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SEI_,EUIIVE METHANE OXIDATION OVER PROMOTED OXIDE CATALYSTS

DISCLAIMER

This report was prepared as an account of work sponsored by the United States
Government. Neither the United States nor the United States DOE, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product or process disclosed, or represents that its use would not infringe privately owned
rights.
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SELECTIVE METHANE OXIDATION OVER PROMOTED OXIDE CATALY_

SUMMARY OF PROGRESS _-- _
L.D "-J:

Sulfate anion was used to modify the surface basicity of 1 wt% Sr/La2Oa, and
catalytic tests were carried out to probe the selective oxidation of methane to Ca coupling
products over these catalysts. Over a range of reaction temperatures of 500-700°C, most of
the catalytic tests were carried out with a 1 wt% SO42-/1 wt% Sr/LazOa with a CH4/air =
1/1 reactant mixture at 1 atm and with a gas hourly space velocity (GHSV) = 70,000 e/kg
catal/hr. The sulfated catalyst showed the largest improved catalytic effect at 500°C.
Compared to the activity of the nonsulfated Sr/La203, the sulfated catalyst resulted in
enhancement of the methane conversion, the C2 selectivity, and the yield of C_ products by
factors of 1.7-2.0, 1.5-1.9, and 2.2-3.9, respectively.

At higher temperatures, the promoting effect of sulfate decreased, and at 650-700°C
the sulfated and nonsulfated catalysts showed the same activity parameters. Subsequently
decreasing the temperature from 700 to 500°C, the effect of sulfate was not detectable. It
is probable that the sulfate was removed from the catalyst at higher temperatures (> 600°C),
especially when a reducing environment was produced because of the high oxygen
conversion (>90%). Therefore, the originally sulfated catalyst, after testing at high
temperatures, acted as a nonsulfated catalyst. However, it is demonstrated that an improved
catalyst for selective oxidation of methane was produced by surface sulfate doping for
utilization at milder reaction temperatures at and below 550°C.

The effect of sulfate content was studied at 500°C, CH4/air = 1/1, and GHSV =
70,000 e/kg catal/hr. From the catalysts containing 0.5, 1.0, 2.0, or 4.0 wt% SO4a- on
Sr/LaaOa, the 1.0 wt% SO4a'/Sr/LaaO3 catalyst resulted in the largest activity in CH4
conversion, Ca selectivity, and C2yield. All of the sulfated catalysts exhibited higher activity
parameters at 500°C than the nonsulfated Sr/LazO3.

In sit,._laser Raman spectroscopy was used to characterize the surface of sulfated and
nonsulfated catalysts. Preliminary results indicate that the sulfate anion preferentially
bonded to the Sr rather than to the La ions. The promoting effect of the acidic sulfate on
the catalytic activity of basic Sr/La203 seems to be due to the inhibition of carbonate
formation on the surface Sr ions.

The effects of total pressure and CH4/O2 ratio were studied at 600°C. Ai CH4/Oz
= 5/1, using pure O2 instead of air, the conversion of CH4 and the yield of Ca products
increased only slightly, but the ethane and ethene selectivities showed larger increases at the
expenses of CO and CO, selectivities. Upon changing the CH4/O2 ratio from 10/1 to 5/1
at 600°C, the ethene selectivity increased by a factor of ca. 4, while the CO selectivity
decreased by a factor of ca. 3, which was not followed by the increase of CO2. These data
show that the formation of ethane and CO2 are primary product, while ethylene and CO
form via secondary reactions, in accordance with literature reports.
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SELEC"I'IVEMETHANE OXIDATION OVER PROMOTED OXIDE CATALYSTS

OBJECTIVES OF THE RESEARCH

The objective of this research is the selective oxidative coupling of methane to Ca
hydrocarbons (Equations 1-3) and oxygenates, in particular formaldehyde and methanol as
represented by Equations 4 and 5. Air, oxygen, or carbon dioxide, rather than nitrous oxide
will be utilized as the oxidizing gas at high gas hourly space velocity, but mild reaction
conditions (500-700°C, 1 atm total pressure). Ali the investigated process are catalytic,
aiming at minimizing the difficult-to-control gas phase oxidation reactions.

