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Abstract

The gas discharge promoted oxidative conversion of methane to higher hydrocarbons over various metal oxide and zeolite
catalysts was investigated over a wide range of temperatures (373-973 K). The most significant gas discharge effects were
observed over catalysts containing polar OH groups. Significant methane conversions and C, yields were achieved at
temperatures sufficiently low that no intrinsic catalytic activity for C, production was found in the absence of gas discharge.
and the lower the gas temperature, the greater was the observed gas discharge effect on methane conversion. It is believed that
the gas discharge effects depend on the gas temperature, the concentration of the OH groups and the acidity and basicity of the
OH groups on the catalysts. A possible reaction mechanism for gas discharge promoted catalysis is presented. © 1997

Elsevier Science B.V.
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1. Introduction

The oxidative coupling of methane (OCM) to
higher hydrocarbons has become a subject of exten-
sive research worldwide since the early 1980s. Due to
the relatively stable nature of methane, however,
catalytic conversion of methane typically requires
high reaction temperatures (in excess of 973 K) to
activate the catalyst. Such high temperatures increase
the capital and energy costs of processes, and the high
temperature decreases the C, selectivity via unselec-
tive gas phase combustion reactions. Much research
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has subsequently focused on lower temperature acti-
vation of methane, e.g.. by low-temperature catalysts,
by addition of steam into reactants, and by photoche-
mical and microwave techniques. Since Lunsford and
co-workers [1,2] reported lithium-doped magnesium
oxide as an effective catalyst for OCM, alkali and
alkaline earth metal compounds have been extensively
investigated. Some of these catalysts, e.g., 5.3 wt% Li/
MgO [3] and 50 wt% LiCl-50wt% Na,MoOQy, [4] have
been found to be active and selective for OCM at
somewhat lower temperatures. Li et al. [5] reported
their results of low temperature oxidative coupling of
methane over a perovskite catalyst, SiTiO; doped with
MgO. A high selectivity (over 90%) was achieved at
698 K. The catalyst activity was attributed to adsorbed
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oxygen ions at an oxide defect, which react directly
with CH,. For these catalysts, however, the vield of
C, hydrocarbons was not sufficiently high. Addition
of steam to the feed was found to increase methane
conversion at temperatures less than 600°C over
calcium-nickel-potassium oxide [6-8]. The presence
of added steam was found to lower the temperature
(<873 K) for oxidative coupling of methane (OCM)
over Li/MgO. Methane steam reforming sometimes
became dominant, however, and catalyst stability was
a problem. A potentially significant improvement in
OCM is the application of photochemical and electric
field techniques. Zhong and Ma [9] used a CO,-pulsed
laser to irradiate methane and air on a LiClOJ/
Pb3(POy4), composite solid surface. They achieved
35% methane conversion with 93% ethylene selectiv-
ity at 473 K. Other products are ethane and propane.
For the photochemical conversion, the photon is an
energy carrier. Photochemical conversion can be
highly selective because the photon energy can be
more sharply defined and the photonic cross-section is
significantly smaller than the electronic. However, one
can generate clectrons much more efficiently than
photons. Therefore, an electrochemical or plasma
chemical method may be more efficient and effective
than a photochemical technique. Chen et al. [10]
presented their results of methane conversion using
microwave heating in place of a furnace over proton
conductive catalysts. When the catalyst is a good
dielectric material, it is easy to convert electromag-
netic energy into heat. The reaction temperature for
methane conversion with microwave heating was
200 K less than required with the regular furnace
heating when the selectivity and yield of C, were
almost the same [10]. Apart from simple microwave
heating of the catalyst, when the voltage of the
electric field is sufficiently high, a microwave
plasma can be initiated in the gas phase. Suib et al.
[11] achieved a lower reaction temperature for
methane conversion using microwave plasma-
promoted catalysis. They placed catalysts in the
post-plasma zone so that the aclive species formed
during plasma reactions came into direct contact
with the catalysts. Good results were achieved using
a Ni powder catalyst at temperatures below 698 K.
Non-oxidative methane conversion was as high as
52% with selectivities to ethane 50%, ethylene 25%
and acetylene 25%. There was no positive plasma

effect found with typical catalysts, such as Sm,0;
and Li/MgO.

