ Specific activity (umol/m?/s).
4 Selectivity to ethylene.
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tivity obtained over the Li*-MgO-Cl~ (0.46/0.69) cata-
lyst implies that Cl- ions similarly poison nonselective
sites which are effective in the further oxidation of C-H,
to CO,.

The C;Hg conversions and C>H, selectivities as a func-
tion of temperature are shown in Fig. 5 for the same four
catalysts. The corresponding activation energies are
given in Table 4. Although it is not obvious from the data
of Fig. 5, the relationship between conversion level and
temperature is strongly affected by the presence of CO,
for the catalysts Li*-MgO-Cl " (0.36/0.22), Li*-MgO
(0.02) and Li*--MgO (G.39). This relationship is complex,
however, because as the temperature increases, the con-
version level and the selectivity both increase, as shown
in Fig. 5b. The latter occurs because of the positive effect
that CQO; has on selectivity. In addition, CO, functions in
a classical sense as a product which is also a poison. This
results in the relationship

E, = E + X, [1]
where E, is the apparent activation energy, E is the acti-
vation energy in the absence of the poison, and A is the
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FIG. 5. Effect of temperature on (a) etnane conversion and (b) eth-
ylene selectivity: ®, Li~-MgO-Cl (0.46/0.69); A, Li*-MgO-CI-
(0.36/0.22); A, Li*—MgO (0.030); @, Li--MgO (0.39). P(C.H, = 290
Torr, P(O,) = 290 Torr. Data were taken with 1.0 ml catalyst after ca.
5 h on stream.
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TABLE 4
Activation Energy for Ethane OXD*

Eﬂ
Catalyst (kcal/mol)
Li*~MgO-Cl - (0.46/0.69) 43
Li*-MgO-Cl- (0.36/0.22) 33, 44
Li*-MgO (0.39) 44
Li-—MgO (0.03) 45

¢ Activation energies obtained in differen-
tial reactor; total flow rate = 60 mi/min.

* A change in E, was observed at ca.
620°C; the larger E, corresponding to higher
temperatures.

heat of adsorption of CO,. The effect of CO, on the acti-
vation energy for CH4 conversion over Li*-MgO was
previously demonstrated (6), and as part of this study we
have shown that over the Li*—MgO-Cl- (0.36/0.22) cata-
lyst, used for 400 h, E, increased from 32 to 39 kcal/mol
as the amount of CO, added to the system was increased
from 2 to 8 Torr.

The increasing or constant C.H, selectivity with in-
creasing C;H, conversion is unusual in heterogeneous
catalysis. The increasing selectivity for catalysts with Cl/
Li <0.9 can be adequately explained by the effect of CO»,
as described above. The CO; partial pressures increased
with increasing conversion level, and the nonselective
sites became poisoned. For the Li*—MgO-Cl~ (0.46/
0.69) catalyst, however, these nonselective sites had al-
ready been poisoned by Cl- ions, and no additional effect
resulted from the increased level of CO,. We previously
demonstrated, using "*C-labeled reagents, that ethylene,
rather than ethane, is the major source of CO, when the
partial pressures of the hydrocarbons are comparable

(11).

Kinetics of the reaction. Because CO,, a product of
the reaction, does not poison the Li*-MgO-Cl- catalysts
having CI/Li =0.9, the kinetics over these materials may
be obtained in a straightforward manner. At 620°C, the
reaction orders for Li*—-MgO-Cl~ (0.46/0.69) were 0.59
with respect to C;Hg and 0.30 with respect to O,. At the
same temperature, the corresponding orders over Li*—
MgO (0.03) were 0.58 and 0.18, respectively. The de-
crease in the order with respect to oxygen may reflect, in
part, the poisoning effect of CO, for the Li* ~MgO cata-
lyst as the partial pressure of O, increased.