2CH4 + 1/202 ,_ C2H6 + HzO (1)

2CH4 + 02 ,_ C2H4 + 2H20 (2)

2CH4 + 2CO2 _ C2H4 + 2CO + 2H20 (3)

CH4 + 02 ,_ CH20 + H20 (4)

CH4 + 1/202 ,_ CHaOH (5)

Oxide catalysts are chosen for this research that are surface doped with small amount
of acidic dopants. It is thought that, for example, the very basic Sr/La2Oa catalyst, which
is active in the formations of methyl radical and therefore Cz products, can be doped with
some Lewis acidic oxides or other groups to increase further its activity and selectivity to C2
products.

The research to be carried out under U.S. DOE-METC contract is divided into the
following three tasks:

Task 1. Maximizing Selective Methane Oxidation to Cz Products Over
Promoted Sr/La2Oa Catalysts.

Task 2. Selective Methane Oxidation to Oxygenates.

Task 3. Catalyst Characterization and Optimization.

_" Task 1 deals with the preparation, testing, and optimization of acidic promoted
lanthana-based catalysts for the synthesis of C2 hydrocarbons. Task 2 aims at the formation
and optimization of promoted catalysts for the synthesis of oxygenates, in particular

= formaldehyde and methanol. Task 3 involves characterization of the most promising
catalysts so that optimization can be achieved under Task 1 and 2.
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SEI_C-qlVE METHANE OXIDATION OVER PROMOTED OXIDE CATALYSTS

RESEARCH PROGRESS

PART 1. Oxidative Coupling of Methane Over Sulfate-Doped Sr/Laz03 Catalysts

1. Introduction

Methane is a significant component of natural gas. It is desirable to convert it to
higher molecular weight products for transportation, storage, and for utilization as chemical
feedstock. Although this desire is not a new topic in research, its importance increased
significantly during the last decade. After the first publication concerning the catalytic
coupling of methane in 1982 [1], many academic and industrial laboratories around the
world have made intensive efforts to find commercial catalysts for methane conversion.
Excellent reviews have appeared on this subject [2-11], and more than a hundred catalysts
have been described to show more or less activity for oxidative transformation of CH4.
However, only a few of them are worthwhile to study in more detail.

The catalysts based on rare-earth oxides are among the most promising as they
simultaneously present good selectivity to Cz+ products, high activity, good stability at
reaction conditions, and a relatively low cost. The strontium-doped La203 is one of the best
known catalysts [12-14], which results in even a better catalytic performance than the pure
oxide.

The catalytic features of the very basic Sr/La203 can be increased potentially by
acidic doping, since it is believed that the formation of some surface carbonates is at least
partially responsible for deactivation under some reaction conditions. On the analogy of
earlier findings that sulfate ion strongly enhances the acidic properties of iron oxide [15],
as well as alumina and titania [16], sulfate is used in our present study as an acidic surface

dopant to improve the catalytic performance of the 1 wt% Sr/LagO3 catalyst.

2. Experimental

The 1 wt% Sr/La2Os catalyst with a surface area of 6.5 m_/g was obtained from
Amoco Oil Co. under their Natural Gas University Research Program. The sulfated
Sr/LagO3 catalysts were produced by the incipient wetness impregnation technique. The
appropriate amount of (NH4)_SO4 was dissolved in deionized water, the measured quantity
of Sr/LagO3 was added, and the slurry was continuously stirred with a magnetic stirrer until
dryness was achieved. This was followed by drying the solid overnight at 120°C and
calcination in air at 600°C for 6 hr. Prior to catalytic testing, the samples were activated in
situ under air (or O,) flow at 500°C for 1 hr. The gases used in this study were zero grade
purity and were used without further purification



Catalytic testing was carried out in the temperature range of 500-700°C in a fLxed-bed
continuous-flow 9 mm OD (7 mm ID) quartz reactor using 0.1000 g of ;atalyst. Reaction
mixtures of CH4/air = 1/1 and CH4/Oz = 5/1 and 10/1 were used at ambient pressure.
The principal products analyzed by on-line sampling using gas chromatography were CO2,
Cz (C2H6 + C2H4), C3 (C3Ha + C3H8), CO, and HzO. The carbon mass balance during the
catalytic reaction was better than 95%.

