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Direct conversion of methane to other valuable products such as ethylene, methanol, benzene, carbon, hydro-
gen, and syngas has been widely investigated. Such conversion requires high temperatures because of the strong
C-H bond in CHy4, and such high-temperature reactions present various problems: sequential reaction to decrease
the selectivity to target products, need for multiple heat exchangers to use or recover high-temperature waste heat,

materials that are stable at high temperatures, etc.

To solve these problems, several trials have been undertaken

to lower reaction temperatures using plasma, Non-Faradaic Electrochemical Modification of Catalytic Activity

(NEMCA), and electric fields.
methods to lower the reaction temperature.
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1. Effective Utilization of Methane
1.1. Processes for Effective Utilization of Natural
Gas

Petroleum is widely used because of its characteristic
ease of transport and storage, and easy conversion into
resources that are useful for petrochemistry. However,
petroleum has limited reserves, and its price depends on
“geopolitics.” Therefore, much attention has been
devoted to natural gas, an alternative energy source to
petroleum. Although natural gas, a fossil fuel, pres-
ents similar shortcomings related to limited reserves,
the regions of gas deposits are less affected by geo-
politics. Methane, the main component of natural gas,
contains the greatest amount of energy per carbon atom.
Complete oxidation of methane emits the least
amount of carbon dioxide among all hydrocarbons.
Nevertheless, methane is the most stable hydrocarbon,
so requires much energy for conversion. Moreover,
methane exists as a gas under standard conditions, so
has low energy density and presents shortcomings in
terms of inefficiencies in distribution and storage.

To solve such problems for the wider use of natural
gas, much effort has been devoted to transforming or
converting natural gas efficiently (Fig. 1). Two
methods of transformation to a liquid state are possible:
physical transformation and chemical conversion. The
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former is a process by which natural gas is cooled and
transformed into liquefied natural gas (LNG) under
high pressure. The latter is a process by which natural
gas is converted into liquid or more valuable materials
than methane. However, these processes are only eco-
nomic for utilization in large gas fields, so middle or
small gas fields are not sufficiently exploited. To use
these gas fields, more effective utilization of methane is
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desired.
1.2. Current Circumstances Related to Natural
Gas Conversion

Two main processes are known for the chemical con-
version of methane, as shown in Fig. 1. Direct con-
version transforms reactants directly in one step to more
valuable products. Indirect conversion involves the
initial transformation of methane to synthesis gas (Hz
and CO), followed by reactions to produce liquid fuels
such as methanol and FT oil.
1.2.1. Direct Conversion of Methane

Direct conversion is a more effective process than
indirect conversion because the direct process requires
fewer steps. Representative examples for direct con-
version of methane include oxidative coupling of
methane, direct synthesis of methanol, and methane
decomposition.

(1) Oxidative Coupling of Methane

Oxidative coupling of methane is expressed as the
following Eq. (1).

CH4 + 1/202 —)1/2C2H4 + H,O

1
AH g = —140 kJ mol™! M

Much attention has been devoted to this reaction
because of its advantage that ethylene can be synthe-
sized directly in one step. Direct synthesis of ethyl-
ene, a valuable material, reduces the costs necessary for
transportation and storage, so this process could con-
tribute greatly to the expansion of natural gas utiliza-
tion. Despite much research, no good catalyst has
been identified with sufficiently high activity for com-
mercial use. The main reason underlying this lack of
effective catalysts is the difficulty in achieving both
high conversion and high selectivity simultaneously
because of the high stability of methane and the high
reactivity of the product, CoHs.  Efforts at improving
conversion result in reduced selectivity. The rate-
determining step for this reaction is the formation of
methyl radicals, and the high activation energy for this
step requires a high-temperature environment.
Consequently, a yield of ethylene higher than 30 % is
rarely achieved. Evaluation of alkali metal, alkali
earth, and rare earth oxides as catalysts found that a
SrO-supported La,Os catalyst can provide higher yields
for C2 hydrocarbons”. Subsequently, many studies
were conducted to ascertain the reaction mechanism,
and showed that the primary products are ethane and
carbon monoxide which are converted into ethylene and
carbon dioxide, respectively?. Furthermore, succes-
sive elementary reactions in the gas phase were investi-
gated®. Mn/Na;WO./SiO> catalyst was found to have
high selectivity for C29). The acidity/basicity char-
acteristic strongly affects the activity and selectivity for
oxidative coupling of methane®, and modifications such
as doping of rare earths into CaO” and doping of alkali
into CaO® enhance activity and selectivity. Moreover,
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reactant mixed with a small amount of H>O can form
surface hydroxyl groups that can increase selectivity®.
Our group also investigated OCM using Ba-doped La
oxide catalysts and found that Lag.025Bi0.025Fe0.0503-5'
and LagsBag4InOs5'" catalysts showed high activity/
selectivity for C2 production. Great efforts have been
made to enhance the activity and selectivity, but funda-
mental problems persist in terms of the difficulty in
suppressing successive and non-selective oxidation'?.