As previously discussed for the OXD of ethane over
Li*—MgO, and by analogy with our mechanism for the
oxidative coupling of methane, we propose that the al-
kane is activated by the abstraction of a hydrogen atom at
a reactive oxygen ion at the sarface (I, 3). This is fol-
lowed by the rapid loss of water and the replacement of
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lost lattice oxygen by O,. A model developed for the
oxidative coupling reaction suggests that the rate of ac-
tive oxygen formation and decomposition, relative to the
rate of hydrogen atom abstraction, determines the orders
of reaction (3). Thus, the reaction order will depend on
the C—H bond energy strength, which is different for CH,
and C,Hg, although the overall mechanism for alkane ac-
tivation is the same. For example, over a Li*-MgO-CI~
catalyst the orders of reaction with respect to CH, and O,
were 0.79 and 0.61, respectively. The small orders with
respect to O, (0.58 and 0.18) indicate that the incorpora-
tion of oxygen is faster than the activation of C;Hg; how-
ever, it is difficult to understand how the orders with
respect to O, and C,Hg can both be so small. This sug-
gests that another process, such as oxygen mobility in the
lattice, may approach a rate-limiting condition.

The potential role of gas-phase chlorine. Since Cl at-
oms are known to serve as chain carriers in the homoge-
neous dehydrogenation of ethane, it has been suggested
that gas-phase chlorine, derived from the catalyst, may
also play a role in the OXD reaction (12, 13). This subject
has been addressed in detail with respect to the formation
of C;H, during the oxidative coupling of CH,. Perhaps
the most definitive evidence against a substantial gas-
phase component is found in the recent transient studies
of Burch et al. (14). They observed that the positive ef-
fect of chlorine addition to a MgO catalyst persisted long
after the flow of CH;Cl over the catalyst had ceased.
Earlier, Conway and Lunsford (1) had shown that there
was no correlation between the rate of chlorine loss from
an Lit—MgO-C]~ catalyst and its OXD activity.

The results of Table 2 further support the role of a
surface chlorine species, rather than gas-phase chlorine,
in promoting the OXD of ethane. Again, there was no
correlation between the rate of chlorine evolution from
the catalyst and the conversion of C,Hg. For example,
with the Li*-MgO-Cl~ (0.46/0.69) catalyst, the conver-
sion increased from 68 to 72% while the rate of chlorine
evolution decreased from 244 to 100 umol/h. Moreover,
integrated C,H,/Cl ratios (i.e., the molecules of C,H,
formed per molecule of Cl released from the catalyst)
ranged from 223 to 614. These values indicate exces-
sively long chain lengths if Cl-initiated homogeneous re-
actions were responsible for the C;Hg conversion. As re-
ported previously (1), the addition of H»O to the reagents
caused an increase in the rate of chlorine evolution as
HCI. The addition of water to the rather inactive Li*—
MgO-CI- (0.36/0.22) catalyst caused a 12-fold increase
in the rate of Cl evolution, but almost no change in the
C,H¢ conversion.

The effect of gas-phase HCI was further demonstrated
in a temporal experiment, the results of which are de-
picted in Fig. 6. At the outset, the rate of C;H, formation
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to reaction mixture. P(C,H¢) = 290 Torr, P(O,) = 290 Torr, T = 650°C,
total flow rate = 60 ml/min, 5.4 g catalyst.

was first determined over a Li*—MgO catalyst. Then af-
ter 21 h, the reagent flow was stopped and a gas mixture
of 1% HCI in He was passed over the catalyst for 24 h.
Upon introducing C;He and O, along with the HCI/He
mixture, it was found that the modified catalyst was less
active than the catalyst without chlorine. Only when the
flow of HCI was stopped did the activity increase, and it
decreased again when the HCI was readmitted. Finally,
when the HCI was turned off a second time, the activity
increased considerably beyond the original level. These
results demonstrate that (i) gas-phase chlorine at a level
of 1.8 Torr had a negative effect on C;H, formation, (ii)
excess chlorine on the surface resulted in a lower activ-
ity, and (iii) as excess chlorine was lost from the catalyst,
higher levels of activity were attained. The second point
is consistent with the results of Fig. 2a, which showed
that the activity of the Li*—MgO-CI~ (0.46/0.69) catalyst
actually increased with time on stream.