The in situ laser Raman experiments were carried out in Dr. Israel E. Wachs'
laboratory in Sinclair Lab. at Lehigh Unversity.

3. Results and Discussion

3.1. Effect of Temperature

The effect of temperature on the catalytic activity was studied with the 1 wt% SO4z"
/1 wt% Sr/La203 catalyst. This sulfate-promoted catalyst, compared to the nonsulfated one,
showed a large increase (by 75%) for methane conversion at 500°C (Fig. 1). The extent of
the promoting effect decreased with increasing temperature (T), and practically no effect
after T >650°C was observed. Upon decreasing the temperature after the 700°C

: experiment, the former promoting effect was not observable even at 500°C. The C2+
selectivity (Fig. 2) and Cz. yield (Fig. 3) varied in a similar way. The % yield is defined as
the product of the total C2 selectivity [mol% ethane + ethene] and the total conversion of
methane [mol%]. The presence of the sulfate anion caused a large promoting effect at
500°C, where the C2+selectivity and Cz. yield increased from 32.2 to 45.1% and from 3.4
to 8.0%, respectively. However, the promotion irreversibly disappeared after T >650°C.

A new pretreatment of the tested catalyst in air at 500°C for one hour could not
restore the former enhanced activity obtained at 500°C. One possible explanation of this
instability is the high Oa conversion (>85-90%) at the higher reaction temperatures,
resulting in a reducing environment that transformed the sulfate to a volatile component.
This would result in the loss of the acidic surface dopant.

3.2. Effect of Sulfate Concentration

The effect of sulfate content was examined at 500°C, CH4/air = 1/1, Pctot,l_ = 1
atm, and GHSV = 70,000 e/kg catal/hr. The content of sulfate added to the 1 wt%
Sr/La203 varied as 0, 0.5, 1.0, 2.0 and 4.0 wt% of the total weight of catalyst. The 1 wt%
SO4a-/1 wt% Sr/La203 showed the largest effects on the methane conversion (Fig. 4), C,
selectivity (Fig. 5), and yield of C2 products (Fig. 6).

A working hypothesis is that the basic Sr/La203 promotes the formation of surface
carbonate, which decreases the activity of the catalyst in oxidative methane coupling to Ca
products. The first step in the activation of CH4, resulting in the formation of •CH3 radicals
on the surface, probably needs negatively charged dioxygen [17,18] (designated as Oz_) or
monooxygen [19,20] species (designated as Oz), as shown in Equations 6-8.
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FIGURE I

Effect of temperature on methane conversion in the range of 500-700°C. (a) 1 wt%
Sr/La203 with increasing reaction temperature (,), and then subsequently decreasing the

- reaction temperature stepwise from 700"Cto 50&C (x); (b) 1wt% SO,='/1 wt% Sr/La=O3
with stepwise increasing reaction temperature (=), and then subsequent systematically
decreasing the reaction temperature (ra). Weight of catalyst ---0.1000 g; reactant mixture
of CHJair = 1/1; total pressure = 1 atm; and GHSV = 70,000 t/kg catal/hr.