(2) Selective Partial Oxidation of Methane

Oxidative coupling of methane proceeds via interme-
diate methyl radical, which is formed through oxidation
of methane. Therefore, formation of methanol or
formaldehyde has been investigated by suppressing and
controlling this oxidation step'®. Ethylene, which is
formed during oxidative coupling, is useful as a raw
material for polymer formation, but methanol and form-
aldehyde are also useful materials for petrochemistry
and other applications. A yield of formaldehyde higher
than 60 % was achieved under conditions in which both
methane and oxygen were fed at a low space velocity'¥.
However, high yield of products is unachievable at such
a low space velocity. Numerous challenges are
expected to continue to hinder development of this
process.

(3) Aromatization of Methane

Several studies have specifically investigated direct
aromatization from methane. Aromatization of carbon
dioxide and methane was attempted with MFI-zeolite
as a catalyst'”. Investigation of details of this reaction
found that conversion as high as 20 % can be achieved.
The reaction mechanism was presumed to involve con-
version of methane into methanol first followed by oxi-
dation of methanol to form formaldehyde and carbon
dioxide, or further conversion of methanol into olefin or
aromatic hydrocarbon on acid sites'®. In all experi-
ments described above, dinitrogen oxide was used as
the oxidant. Use of oxygen as the oxidant would make
this process into a very attractive reaction scheme.
NaCl/MnO: catalyst, which is known to exhibit high
activity toward oxidative coupling of methane, also
allowed conversion of methane as high as 13.2 %, with
more than 20 % selectivity. In this case, ethylene may
be formed as an intermediate and is converted into aro-
matic hydrocarbon!”.

In contrast, methane was aromatized via the cyclo-
dehydration of methane with no oxidants. Mo-supported
or Zn-supported H-ZSM-5 was reported to have higher
activity. Especially for Mo/H-ZSM-5, 7-8 % of meth-
ane was converted into benzene at 100 % selectivity at
973 K. Furthermore, this conversion became higher as
the partial pressure of methane increased'®. The reac-
tion mechanism of this catalyst was investigated with
Mo metal, Mo oxides, and Mo>C. The reaction mech-
anism was as follows. Mo oxide, reacting with meth-
ane, formed Mo,C which was active only for the C-H
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bond in methane, so product CH3 or CH» formed an
intermediate to be coupled into ethane or ethylene.
This product was then converted into aromatic hydro-
carbon over ZSM-5 catalyst'®~2).  However, the con-
version of methane in this scheme was unable to reach
yields higher than 30 %. Therefore, further investiga-
tion is required.

(4) Decomposition of Methane

In contrast to the oligomerization of methane, many
investigations have tried to produce pure hydrogen and
carbon via methane decomposition. The reaction is
represented by the Eq. (2).

CH4 - C+2H»
AH 93 = 75k] mol™!