It is well known that the electronic properties
of catalysts have an important role in OCM [12].
The electronic properties, and therefore catalytic
properties, can be expected to change if the cata-
Iyst is electrically charged. Here, we report our
recent results in oxidative methane conversion over
charged catalysts within DC streamer corona
discharges.

2. Experimental
2.1. DC streamer corona discharge

DC streamer corona discharge is a cold (non-equi-
librium) plasma phenomenon. It can be initiated at
atmospheric pressure using inhomogeneous electrode
geometries, such as the wire-and-plate electrode con-
figuration shown in Fig. 1. During the DC streamer
discharge reactions, the gas discharges were formed in
a gap between two stainless steel electrodes. The top
wire electrode was a 1/16 in. stainless steel rod con-
centric with the center of the reactor tube, while the
lower grounded electrode was a circular disk posi-
tioned perpendicular to the reactor axis and 10 mm
below the tip of the top wire electrode when the remote
discharge was employed (Fig. la) or 6 mm below
when the direct discharge was employed (Fig. 1b).
The catalyst bed was about 8 mm deep, thus the tip of
the wire electrode was about 2 mm above the top of
catalyst bed for the remote discharge and about 2 mm
within the bed for the direct discharge. The catalyst
powder (40-60 mesh) is electrically charged by the
streamer corona discharge.

2.2. Catalyst preparation and characterization

Catalysts included La>03, CeO,, Li/MgO, Sm,0s,
Sr—La,05/La(OH)4 and CaO/NaOH, as well as zcolite
catalysts NH;Y, Na—-ZSM-3, NaOH-treated Y. All
these catalysts except zeolites have shown some activ-
ity for OCM in the absence of gas discharge [12]. All
catalysts used were in powder form. For catalyst
characterization, the powder diffraction analysis
(XRD) of the solid sample was performed with a
Rigaku Geigerflex Diffractometer using filtered CuKea
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(a)

radiation. Surface analysis was carried out using a
Perkin-Elmer PHI 1600 X-ray photoelectron spectro-
meter (XPS). Surface area analyses were carried
out on a Micromeritics, ASAP 2100 Surface Area
Analyzer.

For the preparation of catalysts, high-purity grade
reagents were used as starting compounds. The pow-
ders of LayOs;, CeO, and Sm,0; purchased from
Aldrich were used as received for the experimental
studies. The preparation of Li/MgO has been
described by Lobban et al. [13,14]. The CaO/NaOH
catalyst was prepared by using calcium oxide impreg-
nated with a solution of 10 wt% sodium hydroxide and
dried at 373 K and then calcined in air at 573 K for 3 h.
The Sr-La,0,/La(OH); catalyst was prepared using
the Pechini method as described in detail by Ajmera
[15]. XRD characterization of this fresh catalyst indi-
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Fig. 1. Schematics of corona discharge reactor system: (a) Remote discharge, (b) direct discharge.

cated the catalyst to be approximately 30% La(OH);
and 68% La,05. The BET surface area of this catalyst
was found to be ca. 10 m*/g. The Na—ZSM-5 zeolite
was obtained from Chemie Uetikon and was used as
received. NaOH treated Y zeolite was prepared using a
commercial NH4Y zeolite (Aldrich Chemical Com-
pany). The parent NH,Y zeolite was immersed in a
I M NaOH solution at room temperature for 8 h,
during which the mixture was stirred frequently.
The sample was then washed with deionized water
and dried for 3 h at 423 K. The dried zeolite was
calcined in air for 2 h at 773 K. XPS analyses of the
prepared catalyst and the parent zeolite are reported in
Table 1. The analyses indicate a large decrease in
surface Si/Al caused by the NaOH treatment. How-
ever, the XRD analysis shows no change in the
principal zeolite phase.