FIGURE 2

- Effect of tem_rature on C,a, selectivity in the range of 500-700°C. (a) 1 wt% Sr/LazO3
- catalyst with increasing reaction temperature (,), and then with decreasing temperature (x);

(b) 1 wt% S042-/1 wt% Sr/La203 catalyst with increasing temperature (=), followed by
_- decreasing temperature (ra). The experimental parameters are given in Fig. 1.
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FIGURE 3

Effect of temperature on Cz+yield in'the range of 500-700°C. (a) 1 wt% Sr/La203 with
increasing reaction temperature (*), and then with decreasing reaction temperature (x); Co)
I wt% so42/1 wt% Sr/La203 with incre_ing reaction temperature (=), and then with
decreasing temperature (13). The experimental parameters are given in Fig. 1.
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FIGURE 4

Effect of sulfate content on methane conversion at 500°C ([]) over the 1 wt% Sr/La203

catalyst (0.1000 g) with a CH4/air = 1/1 reaction mixture at a total pressure of 1 atm and
GHSV = 70,000 e/kg catal/hr.
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FIGURE 5

Effect of sulfate content on the Ca+selectivityat 500°C (=). The experimental paramete_'s
are given in Fig. 4.
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- FIGURE 6

Effect of sulfate content on the Ca+yield at 500°C (ra). The experimental parameters are
given in Fig. 4.
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CH4 _" O2- *' "CH3 + HO2- (6)

CH4 + Oz2- *' • CH3 + HO22- (7)

CH4 + O- ,* "CH3 + HO- (8)

Carbon dioxide, as a by-product of methane oxidative coupling, may react with these
oxygen species by the formation of surface carbonate, thus decreasing the number of active
sites. It is probable that the doping of La2Oa with Sr changes the relative mounts of these
active centers. It is possible that Sr as dopant increases the relative concentration of
monoatomic surface species at the expense of diatomic ones resulting in larger C2 selectivity.
The poisoning effect of CO2 on the monooxygen species should be smaller, hence the total
methane conversion would also be larger.

The addition of sulfate to the Sr-doped LaaOa catalyst further increased the catalytic
performance. The mechanistic effect of sulfate is not known at present. It may act on the
surface (i) as an electron acceptor that decreases the electron density or/and the
composition of the oxygen active sites, or/and (ii) as a simple blocking group that hinders
the formation of poisoning surface carbonates.

Since the 1wt% SO4a- content showed the largest promotional effect, and the sample
with 0.5 wt% SO42- exhibited somewhat higher activity and selectivity than the samples with
2.0 or 4.0 wt% SOt'-, it strongly suggests that the synergetic effect of sulfate is rather
connected with Sr than La. Larger mounts of sulfate may block some active centers on
both Sr and La. However, the desirable effect of sulfate in inhibiting the formation of
poisoning carbonates should be larger than this undesirable blocking effect. This may be
a reason why the 4 wt% SO42-/1 wt% Sr/La,Oa showed still larger activity and selectivity
than the nonsulfated 1 wt% Sr/LazOa.

3.3. Effect of Gas Composition

The effect of gas compositiori on the oxidative coupling of CH4 to Ca products was
studied with 1 wt% Sr/LaaO3 and 1 wt% SO42-/1 wt%Sr/LaaO3 at 600°C using pure oxygen
instead of air (Table 1).

In the case of CH4/air = 1/1, the CH4/Oz ratio was approximately 5/1. Using the
same CH4/Oa ratio, but pure Oa instead of air, the partial pressures of the reactant
components were larger by a factor of 1.667. Although, the total conversion of CH4 for the
nonsulfated sample changed only slightly, the Cz+ selectivity increased from 53.3 to 66.3 C-
mol%, while the COx selectivity decreased from 45.9 to 33.2%. Very similar data were
obtained for the sulfated catalyst (Table 1B). This may indicate that with CH4/air, the
formation of active oxygen species on the surface is fast enough at 600°C and at CH4/Oa
= 5/1, but the formation of .CH3 radicals and subsequent recombination to Ca products
is slower compared with further reaction of oxygen species, i.e. before higher extent of
burning to COx. In the case of pure oxygen (CH4/Oa), there is no dilution by Na and the
rate of - -'-'-"':"- of "_ ,.oa;,._;_,-e;_t;ve ta filrther oxidation mie,ht be faster, and this_I_COIIII)IlIi_I.LIUtl -" _.,,t A3 • _aav.,a ................. --
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may be the reason why the yield of C2+ increased at the expence of the yield of COx.