The advantage of this reaction is that no carbon mon-
oxide or carbon dioxide is formed, so “pure” hydrogen
is obtained. Pure hydrogen is a useful energy source
for use in fuel cells. As fuel cells become more im-
portant, the importance of this reaction will also increase.
Furthermore, the carbon formed in this reaction can be
used in various materials such as carbon black, activated
carbon and other carbon materials. This decomposition
of methane was investigated with iron oxides, aluminum
oxide, and quartz as catalysts, and found that iron oxide
catalysts provided the highest yield of hydrogen®?.
Use of Ni-supported H-ZSM-5, H-Y, and SiO; catalysts
found that the Ni particles of Ni/H-ZSM-5 were cov-
ered by the formed carbon and the catalytic activity was
deteriorated in methane decomposition. In contrast,
no deterioration was observed using H-Y and SiO; cat-
alysts, and filamentous carbon was formed. These
findings suggest that carbon shapes formed in this reac-
tion affect the catalytic lifetime?®. However, the
formed carbon can more or less degrade catalytic activ-
ity, and regeneration of the catalytic activity must be
conducted. To avoid operating this regeneration pro-
cess, many investigations have assessed carbon-based
catalysts. Testing of various carbon-based catalysts
found that amorphous carbon such as active carbon and
carbon black exhibited higher activity than ordered
catalysts such as graphite and diamond powder?®.
Furthermore, conversion of methane as high as 70 %
can be achieved over a wood char catalyst®. In the
above-described systems using a carbon-based catalyst,
the methane decomposition activity might be affected
by the oxidized surface at the initial stage and by the
pore distribution in the steady state stage before pore-
plugging®®. However, the initial activity might be af-
fected not by the oxidized surface but by defects in the
graphene layers?”. An alternative redox system has
been proposed that can produce hydrogen through two
reactions, reduction of an oxide such as In O3 or FeO.
by methane decomposition followed by oxidation of the
catalyst using steam to produce pure hydrogen®®.

@)
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1.2.2. Indirect Conversion of Methane

In contrast to the direct conversion of methane, indi-
rect conversion has been widely investigated. Indirect
processing includes synthesis gas (H2 and CO) produc-
tion and sequential conversion into methanol or FT oil.
Methane can be converted into various useful materials
using this scheme, but multiple processes require much
energy, resulting in low energy efficiency. Therefore,
current processes have low feasibility from the view-
points of capital and operational expenses.

(1) Steam Reforming of Methane

Steam reforming and partial oxidation are well-
known processes for the production of synthesis gas.
In the former, methane reacts with steam and is converted
to synthesis gas. This endothermic reaction is ex-
pressed as the Eq. (3).

CH4 + H,O0 - CO + 3H;

AH 93 = 206 kJ mol™! )

In this reaction, the hydrogen source is both methane
and H>O. Steam reforming of hydrocarbon has been
frequently investigated®~3¥. Nickel, an inexpensive
metal, catalyzes this reaction, but the formed carbon de-
activates the catalyst. To avoid this carbon deposition
phenomenon, reactants with high H>O/CHj ratios are
supplied, but this requires much energy to satisfy the
sensible/latent heat and lower total energy efficiency.
Many investigations have tried to develop catalysts with
high activity for this reaction which suppresses carbon
formation. Sulfuration of the catalyst can suppress
carbon deposition but also decreases the catalytic activ-
ity*D.  Other approaches have controlled the structure
of the metal and support®®. A metal oxide such as
Ce0, in which the lattice oxygen has mobility3*-3,
was used to remove the deposited carbon on the catalyst
via its lattice oxygen. Also, a solid solution of Zr-
doped CeO: has higher oxygen storage capacity (OSC)
than only CeO2%%37, and was applied to this reaction®®.
Despite these investigations, high temperatures are still
necessary to achieve high activity because of the
thermodynamic and kinetic limitations.

(2) Dry Reforming of Methane

The reforming reaction of methane with CO», called
dry reforming, is expressed as the Eq. (4).

CH4 +CO,; —» 2CO +2H;

4
AH 93 = 247 KJ mol™! “)

This process has received much attention for its utili-
zation of carbon dioxide. The order of catalytic activity
for Ni, Ru, Pd, Ir, and Pt is the same as that in steam
reforming, but dry reforming suffers from carbon depo-
sition on the catalyst. Ru and Rh catalysts can sup-
press carbon formation, so are apparently useful for this
reaction®”. The turnover frequency of this reaction
depends not on the support properties but on the surface
area of the supported metal, so dissociative adsorption
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of methane is the rate-determining step*®. To investi-
gate this metal-support interaction, the effect of the
support on the activity of Co, Ni, Ru, Rh, Ir, and Pt cat-
alysts supported Al,O3; and SiO; were examined*?.
Several investigations have been conducted of the metal-
support effect. Another approach for increasing the
catalytic activity is adding a base material such as CaO
to the catalysts for suppressing carbon formation and
stabilizing catalytic activity*?*». Use of MgO-CaO
as a support results in higher activity and stability than
that of Al2O3*?.  The coexistence of Ni/Al:O3 and CaO
increases the reactivity of the coke-precursor, raising
the reaction ratio and stabilizing catalytic activity*.
Moreover, use of MgO as a catalyst support can main-
tain the small particle size of the metal, and thereby
suppress carbon formation*?#),  Another approach to
enhance the catalytic activity is use of Ce.Zr1-,O> solid
solution to remove carbon deposition*®. These find-
ings are useful for this reaction, but several problems
similar to those which hinder steam reforming remain
unresolved.