Temperature-programmed  desorption. From the
TPD spectra of Fig. 7 it is evident that the catalysts in
various stages of use contain several different types of
CO, adsorption sites. Here we use the term ‘‘adsorption™
to include surface carbonates, since XPS results (see be-
low) indicate that much, if not all, of the CO, is held on
the surface in this form. The previous study of freshly
calcined catalysts demonstrated that as the CI/Li ratio
decreased from 0.9 to 0, the amount of CO, adsorbed and
the number of adsorption states increased (3). The focus
of the present study was to determine how the adsorption
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FIG. 7. TPD curves for CO, desorbing from catalysts. (a) Li-—=MgO (0.03), curve 1; Li*—=MgO (0.06), curve 2; Li*-MgO (0.13), curve 3; Li"—
MgO (0.29), curve 4. (b) Li-—-MgO-Cl (0.46/0.69), curve 1, fresh catalyst; curve 2, used 5 h; curve 3, used 250 h. (c) Li*-MgO-C!l (0.36/0.22),
curve |, fresh catalyst; curve 2, used 5 h; curve 3, used 400 h. (d) Li"—MgO-CI- (0.34/0.34), curve 1, fresh catalyst; curve 2, used 13 h; curve 3,

used 550 h.

states of the Li*—=MgO-Cl~ catalysts evolved during the
course of the OXD reaction. As a point of reference, the
CO, TPD curves for four fresh Li*—MgO catalysts con-
taining different amounts of Li are shown in Fig. 7a. With
an increasing concentration of lithium, the amount of ad-
sorbed CO; increased, and, moreover, the temperature
corresponding to the maximum desorption rate in-
creased. For example, the temperature for this maximum
shifted from 880°C for Li*—MgO (0.03) to 935°C for Li*-
MgO (0.39). This is taken as evidence that the less basic
MgO interacts with more basic Li;O, and the influence of
MgO on the Li,O is greater when the Li/Mg ratio is small.

As shown in Fig. 7b, curve 1, the calcined, but fresh
Li*-MgO-Cl~ (0.46/0.69) catalyst exhibited a small CO,
desorption peak at 440°C and a slight increase in desorp-
tion at about 850°C, but essentially no desorption oc-
curred between 600 and 800°C. This result is consistent
with the observation that the fresh Li*-MgO-Cl~ (0.46/
0.69) catalyst was not poisoned by CO; during the OXD
reaction. After 5 h on stream (curve 2), a new peak was
observed at 520°C, and additional CO, desorption oc-
curred over the range between 500 and 800°C. The pres-
ence of these sites for CO, adsorption is surprising in
view of the small amount of chlorine that was lost from

the surface over this time period (Fig. 3). XPS results
(see below) confirm that CO3 ™ ions were present on this
material. Since the catalyst at this stage was not poi-
soned, the state of CO, monitored by TPD is apparently
not related to the activation of C,H,. After 250 h on
stream, we know that most of the chlorine had been lost
from this catalyst (Fig. 3). In the temperature range of
interest, the peak at 520°C shifted to 540°C (curve 3), a
new peak appeared at 620°C, and increasing CO, desorp-
tion was observed as the temperature increased. The re-
versible CO, poisoning effect on this catalyst is consis-
tent with the peak at 620°C and the increasing CO,
desorption.

By contrast, after calcination the Li*~MgO-Cl- (0.36/
0.22) catalyst had TPD peaks at ca. 530 and 600°C, and a
large CO, background that increased up to 860°C (Fig.
7c). This behavior is consistent with the catalytic results
of Figs. 4 and 5, which show that this catalyst was similar
to a Li*—MgO catalyst.

The CO, TPD from the Li*—-MgO-Cl~ (0.34/0.34) cata-
lyst, which was prepared by the addition of LiCl, is given
in Fig. 7d. The TPD curve of the fresh sample is similar to
that obtained over the Li*—MgO-CI~ (0.46/0.69) catalyst
(Fig. 7b, curve 1) except that the peak at 450°C is some-
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what larger. After 13 h in the integral reactor, which
corresponds to the time required for maximum activity,
the peak at 540°C dominated the spectrum, and above
600°C there was almost no CO; desorption (curve 2). Af-
ter 550 h on stream, high-temperature maxima were ob-
served at 520, 650, and ca. 850°C. Although the tempera-
tures corresponding to the peak maxima are similar, the
relative amplitudes are different from those obtained with
a Li*~MgO sample. In particular, with the Li"-MgO-
Cl™ (0.34/0.34) catalyst, the amount of the most strongly
held CO; was substantially less. Clearly, the amount and
the method of chloride addition affect the distribution of
strongly basic sites that evolve as chlorine is lost from the
surface during the OXD reaction.