TABLE 1

Effect of Gas Composition on the Oxidative Coupling of Methane (T= 600oc)

(A) I wt% Srfl_O3

Conditions Conv. (%) Product Selectivities (C-tool%) Yield (%)
CH4 Oz COz Cz= Cz C3s CO Cz+ COx C2+ COx

ii!1111111

CH,:Air=I:I 18.7 78.7 34.5 23.8 29.6 0.77 11.4 53.4 45.9 10.0 8.58
CH,:Oz= 5:1 19.2 28.3 30.1 36.2 0.49 4.9 66.3 33.2 12.7 6.37
CH4:Oz- 10:1 5.9 29.0 7.4 47.9 1.2 14.5 55.3 43.5 3.3 2.57

03)1wt%so?-/1 wt%Sr/LagO,

CH4:Air=I:I 21.2 87.9 35.9 23.6 30.1 0.9 9.5 53.7 45.4 11.4 9.62
CH4:Oz= 5:1 18.3 30.0 26.6 38.4 0.5 4.6 65.0 34.6 11.9 6.33
CH4:Oz= 10:1 6.2 31.5 6.3 46.0 1.7 14.5 52,3 46.0 3.2 2.85

Experimental conditions: Temperature = 600°C; weight of catalyst = 0.1000 g;
GHSV = 70,000 t/kg catal/hr; pttot,l_ = 1 atm.

Partial pressures:

(i) CH4:Air = 1:1 p(CH4) 0.500 atm (380.0 Torr)
p(O2) 0.100 atm ( 76.0 Torr)

_

(ii) CH4:Oz = 5:1 p(CH4) 0.833 atm (633.3 Torr)
p(Oz) 0.167 atm (126.7 Torr)

(fii) CH4:Oz = 10:1 p(CH4) 0.909 atm (690.9 Torr)
p(Oz) 0.091 atm ( 69.1 Torr)

Note: The partial pressures of CH4 and O2 were 1.667 times larger in experiment (ii) than
in experiment (i).

12



Increasing the CH,/Oz ratio from 5/1 to 10/1 resulted in a decrease of the total CH4
conversion from 19.2 to 5.9% for the 1wt% Sr/La, O3 catalyst and from 18.3 to 6.2 % over
the 1 wt% SO4Z--promoted 1 wt% Sr/La203 catalyst. According to these data, it is not
surprising that the C2. selectivity decreased while the COz selectivity increased. Although
the yields of both C2+and COx decreased at CH4/Oa = 10/1 (Table 1), the decrease was
much larger for the C2 products than for COz. It is probable that with decreasing oxygen
pressure the concentration of monooxygen species (O_) decreased much more than that of
the dioxygen species (O_t). If Ox is responsible for the formation of •CH3 radicals and O_
for the deeper oxidation, the larger decrease in the yield of Cz+products is explained.

PART 2. In Situ Raman Study of Methane Activation over the Srfl.azOa Catalysts

In situ laser Raman spectroscopy was used for the first time on these Sr/LazO3
systems to explore the mechanism for the promoting effect of the sulfate on the Sr/LazO3
catalysts for methane activation. It is known that the surface carbonates play important
roles for the partial oxidation of methane over strong basic metal oxide catalysts [21, 22].
It has been reported that carbon dioxide, produced as a by-product during the coupling
reaction, rapidly poisons the SrO catalyst by forming the SrCO3 [23]. When it was added
to the reaction mixture,,carbon dioxide strongly inhibited the • CHs radical production over
the Sr/LazO3 catalyst [24]. However, the surface species on these catalysts have never been
monitored by in situ spectroscopic techniques under the coupling reaction condition

employed with these catalysts.