(3) Partial Oxidation of Methane

Partial oxidation of methane is an exothermic reac-
tion expressed as the Eq. (5).

CH4 +120, - CO+2H,

AH 293 = —8.5k]J mol™! ©)

The Ho/CO ratio of synthesis gas is 2 in this reaction,
which differs from those of steam reforming (= 3) and
dry reforming (=1). In this reaction, combustion pro-
ceeds at first and the resultant heat promotes sequential
steam reforming, followed by a water gas shift reac-
tion*”. Ni catalyst supported on AO3 has been widely
investigated as a catalyst for this reaction. However,
Ir/ALxO3 catalyst can show high activity for this reac-
tion*®.  Furthermore, other catalysts such as Pt/Al,O3
and Pt/ZrO,*"9 were used for the partial oxidation re-
action, but complete oxidation also occurs. To sup-
press complete oxidation, CeOz-supported catalysts can
achieve selective partial oxidation due to the lattice
oxygen without complete oxidation’”. Furthermore,
Pt black supported on CeQ, promoted this reaction?.
CeO; and Ce,Zri-x0O; solid solutions were used to
achieve higher activity as CeOs supports’®>, The
high activity over these supports was apparently derived
from their higher oxygen storage capacities (OSC), so
that the deposited carbon in this reaction could be oxi-
dized and removed by the lattice oxygen, thereby
achieving high and stable activity>» 9.

1. 2. 3. Conventional High-performance Processes

Several trials for increasing the overall energy effi-
ciency of the methane utilization process have been re-
ported, such as combination of the reactions described
above and efficient utilization of the external heat sup-

ply.
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(1) Auto-thermal Reforming and Oxy-reforming

As explained in the previous section, both dry
reforming and steam reforming are endothermic reac-
tions, but partial oxidation is an exothermic reaction.
For that reason, several trials of the internal heat supply
have used simultaneous endothermic and exothermic
reactions, and are designated as oxy-reforming, auto-
thermal reforming, and tri-reforming*®. The advan-
tage for this combination is that selection of the ratio of
CO2/H20/0; can result in suitable Ho/CO ratio in the
product gas, and H,O and O» supplied as reactants can
remove the formed carbon in dry reforming and steam
reforming®®->7,

(2) Electrically Heated Catalysis

Electrically Heated Catalysis (EHC) is a process by
which the catalyst temperature is increased rapidly.
Utilization of monolithic catalyst with electrodes located
at the edge found that the catalyst can be heated within
1.5 min by the application of electric power and the
outlet temperature reached 863 K3®. Application of
this system for steam reforming found that the required
time for increasing the temperature can be shortened to
10 min using Ni/Al,Os/Alloy catalyst, compared to
about 30 min for the conventional system®. The
application of EHC enabled fast-start up, but the prob-
lems caused by high temperature could not be solved in
this system.

The systems described above are known as conven-
tional processes for the conversion of methane.
However, the stability of the methane molecule requires
much energy for its activation, which still causes several
problems. In exothermic reactions such as oxidative
coupling and partial oxidation of methane, the high
activity of oxygen promotes gas phase reaction at high
temperature, and the selectivity for the target reaction is
decreased because of the non-selective and sequential
oxidation of products. In endothermic reactions such
as dry reforming and steam reforming of methane, the
thermodynamic equilibrium allows the reaction to pro-
ceed only at high temperatures. Such high tempera-
tures require high stability of the catalyst and apparatus
at high temperatures. In addition, decreased catalytic
activity resulting from carbon deposition presents a
severe problem.

2. Non-conventional Systems for Methane
Conversion

Various non-conventional systems have been investi-
gated to resolve the problems described above for con-
ventional systems. In this section, we summarize the
features of non-conventional systems, such as the appli-
cation of microwaves, photocatalysis, non-Faradaic re-
actions, and plasma.