Table 1

XPS analysis of surface compositions of Y zeolites (atom%)

Sample Al Si C Na O N SifAl
NH4Y 8.98 16.42 31.90 0.31 41.36 1.03 1.83
Fresh Y (1 M NaOH treated) 26.16 3.46 17.94 0.23 52.21 0.00 0.13
Used Y (1 M NaOH treated) 2596 4.13 16.73 0.37 52.81 0.00 0.16
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2.3. Flow-system for experimental studies

The experimental apparatus flow diagram has been
described in previous papers [16,17]. The quartz tube
reactor with an i.d. of 7 mm was heated by a cylind-
rical furnace placed around the reactor. Methane and
oxygen were mixed with the dilution gas, helium, to
maintain a constant total flow rate and then introduced
downward through the reactor for all experiments. The
flow rates of the feed gases methane, oxygen and
helium were regulated by three Porter Instrument
model 201 mass flow controllers. The feed was ana-
lyzed by on-line gas chromatography (HP 5890
equipped with a molecular sieve packed column
and a thermal conductivity detector). The exhaust
gas from the reactor was introduced into a condenser
cooled by a mixture of dry ice and acetone which was
used to remove the produced water. The effluent gas
from the condenser was also analyzed by gas chro-
matography. The condensate was analyzed using a
GCD system (HP GCD GI1800A) using an electron
ionization detector.

2.4. Temperature measurements

The streamer corona discharge is characterized by
low bulk gas temperature and high electronic tem-
perature or energy. The average electron energy is less
than 6eV [18] in the corona discharge. The gas
temperature is important in determining the selectivity
of products formed both homogeneously and hetero-

geneously in the corona discharge reactor. Gas phase
temperature measurement, however, is complicated by
the silent discharge which can occur between the wire
electrode and a thermocouple if the thermocouple is
too close to the electrode tip. Such a silent discharge
would restrict the plasma to a small volume around the
thermocouple tip, which would decrease the active
volume for the discharge reactions. Therefore, the
inner thermocouple was removed during our experi-
ments. A thermocouple attached to the reactor outside
wall was used to monitor gas temperature. A tem-
perature calibration was performed first to ensure the
accuracy of temperature measurements, and has been
described elsewhere [16,17].

3. Resulis
3.1, Sr—La->0:/La(OH);

In our previous paper [17] we reported that the
corona discharge enhances the oxidative conversion of
methane to higher hydrocarbons over Sr-La,0s/
La(OH); catalyst. Compared to the catalytic process
in the absence of corona discharge, a higher methane
conversion and a higher C, product yield were
achieved even at temperatures at which there is no
C, activity for the catalyst alone. We believe that OH
groups in the metal oxide catalyst are important for the
enhancement. The typical OCM catalysts LayOs,
CeQ; and Sm>0; showed no enhancement in the

Table 2

Gas discharge promoted catalytic conversion of methane over Sr—LaO-/La(OH);

Catalyst Gas discharge Gas temperature  CHL/O, CH, conversion O, conversion C, selectivity C; yield
present present (K) (%) (%) (%) (%)
Yes No 873 2005 8.7 66.3 26.8 24
Yes Yes 873 2005 17.2 91.8 37.5 6.5
No Yes 873 2045 4.7 214 46.3 22
Yes No 823 2005 1.9 358 10.1 0.6
Yes Yes 823 2005 18.0 93.5 44.5 8.0
No Yes 823 20145 4.1 16.0 58.1 2.4
Yes No 873 20010 18.6 33.1 9.6 1.8
Yes Yes 873 20010 33.0 96.8 24.0 7.9
No Yes 873 2010 3.1 15.6 457 &3
Yes No 823 20010 8.8 123 0.0 0.0
Yes Yes 823 20010 274 58.0 397 e
No Yes 823 20010 4.3 12.6 323 2.2
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presence of the corona discharge. By enhancement is
meant that the combination of catalyst and gas dis-
charge leads to methane conversions and C, yields
greater than the sum of conversions or yields achieved
with catalyst alone and discharge alone. Table 2 sum-
marizes the results of gas discharge promoted catalytic
conversion of methane over Sr—La,03/La(0OH)s. The
greatest enhancement is observed at the lowest tem-
peratures. Under conditions that result in significant
enhancement, it was visually observed that the appear-
ance of the discharge over the catalyst qualitatively
changes. A significant corona discharge effect is
usually accompanied by a pink glow while a poor
cffect over the regular metal oxides without OH
groups is always associated with a blue glow. We
speculate that the OH groups on the catalyst surface
affect the characteristics of the gas discharge. This
effect will be discussed further later.