Composition of the near-surface region. The most
definitive evidence for the role of chlorine in LiT~MgO-
Cl- catalysts comes from XPS results. The binding ener-
gies for Li, Mg, C, O, and CI obtained with pure com-
pounds and catalyst samples are reported in Table 5. The
binding energies of the pure compounds are in good
agreement with those given in the literature (15). Al-
though the Li(1s) binding energies are similar, in LiCl the
binding energy is consistently 0.6—1.2 ¢V greater than for
the other compounds of lithium. Thus, as shown in Fig
8, spectrum b, it is possible to estimate the atomic per-
centage of lithium that is present as the chloride. Al-
though lithium has a relatively small XPS cross section,
one can easily detect its presence, even in the Li'-MgO
(0.03) sample, Similarly, since the binding energies of
carbon in the carbonate ion and in adventitious carbon
differ by about 5 eV, one can estimate from the C (ls)
signals the fraction of Li;CO; on the surface. MgCO;
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and Li(ls) BE region: (a) Li--MgO (0.03); (b) Li*-MgO-Cl (0.36/
0.22): (¢) Li*-MgO (0.39).

decomposes at about 400°C, and therefore would not be
present on the surface, except for those samples that
were cooled in COs. Although we will refer to the surface
compound generically as Li-CO;, one should keep in
mind the TPD results which indicate that the carbonates
exist in several states. Only one form of chlorine was

TABLE 5

Binding Energies of Pure Compounds and Catalysts

Binding energies (ev)

Li(1s) C(ls) O(ls)

Sample Cl CO3 , 0, 0OH Mg2p) Adv. CO; o CO}",OH" Cl2p)
Li,CO, 55.3 2846 2899 531.4
LiCl 55.9 2046  288.9 §31.1 198.4
MgO 49.1 284.6  289.0 529.0 5311
Li*-MgO (0.03) 54.8 48.9 2846 289.1 528.9 §31.1
Li*-MgO (0.39) 55.2 49.7 284.6  289.8 531.4
Li*~MgO-Cl (0.46/0.69)¢ 56.2 49.6 284.6 289.2 529.7 531.6 198.7
Li-—=MgO-Cl  (0.46/0.69)" 56.0 54.9 49.2 284.6 288.8 529.3 531.5 168.6
Li*-MgO-Cl- (0.36/0.22)« 56.0 54.9 49.3 284.6 289.6 5293 531.2 1¢8.4
Li*-MgO-Cl- (0.36/0.22)* 56.0 54.9 49.2 284.6 289.0 529.3 531.2 198.6

@ Calcined sample (see Experimental) removed from bottle in a glove box, pressed into a wafer, and transferred to the

XPS instrument in a sealed vessel.

b After use in differential reactor ca. 14 h, catalyst was cooled rapidly in flowing O,/He/CO, (10-20 Torr). The wafer
was prepared in the glove box and transferred to the XPS instrument in a sealed vessel.
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found on the catalysts and the binding energy corre-
sponds to that of Cl~ ions.

The surface compositions of the pure compounds and
selected catalysts are given in Table 6. The surface com-
positions of the pure compounds are consistent with
those expected from bulk compositions. For the MgO
sample, which was not pretreated at elevated tempera-
tures, it is evident that two types of oxygen are present:
one with BE = 529.0 eV is attributed to O*~ ions and the
other at BE = 531.4 eV is mainly present as OH™ ions.
The O(1s) binding energy in carbonate ions also occurs at
531 eV, but it is evident from the results for MgO that
there was relatively little carbonate on the surface.

The surface compositions of the two Li*-MgO sam-
ples used in this study are compared in Table 6. As noted
by other investigators (16, 17), when the lithium content
is large (Li*—MgO (0.39)), the surface is mainly covered
by a Li,CO; phase. This is demonstrated in Fig. 8. spec-
trum ¢, by the reduction in the amount of Mg at the
surface and presence of a large percentage of lithium car-
bonate ions. The ratio of Li, C, and O is approximately
that expected for Li;CO;. Following its use for 40 h, the
amount of Li,CO; decreased, and more MgQO appeared
on the surface. Even at a relatively low reaction tempera-
ture of 620°C, lithium is slowly lost from the surface.