Fig. 7 shows the ambient Raman spectra of the 1% Sr/La,O3, 1% SO42-/Sr/La,O3
and 2% SO4'-/Sr/La_O3 catalysts between the 100-1400 cm-1 regions. Raman bands below
500 cm-1 are due to the lattice vibrations, and they will not be discussed in this report.
However, the strong band at 405 cm-1 was used to normalize the intensities of Raman
spectra. Raman spectra of the standard synthetic compounds SrCO3 and Laz(CO3)3 were
recorded. The breathing mode (v 1) [25] of the SrCO3 was observed at 1070 cm-1 and the
bending mode (v3) was at 741 cm-1, while those for the Laz(CO3)3 were observed at 1087
cm-l(v _) and 699 cm-t(v3), respectively. According to these standard spectra, the 1087 cm-1
and 1068 cm-_ Raman bands in Fig. 7 were assigned to the v 1 breathing modes of the
Laz(CO3)3 and SrCOa, respectively. The 992 ern-1band was assigned to the breathing mode
(v 1) of the strontium and lanthanum sulfates, based on their standard Raman spectra that
are not shown here. These Raman band frequencies indicate that the carbonates and
sulfates formed over these catalyst surfaces are bulk compounds [25] rather than the surface
species with a double C =O bond or a double S-O bond, in which cases higher frequency
Raman bands (> 1300 cm-t) should be observed.

Fig. 8 depicted the Raman spectra of the above three catalysts taken at 500°C with
flowing air (flow rate -- 100 ml/min) (Fig. 8A-8C) and with flowing air and methane
(CH4/air --- 1.2, total flow rate -- 120 ml/min) (Fig. 8A'-8C') in the 600-1400 em-1 region.
From Fig. 8A-8C, it appears that surface sulfates inhibited the overall formation of the
carbonates. In particular, it appears that SrCO3 was preferentially inhibited since the
relative intensity of the SrCO3 v_ band compared with the Laz(CO3)3 vl band decreased
more upon sulfate treatment. In accord, Aika and n,ono [23] have observed much lower

13
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FIGURE 7

Laser Raman spectra of the 1% Sr/La2Oa, 1% SO,2-/Sr/La203, and 2% SO,Z-/Sr/La2Oa
- catalysts under ambient conditions.
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FIGURE 8

In situ laser Raman spectra of the 1% Sr/La203, 1% SO42-/Sr/La,_Oa, and 2% SO42-
= /Sr/LazO3 catalysts at 500°C with flowing air (A-C) and with flowing methane and air (A'-

C').
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activity for SrCO3 as compared with SrO for the activation of methane. The inhibition of
SrCO3 formation by surface sulfate could be directly contributing to the promoting effect
of sulfate on the Sr/La2Oa catalysts for methane coupling reactions at the low temperature
regions.

Spectra A'-C'in Fig. 8 were recorded under the reaction conditions --30 min after the
introduction of the reaction mixture. These in situ spectra suggest that sulfates remained
on the catalyst surfaces during the coupling reactions and more carbonates were formed in
comparison to those in Fig. 8A-8C. Fig. 9 shows the difference spectra between the spectral
sets A'-A, B'-B and C-C in Fig. 8 correspondingly. Fig. 9 indicates that the carbonates
formed during the coupling reactions are different for the Sr/La2Oa and the sulfated
catalysts. For the Sr/La203 catalyst, it appears that Laz(CO3)3 was the only carbonate
produced. On the other hand, for the sulfate-promoted catalysts, it is evident that SrCOa
or other forms of carbonates were also formed in addition to the formation of the
La2(CO3)3.

The assignmentofthebroadbandat1062cm-Iisuncertain,butthereareatleast
twopossibilities.One originofthisband couldbe SrCO3,wheresulfatemay havebeen
preferentiallybondedtoSrObutsubsequentlypartiallydepletedundertheoverallreducing
environmentduringtheoxygen-consumingreactions,asperhapsevidencedbythenegative
peakat-995 cm-IinFig.9 by spectrumC'-C.The partialremovaloftheSrSO4surface
species(lossofSO42-)couldhavecontributedtoincreasedSrCO3 formationduringthe
reactions.However,thesesurfacereactionsresultinginchangeinsurfacecomposition_

shouldleadtorapiddeactivationofthesulfatedcatalysts,whichwas notobserved.A
secondpossibilitymightbe thatthe1062cm-Iband arisesfromtheformationofanother
typeoflanthanumcarbonate,whereitwouldbe a more stableformand couldbenefitthe
methaneoxidativecouplingreactions[21].Sulfatemay be abletopromotetheformation
ofthistypeofcarbonatewhileinhibitingSrCO3formation,andthuspromotingthecatalytic
performanceoftheSr/La203catalysts.Furtherinsituspectroscopystudiesareunderway
togainabetterunderstandingofthesurfacechemistryinvolvedinenhancementofmethane
activation,as wellas retardationofmethaneactivationand conversion,overSr/La,O3
catalysts.
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FIGURE 9