3.2. LilMgO

The stable gas discharge effect was achieved
over Li/MgO at 873 K as shown in Table 3. No C,
activity was found with this catalyst in the
absence of gas discharge at temperatures less
than 973 K. The gas discharge enhancement is
thought to be from OH groups present on the catalyst
surface. Such OH groups are usually formed by
dissociative adsorption of water [19,20]. From
Table 3, it is found that the gas discharge
enhances greatly the selectivity to C, hydrocarbons
and to a lesser extent the conversions of methanc
and oxygen. High reaction temperature should
lead to some dehydroxylation of this catalyst which
may explain the decreased enhancement at 973 K
versus at 873 K.

Table 3
Gas discharge promoted catalytic conversion of methane over Li'MgQ

3.3. CaO/NaOH

A noticeable gas discharge effect over CaO/NaOH
was achieved even at 573 K, as shown in Fig. 2. Fig. 2
shows the effect of gas discharge on the selectivity of
products at varying temperatures. In our experiments,
there are some unidentified products in the liquid
condensate but about 20% of the liquid product was
formaldehyde. We refer to these products (including
formaldehyde) as Cy;, in all figures of this paper. From
Fig. 2, the ethylene selectivity decreases with increas-
ing gas temperature in the low temperature range and
then increases slightly above 773 K, while the selec-
tivity of ethane increases with increasing temperature.
The maximum C; yield occurs at 673 K. These results
suggest a change in reaction mechanism or rate limit-
ing steps as the temperature is increased; alternately,
thermal catalytic reactions could be important at
673 K in the discharge system due to heating of the
catalyst by the discharge. A similar phenomenon was
observed over Sr—La,Os/La(OH);y [17]. At low tem-
peratures (below 873 K), the catalyst alone shows
essentially no activity for methane conversion. As
we previously observed [ 16]. the DC corona discharge
is not stable in the absence of the catalyst until the gas
temperature reaches around 773 K, and results of the
discharge in the absence of catalyst are presented in
Fig. 2 only at higher temperatures. The catalyst appar-
ently stabilizes the gas discharge, leading to signifi-
cant enhancement over catalyst alone or discharge
alone, particularly at low temperatures. At high tem-
peratures (e.g., 973 K), the catalyst possesses activity
for methane conversion and C, product formation, but
the enhancement by the gas discharge is still notice-
able at 973 K. Compared with results of the catalytic
run alone, the methane conversion with the gas

Catalyst Gas discharge Gas temperature  CH,/O5 CH, conversion O conversion  C; selectivity Cs yield
present present (K) (%) (%) (%) (%)
Yes No 873 2045 5.4 16.1 0.0 0.0
Yes Yes 873 2045 12.1 28.7 TES 94
No Yes 873 20/5 47 21.4 46.3 22
Yes No 973 2045 7.8 19.6 70.6 5.5
Yes Yes 973 20/5 11.3 41.2 69.2 7.8
No Yes 973 20/5 9.1 53.0 34.7 3.2
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Fig. 2. Effect of temperature on gas discharge promoted catalysis
over CaQ/NaOH. Total flow rate 100 em”/min, CH,/0- ratio 4 1,
input power 6 W, (a) Selectivitics with catalyst plus discharge, (b}
methane conversions, (¢) yield of C; hydrocarbons.

discharge promoted catalysis at 973 K is almost four
times higher while the yield for C, is over three times
larger. The ethylene selectivity at low temperature is
much higher than that at high temperature. This means
that at low temperatures, the gas discharge promoted
catalysis favors ethylene over ethane. Significantly,
very little CO, is found at low temperatures while the
CO yield is high. This result suggests that, particularly
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at lower temperatures, carbon dioxide may be
involved in reactions that are less important at high
temperatures.

3.4. NaOH-treated Y zeolites

The experiments over St—La;05/La(OH);, Li/MgO
and CaO/NaOH have suggested that OH groups in
metal oxide catalysts play an important role in the gas
discharge promoted catalytic conversion of methane
to higher hydrocarbons. Zeolites can contain very high
concentrations of OH groups. The unit cell formula of
zeolites can be writlen as

M2, [(ALO),(Si02), ], - Ho0

n

where M"™ is the cation which balances the negative
charge associated with the framework aluminum ions.
In addition to the high concentration of OH groups
possible on zeolite surfaces, an important character-
istic of zeolites is the natural coulombic field formed
between the negative charge and cations and/or
adsorbed molecules. The presence of such very large
electrostatic fields in Y zeolite, which can thus induce
reaclivity in reactant molecules, has been described in
the literature [19,21]. One may expect these electro-
static fields to be modified by a sufficiently strong
external electric field or gas discharge. However, such
a technique for modifying zeolite activity has been
unexplored.