By contrast, the surface of the more active Li*-MgO
(0.03) catalyst consisted mainly of MgQO, although a small
amount of lithium was also present. The amount of oxy-
gen having a binding energy of 531 eV is too large for it to
be only carbonate oxygen, based on the Li (1s) and the
C(1s) (carbonate) signals. This oxygen probably results
from OH" ions on the surface, although O~ and O3~ ions
may also contribute (17, [8).
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The XPS study of the chlorided catalysts focused on
the Li*-MgO-Cl~ (0.46/0.69) and Li*-MgO-CIl~ (0.36/
0.22) samples, both of which had a large amount of lith-
ium. It is evident from the results of Table 6 that the Li*—-
MgO-Cl~ (0.46/0.69) samples calcined in air had mainly
LiCl and MgO on the surface; i.e., there was very little
Li,CO; present. Oxygen may have been present as OH™,
0}, or O~ ions. After 14 h in the differential reactor, a
small amount of Li;CO; began to appear on the Li*—
MgO-Cl~ (0.46/0.69) catalyst, but the surface remained
mainly MgO. This was the case even when the catalyst
was cooled in a gas mixture that contained CO,.

Qualitatively, the XPS data, which are in agreement
with the TPD results, help one understand the specific
activities of the Li*—MgO (0.39), Li*-MgO (0.03), and
Li*-MgO-Cl~ (0.46/0.69) catalysts reported in Table 3.
Li*-MgO (0.39) was extensively covered by a relatively
inactive film of Li,CO;/Li,O. The coverage of Li;CO;
was much less extensive on the Li*-MgO (0.03) sample,
but it contained more than was found on the fresh Li*—
MgO-Cl~ (0.46/0.69) sample.

Similarly, the XPS results for the Li*~MgO-Cl~ (0.46/
0.69) and Li*-MgO-Cl~ (0.36/0.22) samples are consis-
tent with the catalytic data of Fig. 3. The fresh Li*-
MgO-Cl~ (0.36/0.22) catalyst was about half covered
with LiCl/Li,CO,/Li,0, which is reflected by its lower
activity, but the extent of the decrease in activity is
greater than might be expected from a merely physical
blocking of the MgO surface. After use as a catalyst for
14 h the Li*—MgO-Cl~ (0.46/0.69) catalyst had only a
small amount of Li,CO; on the surface, and from the TPD
results (Fig. 7b) most of this was in a thermally unstable
form. By contrast, the Lit—MgO-Cl~ (0.36/0.22) catalyst

TABLE 6

Surface Composition of Pure Compounds and Catalysts

Surface composition (atom%)

Li(1s) C(ls) O(1s)
Sample Cl- CO0j,0",0H- Mg2p) Adv. CO} 0> CO},0OH- CI2p)
Li,CO, 12 16 52
LiCl 45 18 37
MgO 32 14 3 27 24
Li*-MgO (0.03) 2 30 13 4 3] 20
Li*-MgO (0.39) 24 2 11 15 48
Li*-MgO-Cl- (0.46/0.69)¢ 4 26 16 2 3 16 5
Li*-MgO-Cl- (0.46/0.69)* 7 2 19 16 3 24 21 9
Li*-MgO-Cl- (0.36/0.22)° 7 11 13 10 S 17 28 9
Li*-MgO-Cl- (0.36/0.22)" 8 8 14 16 5 16 24 9

@ Calcined sample (see Experimental) removed from bottle in a glove box, pressed into a wafer, and transferred to the

XPS instrument in a sealed vessel.