2.1. Microwaves
Investigations of the utilization of microwaves are
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classifiable into two types: heating the gaseous reactant,
and heating the catalyst directly. Several advantages
can be recognized such as rapid heating and selective
heating. Depending on these features, microwave
heating was applied to the methane decomposition®”-6D,
and showed that the activity achieved by microwave uti-
lization was higher than that in conventional systems,
which implies that hotspots were generated by the
microwave heating, with much higher temperatures
than provided by conventional heating. Microwave
heating is expected to be more efficient than conven-
tional heating system. However, carbon deposition in
the catalyst pores will result in decreases in surface area
and pore volume, followed by deactivation of the cata-
lyst®®.  Furthermore, examination of the input electric
power and frequency on the activity found effects on
the product selectivity. Methane oligomerization
using a microwave system in which the input electric
power was changed from 130 to 370 W showed that
increased input electric power increased the selectivity
for acetylene or benzene, and decreased the selectivity
for ethane or ethylene®. Furthermore, increase in the
applied frequency between 2.4 to 4.6 GHz provided in-
creased selectivity for benzene. These results suggest
that optimized feedstock composition can maximize the
efficiency of the process. However, to achieve high
activity, high temperatures must be produced by micro-
wave heating, and the system requires large inputs of
electrical power.
2.2. Photocatalysis

Photocatalysis requires less input energy than the
conventional system, as solar irradiation is sufficient.
Light irradiation activates photocatalysts, and promotes
the reaction at low temperatures. Several trials have
used photocatalysis for methane conversion. Methanol
synthesis from methane over a photocatalyst with the
application of TiO,, Pt-WOs3 (Pt doped WO3), La-WOs,
Cu-WO0s3, and (La, Cu)-WOsas catalysts showed that
La-WOs; exhibited the highest activity, but greater
amounts of ethane and carbon dioxide were formed as
byproducts. Therefore, high selectivity to methanol
was difficult to achieve in the photocatalytic system®.
Investigation of non-oxidative coupling of methane over
photocatalysts over amorphous and mesoporous silica
as catalysts showed that the latter exhibited higher
activity, and the active site for this reaction involved
dissociation of the hydroxyl group®. The utilization
of photocatalyst has been widely investigated.
Although photocatalysis can be conducted at low
(ambient) temperature, the fundamental problem is that
light energy is difficult to use efficiently enough to
achieve high yield of products.
2.3. Non-Faradaic Electrochemical Modification

of Catalytic Activity®)~7%

In contrast to the photocatalytic reaction promoted

by visible or UV light, reaction that is directly promoted
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by electricity has been investigated to promote the
electrochemical reaction over catalysts. These reac-
tions are classifiable into two groups: Faradaic and
non-Faradaic reactions. The Faradaic process is a
stoichiometric electrochemical reaction in which the
electron supplied as a reactant is used for stoichiometric
processes. The non-Faradaic process is non-
stoichiometric, in which the electron is used to enhance
the reaction rate to higher than that of the Faradaic
reaction. The Non-Faradaic Electrochemical
Modification of Catalytic Activity (NEMCA) system is
a non-Faradaic system, in which the number of activated
molecules can reach more than ten thousand times the
number of the input electrons. The mechanism of the
NEMCA system uses a weak current applied on the
disc catalyst to directly lower the activation energy, fol-
lowed by enhancement of the reaction rate. A solid
electrolyte such as YSZ (Y20O; stabilized ZrO») is used
as a main component of disc catalyst, and Ag or Pt is
pasted on the surface of the disc as an electrode and a
catalyst. The detailed mechanism was reported as fol-
lows; oxygen anion forms as in equation (Eq. (6)) with
or without the external voltage at the boundary of the
surface of supported metal and gas phase. The oxygen
anion diffuses in the solid electrolyte, and reaches the
three-phase interface between the metal catalyst, solid
electrolyte and gas phase. On the three-phase inter-
face boundary, the excess oxygen anions accumulate
near the surface of the electrolyte. Here the oxygen
anion reacts as shown in the Eq. (7).

0, +4e” — 20+ (6)

0> — O +e~ @)

The release/storage of the oxygen requires voltage
depression, i.e. the external voltage contributes to the
release/storage of the oxygen in the NEMCA system.
The formed oxygen anion cannot release its electrical
charge, and remains on the catalyst surface with diffu-
sion on the surface. The adsorbed anion on the cata-
lyst surface lowers the surface potential of the catalyst,
which results in changed work function. This work
function change weakens the bonding strength of the
chemisorption of adsorbed species on the catalyst
surface, with resultant lower activation energy.
Therefore, the activity and selectivity on the catalyst are
changed by supply of excess oxygen anion. In some
cases, the A value, the enhancement ratio of the reaction
rate in the NEMCA system, was 30,000 times larger
than that without the application of the external voltage.
The definition of A is expressed below.