No gas discharge enhancements of catalytic activity
were found with Na—ZSM-5 and NH,Y zeolites,
which generated coke quickly. Due to carbon buildup,
the corona discharge became unstable in a short time
over these zeolites. To reduce the sites’ acidity and to
increase the concentration of negatively charged sites
(and therefore the polarizability of the surface [22]),
the Y zeolite was treated with NaOH solution to
dissolve part of the silica from NH4Y zeolite. The
comparison of surface atomic compositions before
and after the NaOH treatment was presented in
Table 1. After NaOH treatment, the surface Si/Al
decreases. The total basicities, therefore, are higher
than those before NaOH treatment, due to more con-
tributions from oxygen ions of (AlO4) tetrahedra,
which exhibit Lewis basicity only. There are insuffi-
cient data presently to determine the contribution of
the amphiprotic OH groups to the total basicities in
the NaOH treated Y zeolite. But, a surprising gas
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discharge effect over the NaOH treated Y zeolites was
achieved. A stable gas discharge enhancement was
found at temperatures as low as 373 K. We observed
no C; activity at any temperature in the absence of gas
discharge over the Y zeolites used here, thus the gas
discharge greatly modifies the catalytic activity (or the

catalyst greatly modifies the corona discharge). The
enhancement is shown in Fig. 3. The enhancement is
most noticeable at 373 K, at which temperature a very
large ethylene/ethane ratio (more than 20: 1) and a
very large CO : CO; ratio (about 60 : 1) are observed.
Over the entire range of gas temperatures tested here




28 C. Liu er al. /Applied Catalysis A: General 164 (1997) 21-33

H H
/ /
,0“‘H O=H
Ht Ht
1 1
SN /0\ 7N /O\ /o\ /O\ _/O
Si Al Sii AL Si Si
S N A Rl Rl N Y
O O 0] O 0]
l dehydration
Wt Ht
| |
O\ /O\ /O\ /0\ /0\ !o\. /O
si  Al° Si Al Si Si
T A Nl Nl Nl NN
0O O @) O 0] 0] O
L dehydration
O\+ /O\,/\goxl\/
Si Si Al
N/ N NS NN N
o} O O 0) O

Fig. 4. Dehydration of zeolite.

(373-773 K), the yield of CO, is very low while the
yield of CO is high. The CO and CO, yields and the
carbon formation observed under some conditions
suggest that carbon dioxide reacts with carbonaceous
species to form CO. But it is possible that some CO;
contributes active oxygen species by electron disso-
ciation attachment reactions [16]:

CO; +e — CO+0" (1)
€Oy +e~ — CO+0+¢e” )

These reactions provide a source other from mole-
cular oxygen of active oxygen species which enhances
methane conversion and/or oxidative dehydrogenation
of ethane. We have identified that ethylene is a second-
ary product formed by dehydrogenation of ethane
[16]. The experimental results now suggest that it
may be possible to obtain high yields of ethylene
and carbon monoxide, two essential chemicals for
many industrial applications, by appropriately con-
trolling the electronic energy and gas temperature of
the gas discharge. As the basicity of ethylene is higher

than that of alkanes, ethylene is more easily adsorbed
on zeolite acid sites, and ethylene is a likely coke
precursor. Fig. 3 also indicates that there exist some
other carbon species Ciq, Which includes trace for-
maldehyde, unidentified species, and sometimes
carbonaceous deposits. The maximum methane
conversion and C, yield are obtained at 473 K. and
the selectivity of ethylene decreases with increasing
temperature. The negative temperature influence on
the C, yield is thought to be due to dehydration of the
zeolites at high temperatures, which results in a
decreased OH concentration. The dehydration is
shown schematically in Fig. 4. The dehydration
also shifts Bronsted acid sites to Lewis acid sites,
and these changes result in a decrease in methane
conversion.