5 After use in differential reactor ca. 14 h, catalyst was cooled rapidly in flowing O,/He/CO; (10-20 Torr). The wafer
was prepared in the glove box and transferred to the XPS instrument in a sealed vessel.
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had less surface Li;CO; after 5 and 12 h of use than did
the fresh catalyst. Moreover, the amount of MgO avail-
able at the surface increased. These results are consistent
with the slow increase in C,Hg conversion that was indi-
cated in Fig. 3b. A loss of Li;CO; from the catalysts is not
reflected in the TPD results of Fig. 7c, which suggests
that during reaction there may be the transformation
from a Li,CO; film to crystallites with time on stream.

MODEL OF THE ACTIVE SURFACE

The results presented here can be interpreted in terms
of a model of the catalytic surface described in Scheme 1.
When the CI/Li ratio is =0.9, most of the lithium is
present as molten LiCl, (m.p. = 613°C) rather than as
Li>CO;. The XPS results indicate that LiCl does not
spread over the MgO surface. Although LiCl itself is not
active for the OXD of ethane, it favorably influences the
activity in three ways: (i) it inhibits the sintering of the
catalyst by Li,COs, (ii) it prevents Li,CO; from covering
the catalyst, and (iii) it stabilizes the form of lithium
which activates oxygen, but does not strongly interact
with CO,. We suggest that this active form of lithium may
be described by L. In I, atomic layers of Li;O decorate the
surface of the molten LiCl, and the basicity of the oxygen
is modified to the extent that a surface carbonate is not
formed under reaction conditions. The solubility of Li,O
in LiCl is only 1.1% at 650°C (18). From a separate set of
pulse reaction experiments, we have demonstrated that
fresh Li;O has comparable activity, but somewhat less
C,H, selectivity, than a good Li*—MgO-Cl~ catalyst.
Here we ascribe the activity to Li,O, but it may, in fact,
be due to special forms of oxygen (e.g., O~ or 0% ions).
As noted previously (3), the centers that are principally
responsible for the activation of C,He may not be the
same as those that are responsible for the activation of
CH,.

Only a very limited amount of Li,O can be supported in
a single atomic layer, and when the CI/Li ratio is <0.8,
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multilayers of Li;O form. In the presence of air or the
reaction mixture, the Li;O becomes Li,CO;, part of
which forms a eutectic mixture with LiCl (19). Pretreat-
ment of the catalyst at 750°C in air, which contains H,O
and CO,, causes the Li;,CO; and the LiCl/Li,COs; to flow
extensively onto the MgO as described by II, but if the
Li,CO; is formed under reaction conditions at 620°C, it is
not as well dispersed.

As shown in Table 3 and Fig. 4, high OXD activity, but
not the resistance to CO, poisoning, can be achieved by
adding only a small amount of lithium to magnesium ox-
ide. If all of the lithium in the Li-MgO (0.03) catalyst
were present as Li,CO; the equivalent monolayer cover-
age would be 2. In this case, described by III, the Li,O is
believed to be highly dispersed and the influence of the
less basic MgO substrate partially inhibits the formation
of Li;CO;. This effect is evident in the TPD results of Fig.
7a, which show that at the smaller Li loading the fraction
of CO, desorbing at lower temperatures increased. We
have demonstrated for the BaO/MgO catalyst that at low
loadings of Ba the MgO can substantially reduce the ba-
sicity of the BaO, while still maintaining good activity for
CH, conversion (20).

For the Li-MgO (0.39) catalyst, the uniform coverage
of Li,CO; would be equivalent to 160 monolayers. Under
reaction conditions, Li;CO; would be favored, and only a
relatively small amount of Li,O would be present on the
surface, as described by IV, for the activation of C,Hs.

The behavior of the Lit-MgO-Cl~ (0.46/0.69) cata-
lyst, as described in Fig. 3, may now be more fully under-
stood in view of this model. As the chlorine is lost from
the sample at 620°C, the Li,CO; remains mainly in the
LiCl/Li,COj; phase, although some of it migrates to the
MgO where there is an equilibrium between dispersed
Li,O and Li,COs. Thus, the state of the catalyst is inter-
mediate between I and II. The catalyst remains active,
but it is subject to poisoning by CO,. In general, a highly
basic catalyst intrinsically is more effective in activating
an alkane, but it is also extensively poisoned by CO,.
Therefore, under steady-state conditions a less basic cat-
alyst may be more active, particularly with respect to
C,H, which has a weaker C—~H bond than CH,.
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