A= Ar(catalytic)/(i/zF) (8)

Where F, i and Ar are the Faradaic constant, input
current, and the difference between the conventional
formation rate and the formation rate in the NEMCA
system, respectively.
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In the NEMCA system, partial heating with the
application of the electric field is denied. The con-
sumption rate of ethylene into epoxy or carbon dioxide
decreased with application of the reverse potential
gradient, i.e. the diffusion of the oxygen anion in the
reverse direction. High reaction rates can be achieved
in the NEMCA system, but the NEMCA system requires
high temperature for the generation of the ion species
which carry the electrical charge. In particular, in
application of this system to methane steam reforming,
the catalytic activity test was conducted at temperatures
higher than about 700 K. Consequently, the NEMCA
system cannot solve problems associated with the high-
temperature condition.

2.4. Plasma

Systems in which supplied electrons can activate re-
actants directly in the gas phase to promote the reaction
rate have been widely investigated. Plasma electrons
have high energy for the dissociation of the gas feed
molecules into radicals. Such discharge systems are
classified into two types: equilibrium discharge and
non-equilibrium discharge. As an example of equilib-
rium discharge, decomposition and partial oxidation of
methane’? enabled promotion of the reaction, but much
energy was consumed and the gas phase temperature
was so high that fundamental problems caused by high
temperatures should be considered. In contrast to
equilibrium discharge, the gaseous temperature in non-
equilibrium discharge is lower and that of electrons is
high. As examples of non-equilibrium discharge, acet-
ylene production from methane in a DC pulse dis-
charge”7¥, and oxidative coupling of methane in a
corona discharge’ were reported. Furthermore,
partial oxidation, steam reforming, and dry reforming
of methane were investigated in a grid-arc discharge’®.

Our group has also investigated the utilization of
non-equilibrium discharge, especially methane activa-
tion by non-equilibrium pulse discharge. The results
have shown that the main product was acetylene.
Using CDy4 to identify the reaction mechanism, we
found that the high-density electron dissociated the CD4
molecule into CD radical or C, which then reacted to
form acetylene. High acetylene selectivity was
achieved by high concentrations of CH or C2 radical
and subsequent decomposition/recombination of C, CH,
C2 or C;H,””.  Furthermore, we compared dielectric

barrier discharge (DBD), corona discharge, and spark
discharge for this reaction, and showed that catalytic
activity was highest with the spark discharge. The
gaseous temperature was low, around 420-460 K, which
was measured by the emission spectrum. This finding
suggests that the heating effect by the plasma did not
promote the reaction. Consequently, the mechanism
seemed to involve an electron with high energy-
dissociated methane molecules™. Based on these
observations described above, in the non-equilibrium
discharge, the supplied electron would promote meth-
ane dissociation, and promotion of the reaction can be
achieved with assistance of the discharge.

Steam reforming of methane with non-equilibrium
pulsed discharge can proceed at low temperatures such
as 423 K. CO was produced via the reaction
between H>O and CH radical which was dissociated by
the plasma. Although the system presents many
advantages as described above, this system also has dis-
advantages such as difficulty in controlling selectivity
and requirement for specific devices.

3. Catalytic Methane Conversion Assisted by
Electric Field

As described above, although some non-conventional
systems can provide effective conversion, these pro-
cesses require high temperatures or involve low energy
efficiency. The energy consumption for some of the
above-described non-conventional systems is presented
in Table 1.

We have proposed “catalytic reaction assisted by an
electric field” as a novel method of methane utilization
with higher energy efficiency. The schematic flow of
the reaction system is shown in Fig. 2. We investigated
steam reforming of methane (Electreforming) and
oxidative coupling of methane (E-OCM) assisted by an
electric field as representative reactions.