4. Discussion

4.]. The interactions between the gas discharge
and the catalyst

Most electrical energy in a gas discharge goes into
the production of energetic electrons, rather than into
gas heating, thus gas discharges are a plentiful source
of active species for various oxidative or reductive
reactions through electron-impact dissociation and
ionization reactions [18,23,24]. When the gas dis-
charge is introduced into the catalyst layer, it changes
the electronic state of the gas species. Instead of a gas
phase consisting of electrically neutral species, elec-
trons. ions and other excited species flow through the
catalyst bed. The catalyst particles become electrically
charged. The charge on catalyst surfaces, together
with other effects of excited species in the gas dis-
charge, leads to variations of the electrostatic potential
and work function of the catalyst surface. The che-
misorption and desorption performances of the cata-
lyst therefore may be modified [25,26]. The effects of
these modifications on methane conversion depend on
the amount and concentration of surface charge and
the species present on the catalyst surface. An impor-
tant difference between regular catalysis and the non-
equilibrium gas discharge promoted catalysis is the
energy distribution between products and the catalyst.
In regular catalysis, the temperature of gaseous pro-
ducts is the same as that of the catalyst. For gas
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discharge promoted catalysis, however, there is an
unequal partitioning of the energy between the
charged gas species and the catalyst [26-28], with
the charged gas molecules having most of the energy.
Thus, by acting as a source of charged species, the
catalyst may actually enhance the non-equilibrium
nature of the gas discharge. We have also observed
that in the presence of some solid catalysts, the corona
discharge is stable at a lower gas temperature com-
pared to the gas discharge in the absence of the solid
catalyst. The color change of the gas discharge with
and without the catalyst mentioned above is from the
different radiation spectra emitted when the excited
species return to the ground state. The important role
of the gas discharge can be demonstrated also by the
comparison of the remote corona and direct corona
discharge promoted catalysis, as shown in Figs. 1 and
5. The remote corona was more effective for methane
conversion and C, production over the entire range of
temperatures used over the NaOH treated Y zeolite.
The remote corona provides a larger space for homo-
geneous gas discharge reactions, while the amount of
the catalyst for the direct corona discharge is twice

that used for the remote corona. If the heterogeneous
reactions contribute more to the total reactions, the
direct corona should have more selective products and
a higher methane conversion. However, because the
greater conversion is observed with the remote corona,
we conclude that the gas phase reactions are very
important, particularly at low temperatures.

4.2. Radiative effect

When electronically excited states returm to the
ground state, they emit energy as electromagnetic
radiation. Such radiation accounts for the ultraviolet
to visible emissions of the gas discharge [24,29]. This
radiative decay may have a positive effect on the gas
discharge promoted catalytic conversion of methane.
It has been shown [30] that O, the active oxygen
surface species for catalytic OCM, can be produced by
UV irradiation of various inorganic oxides. Ozin and
Hugues [31] even found that the selective photoacti-
vation of methane can be carried out by UV irradiation
of Y zeolites. They proposed that a V-center is formed
under UV irradiation:
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The formation of methyl radicals by interaction
with the V-center is similar to formation of methyl
radicals by interaction with surface O™ [32]. The
above reaction was reported at temperatures as low
as 298 K.

We propose that a similar process is driven by the
radiative decay during the gas discharge promoted
catalytic conversion of methane over NaOH treated Y
zeolites and other metal oxide catalysts. The photon
emitted from radiative decay, can initiate more selec-
tive products, but electrons can always be generated at
much higher efficiencies than photons, as noted
earlier. Therefore, photochemistry is expected to be
less important than plasma chemistry for gas dis-
charge promoted catalysis.

4.3. Role of surface OH groups

Evidence exists in the literature for interaction of
OH in solids with electric discharges. Solid NaOH and
KOH have been used for the catalytic hydrazine
synthesis in the presence of a discharge [33]. With
intermittent discharge, the yield of hydrazine from
ammonia reached approximately 15%. The significant
discharge effect was explained by increased adsorp-
tion of ammonia due to the intermittent discharge. It
has been shown that the introduction of the solid alkali
into gas discharge raised the vibrational temperature
of gaseous species [33]. Such an increase in the
vibrational temperature, for heterogeneous methane
conversion, may lead to a more favorable methane
chemisorption on catalysts [34-37].

The corona discharge may also induce a charge on
the solid catalyst which is related to the strength of the
electric field and the dielectric constant of the material
[38]. Materials with a strong dipolar character, such as
catalysts which are more or less hydrated and contain

numerous OH groups, become charged most easily. If
the degree of polarization in ionic crystalline hydro-
xides is excessive, dehydration may occur, leaving
behind an oxygen vacancy which may subsequently
react to form an active site for methyl radical produc-
tion [39,40]:

M*[OH]"...[HO| M’
M +H,0+0* +O+M" (5)

M represents a metal cation.