The corresponding difference Raman spectra of A'-A, B'-B, and C'-C, where the individual
spectra were shown in Fig. 8.

__ 17

.... ,............................................................................................: .. : . ,, ::__:;:_-___-



References

[1] G.E. Keller and M.M. Bhasin, J. Cata/. 73 (1982) 9.

[2] N.R. Foster, Appl. Catal. 19 (1985) 1.

[3] H.D. Gesser, N.R. Hunter, and C.B. Prakash, Chem. Rev. 85(4) (1985) 235.

[4] R. Pitehai and K. Klier, Catal. Rev.-ScL Eng. 28 (1986) 13.

[5] M.S. Seurrell, Appl. Catal. 32 (1987) 1.

[6] J.S. Lee and S.T. Oyama, Catal. Rev...Sci. Eng. 30 (1988) 249.

[7] G.H. Hutchings, M.S. Seurrell, and J.R. Woodnouse, Chem. Soc. Rev. 18 (1989) 251.

[8] J.H. Lunsford, Catal. Today 6 (1990) 235.

[9] Y. Amenomiya, V.I. Birss, M. Goledzinowski, J. Galuska, and A.R. Sanger, Cata/
Rev.-Sci. Eng. 32 (1990) 163.

[10] J.C. Mackie, Catal. Rev.-ScL Eng. 33 (1991) 169.

[11] J.H. Lunsford, in "Studies in Surface Science and Catalysis," Vol. 61: "Natural Gas
Conversion" (A. Holmen, K.-J. Jens and S. Kolboe, Eds), Elsevier, New York, 1991,
p. 3.

[12] H.B.A. Harnid and R.B. Moyes, Catal. Today 10 (1991) 267.

[13] J.M. Deboy and R.F. Hicks, J. Cata/. 113 (1988) 517;J. Chem. Soc., Chem. Commun.
(1988) 982.

=

[14] T. LeVan, M. Che, and J.-M. Tatibouet, Catal. Lett. 14 (1992) 321.

[15] A. Kayo. T. Yamaguchi, and K. Tanabe, Jr. Cata/. 83 (1983) 99.

[16] O. Saur, M. Bensitel, A.B. Mohammed Saad, J.C. Lavalley, C.P. Tripp, and B.A.
Morrow, J. CataL 99 (1986) 104.

_

[17] K. Otsuka, K. Jinno, and A. Morikawa, J. Cata/. 100 (1986) 353.

[18] K.D. Campbell, H. Zhang, and J.H. Lunsford, Jr-Phys. Chem. 92 (1988) 750.

[19] T. Ito, J.-X. Wang, C.-H. Lin, and J.H. Lunsford, J. Am. Chem. Soc. 107 (1985) 5062.

18



O

[20] C.-H. Lin, J.-X. Wang, and J.H. Lunsford, J. Cata/. 111 (1988) 302.

[21] R.P. Taylor and G.L. Schrader, lru_ Eng. Chem. Res. 30 (1991) 1016.

[22] SJ. Conway, J.A. Greig, and G.M. Thomas, AppL CataL A, 86 (1992) 199.

[23] K.I. Aika and K. Aono, J. Chem. Soc. Faraday Trans., 87 (1991) 1273.

[24] M.-T. Xu and J.H. Lunsford, CataL Lett., 11 (1991) 295.

[25] K. Nakamoto, "Infrared and Raman Spectra of Inorganic and Coordination
Compounds," 4th. ed., John Wiley & Sons, Inc., 1986.

19