3.1. Electreforming

Steam reforming of methane is an endothermic reac-
tion that requires temperatures higher than 973 K
because of the thermodynamic equilibrium and the rate-
limiting kinetics. However, various problems occur
under such high temperatures as described above. To
solve these problems, we have tried to lower the reac-
tion temperature with the assistance of an applied elec-

Table 1 Energy Demand for Non-conventional Reaction Systems
. L . External temperature
Reaction Application Main product (K] Energy demand Reference
Decomposition Microwave H, R.T. 83.7 MJ mol'-H, 61)
Steam reforming NEMCA CO, H, 698 39.1 J mol™'-H, 70)
Ocxidative coupling Plasma C,H, R.T. 8.21 MJ mol'-C, 74)
Steam reforming Electric field H, 423 256 kJ mol™'-H, 82)
Oxidative coupling Electric field C,He/CoHy 423 7.43 MJ mol™'-C, 83)
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tric field®® ™%, We conducted Electreforming over
noble metal catalysts such as Pt, Pd or Rh, supported on
CeO; or Ce,Zr1-xO2, which have lattice oxygen mobility.
Catalytic activities over these catalysts with or without
an electric field are shown in Fig. 3. The catalytic
activity for Electreforming was much higher than that
for the conventional reaction over each catalyst, espe-
cially at temperatures below 573 K. Screening tests
revealed that the catalyst for Electreforming requires
suitable electrical conductivity and lattice oxygen
mobility. The activity for Electreforming over the Rh
catalyst supported on Ce,Zri-xO2, which has higher lat-
tice oxygen mobility, is shown in Fig. 4 and Table 2.
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Fig. 4

The highest conversion (42 %) for Electreforming at
low temperature was achieved over Rh/Ceo25Z10.7502
catalyst. The equilibrium conversion at 542 K is ca.
4 %, so the activity for Electreforming was much higher
than this theoretical value. In a conventional system,
high temperatures such as 780 K are necessary to
achieve the same conversion of 42 %. Consequently,
the Electreforming method of application of an electric
field can lower the temperature required for a reaction
occurring at about 250 K because of the interaction
between electrons, supported metal and catalyst support.
3.2. E-OCM

We also investigated the oxidative coupling of methane
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Table 2 Catalytic Activity for Electreforming on Rh/Ce15Zr 750, Catalyst

Electric  Tihermocouple Conversion C balance Formation rate [pmol min™'] YAH, SAH, AE; AE.¢ Econs EPR
field K] [%] [%)] H, co, co [Tmin™] [ITmin™] [ITmin™] [Jmin™] [Jmin™] [%]
off 424 0.0 99.7 0.0 0.0 0.0 0.0 0.0 0.0
470 0.3 99.6 45 1.5 0.0 1.3 1.3 0.0
515 1.1 98.8 20.3 54 0.0 4.8 5.8 1.0
561 3.0 98.4 60.2 15.0 0.0 13.3 17.2 39
607 7.9 98.7 159.6 39.2 0.2 35.1 45.7 10.6
656 13.6 99.5 271.6 66.6 1.4 60.5 78.0 17.5
703 23.1 99.6 446.5  109.7 5.7 102.8 129.2 26.4
751 31.3 99.3 6014  138.1 18.4 139.4 177.1 37.7
on 544 42.3 99.0 756.9 1404 71.0 188.3 236.4 48.1 48.1 207.8 23.2
587 45.1 98.5 8126 151.6 73.6 200.6 253.1 52.5 52.6 180.6 29.1
605 45.6 98.8 786.0  150.7 76.9 202.7 246.4 43.7 42.7 180.6 23.7
644 46.4 99.9 848.8  163.8 68.2 206.6 261.9 55.3 51.4 195.9 26.3
696 50.8 99.6 899.0 165.8 88.0 226.0 281.8 55.9 453 200.9 22.5
736 59.4 97.0 1053.3  187.0 109.8 264.3 332.1 67.8 50.3 165.9 30.3
774 65.6 99.2 11448  193.6 134.4 292.0 365.3 73.2 46.8 216.1 21.6
812 70.1 100.7 1206.7 1949 155.1 311.7 388.8 77.1 39.4 191.3 20.6
Table 3 Catalytic Activity for E-OCM on Various Sr—La,0s Catalysts
Catalyst Reaction IEPD Ex.temp. CHyconv. C2%sel. CHpsel. CO,sel. C,HJ/CHs
[W mm™] K] [%] [%] [%] [%] [-]
(1/20-Sr)-La0; conventional - 1273 7.4 45.6 0.0 54.3 0.65
with electric field 0.33 423 8.9 49.0 0.0 50.6 0.46
(1/200-Sr)-La,03 with electric field 0.33 423 11.5 342 0.0 65.0 0.44
(1/2000-Sr)-La,05 plasma 1.19 423 6.7 12.0 8.8 79.1 0.48
La,05 plasma 1.04 423 6.4 16.1 5.8 78.2 0.46