Further interaction is possible between the catalyst
surface and charged or radical species generated dur-
ing the discharge. The tendency to form O™ is very
high in an oxygen-containing gas discharge due to the
electronegativity of oxygen [29]:

e +0;,20; =0+0" (6)

Besides reacting homogeneously as described
above, the active oxygen species O and O™ may react
with surface [OH] in the crystal lattice to form a
catalytic site active for OCM:

2[OH], + O — O, + OH (7)
or
2[0H], + O~ — O, + OH" (8)

Finally, when the catalyst surface charge accumula-
tion is sufficient, a microdischarge will be generated in
the gaps between the catalyst particles [41]. This
microdischarge creates active species in the same
fashion as the corona discharge between the electro-
des.

At low temperatures (less than 873 K), there exists a
large concentration of OH groups on the catalyst.
Consequently, the catalyst can be expected to be
charged more easily at low than at high temperature.
This explains the more significant gas discharge
enhancement at low temperatures.

4.4. Reaction mechanisms

In this section, we discuss the steps considered most
relevant to explain the observed methane conversion
and product selectivities. Most of these steps appear in
the literature on methane coupling or the literature
related to high temperature reactions. As mentioned
above, the OCM reaction is generally considered to
include heterogeneous and homogeneous reaction
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steps. The catalyst is needed to activate methane by
abstraction of a hydrogen from methane to form
methyl radicals. We have reported that a corona gas
discharge also possesses oxygen species active for the
formation of methyl radicals [16]. Methyl radicals can
be generated in the gas phase and on the catalyst
surface for gas discharge promoted catalytic conver-
sion of methane. Production of C, hydrocarbons is
believed to occur primarily in the gas phase by cou-
pling of methyl radicals. In our gas discharge pro-
moted catalytic system, no single pathway for methyl
radical formation and C, hydrocarbon formation can
explain all the phenomena observed. In the absence of
a gas discharge, all the metal oxide catalysts tested
were active for the OCM reaction only at high tem-
peratures. The generally accepted reaction mechanism
has been reported in the literature [42.43]. In the
absence of a gas discharge, no OCM activity was
found at any temperature over Y zeolites. It is believed
that for all the catalysts tested here, OH groups play an
important role in the heterogeneous methane conver-
sion and possibly for the stabilization of the gas
discharge. A complete reaction mechanism for the
gas discharge promoted -catalytic conversion of
methane must include both homogeneous and hetero-
geneous steps. Although our understanding of the
complex reaction mechanism is certainly incomplete,
the steps considered most important are presented
below.

4.4.1. Homogeneous reaction mechanism

4.4.1.1. Active oxygen species formation and initiation
of discharge reactions. The dissociative attachment
reaction (Eq. (6)) requires low energy and so is
considered most likely for the formation of active
species [18,29]. The corona discharge produces
clectrons with an average electron energy of about
6¢eV [18]. This energy is insufficient to directly
activate methane because the appearance potentials
for methane ions are greater than 12 eV [44]. Because
there is a distribution of electron energies, a small
fraction of electrons have sufficient energy to activate
CH, directly, but the direct activation of methane is
expected to be a small contribution to methane
conversion. Similarly, Lee and Grabowski [45]
found no evidence of associative attachment with
methane, ie., formation of CH, ions. Active oxygen

species may also be formed via direct dissociation
reactions between oxygen and electrons, i.e.,

Dissociation : e~ +0; — 20 +e (M

CO, and H,O are products of the gas discharge
OCM reaction. The new-formed products CO, and
H>O are intrinsically already excited, and require
only a relatively low electron energy to dissociate
these two molecules [45-47], which may result in
further active oxygen species shown below for
reactions involving H,O and in Egs. (1) and (2)
involving CO»:

¢ +H,0—0" +H, (10)
¢ +H,O—OH +H (11)
4.4.1.2. Methyl radical formation. O~ has been

extensively reported to be the active species for
methyl radical formation [45]:

O™ +CHs — CH; + OH™ (12)

The oxygen species O(] D) is also known to lead to
the formation of methyl radicals [48]:

O('D) + CH; — CH; + OH (13)

4.4.1.3. Hydrocarbonformations. Ethane and ethylene

formation [48]. Ethane forms by the reaction of two

methyl radicals (Eq. 14), while ethylene probably forms
subsequently either by reaction of two ethyl radicals
(Egs. 15 and 16) or by oxidative dehydrogenation of
ethane (Eqs. 17 and 18):

2CH3 — CyHg (14)

CjHg+R— CyHs+RH  (R=H, CH3, CHs, ..) (I5)

CyHs — CoHy+H (16)

2CyHs — CyHy + CyHg (17)

CyHg+0" - CyHs+OH- (18)

CyHs+ 0™ — OC,Hg™ (19)
d

CHy + OH




32 C. Liu et al. /Applied Catalysis A: General 164 (1997) 21-33

Formaldehyde formation [48,49].
CH; + 0 — HCHO + H (20)

4.4.14. H,O formation [43,50]. The paths by which
H,O and CO; are formed are probably many and
complex. The following steps exemplify the paths
rather than encompass all possible routes. These
steps are laken primarily from the literature dealing
with high temperature reactions.

20H™ — 0%~ + H,0 1)

OH+RH — H,0+R (R =H, CH;, C;Hs,...)
(22)

H, +0 — H,0 (23)

44.1.5. CO, formation [48,49].
CHz- 0 — OH 4+ HCO (24)
H;CO+R — HCO+RH (R =H, CH;, C;Hs,...)

(23)
HCO — H+ CO (26)
OH+CO — CO, + H 27
H,CO + OH — HCO + H,0 (28)
Gl - HEO — CHy 460 (29)

The effects of temperature, residence time and feed
methane to oxygen ratio on the methane conversion
and C, yield in the homogencous corona discharge
reactions have been presented carlier [16].

4.4.2. Heterogeneous reaction mechanism

4.4.2.1. Metal oxide catalysts. The heterogeneous
reactions occurring in the presence of a gas
discharge depend on the gas temperature. At low
temperatures, the catalysts used here have little or
no intrinsic activity. The active oxygen species on the
catalyst are formed via reactions (5), (7) and (8).
Additional active sites could be created by the
radiation effect. Adsorbed or gas phase methane
reacts with these active oxygen species to generate
methyl radicals, which produce C, hydrocarbons in
the gas phase.

At high temperature, some of the catalysts used
here do show C, activity even in the absence of the
discharge., and this “‘intrinsic” activity coniributes

to methane conversion and C; production in the
presence of the discharge. The intrinsic catalytic
activity and the gas discharge promoted catalytic
activity should both be taken into account in a
complete reaction mechanism. The intrinsic catalytic
reaction mechanism is discussed extensively in the
literature [42,43].

4.4.2.2. NaOH-treated Y zeolites. The situation 1is
somewhat different over the NaOH treated Y
zeolites. These catalysts demonstrate no selectivity
for C5 hydrocarbons even at very high temperatures,
thus no “intrinsic’” catalytic reaction mechanism need
be considered. The radiation effect (reactions (3) and
(4)) may contribute to methyl radical production, but
the photochemical efficiency is generally much less
than that of the electronic process as noted earlier. The
observed activity may be related to the interaction of
the charged particles with the extant electric field in
the zeolite pores, or to a modification of the electric
field in the pores by the charging of the catalyst
particles. The interaction or modification may
significantly change the Bronsted and/or Lewis
acidity of sites on the catalyst. It was also noted
that as the temperature was increased (causing
dehydration and a shift from Bronsted to Lewis
behavior), the C, selectivity and even the methane
conversion decreased, suggesting an important role of
Bronsted behavior in the observed reactions.

5. Conclusions

The results presented here suggest that the polarized
OH groups play an important role in gas discharge
promotied catalytic conversion ol methane to higher
hydrocarbons. The gas discharge enhancement
depends on the temperature, the concentration of
OH groups and probably the acidity or basicity of
the OH site. The most significant gas discharge effect
was achieved at low temperatures, as low as 373 K
over the NaOH treated Y zeolite. Notably, the gas
discharge promoted catalysis produces little COs,
especially over NaOH treated Y zeolite. There exists
the potential for gas discharge promoted catalysis to
produce ethylene from methane with high selectivity
to ethylene with the only significant other carbon
containing products CO and ethane.
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