with the assistance of an electric field (E-OCM)3373%),
The problem of the conventional OCM reaction is that
non-selective and sequential oxidation in the gas phase
reduces the selectivity for C2. We tried to lower the
reaction temperature with the electric field and to
enhance the selectivity to C2 by suppressing sequential
oxidation. LayOs-based catalyst was used, which has
stability and high activity for OCM. LayOs is an insu-
lator, so applying the electric field to the La;O3 was
impossible and plasma was generated. We found that
application of the electric field required suitable electri-
cal conductivity. Therefore, we doped another cation
such as SrO into La;Os3 to increase the number of elec-
trical conduction carriers.

The catalytic activity for E-OCM over Sr-La>O; cat-
alysts with various Sr contents is presented in Table 3.
Spark discharge was generated over the La>O3 catalyst
because La>Os had few electrical carriers and low elec-
trical conductivity. OCM with plasma (including
spark discharge) has been widely investigated, and the
mechanism has already been reported. Plasma elec-
trons have high temperature, and can dissociate C-H
bonds in methane molecules into CH radical or C.
These CH radicals or C would then couple to yield C2
compounds. Therefore, the main component of the
product would be acetylene in the reaction assisted by
the discharge.

J. Jpn. Petrol. Inst.,

We prepared Sr-doped La>O3 to enhance the electrical
conductivity of the catalyst and to apply the electric
field. The electric field was not applicable to Sr-La>O3
(St/La=1/2000) catalyst and spark discharge was gen-
erated. However, the electric field could be applied to
Sr-Lay0s (Sr/La=1/200) and Sr-La»O3 (Sr/La= 1/20)
catalysts. As shown in Table 3, acetylene was not de-
tected as a product over these two catalysts, and the cat-
alytic OCM reaction proceeded. Table 3 also shows
the comparison of the activity for E-OCM with that for
the conventional OCM reaction at high temperatures
over Sr-La;O3 (Sr/La = 1/20) catalyst, which exhibited
the highest C2 selectivity. The selectivity for C2 was
higher for the E-OCM than for the conventional OCM
reaction. This observation implied that the applied
electric field can suppress sequential oxidation. Based
on these results, application of the electric field can
lower the reaction temperature and thereby suppress se-
quential oxidation. Therefore, high C2 selectivity can
be achieved over the Sr-La;Os catalyst. However, in-
creased gaseous temperature caused by heat generation
in the exothermic reaction was difficult to control.

The doping amount of Sr into La,O3; was the key
parameter for successful application of the electric field
in E-OCM. To elucidate the role of the doped Sr, we
measured the electrical conductivity of the catalysts
with the alternative current (AC) impedance method to
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Fig. 5 Electrical Conductivities of Various Sr—La,0; Catalysts
Measured by the AC Impedance Method

identify the electrical conduction carrier. The results
are shown in Fig. 5. Increased amounts of doped Sr
into La;O3 enhanced the electrical conductivity of the
catalyst, which implies that the electrical conductivity
of the catalyst is an important factor for EFOCM. The
mechanism for the increase in the number of the electri-
cal conduction carriers is given by the following
Kroger-Vink equations.

SrO — Sri’+ 00*+12Vo™ )
STO+1/405 —> Sria+ 32007+ h° (10)

Based on the results described above, doping another
cation into an insulator catalyst enables the formation
of oxygen-ion vacancies or electron holes, which
enhances the electrical conductivity sufficiently to apply
the electric field to the catalyst.

These findings demonstrated the possibility of using
an electrical system to achieve high activities at low
temperatures for steam reforming and the oxidative
coupling of methane. We compared these two reac-
tions and evaluated the effect of the applied electric
field on the methane. To elucidate factors promoting
catalytic activity in the electric field, the relationship
between the input electrical power density (IEPD: W
mm™") and the consumption rate of methane (mmol
min~! g!) is shown in Fig. 6. For Electreforming over
CeO; catalyst-support, increased W/F resulted in
increases in the IEPD and the methane consumption
rate. The consumption rate over Ce.ZrixO> catalyst-
support was higher than that over CeO; catalyst-support
at the same IEPD. Ce.Zri-,O: has higher electrical
conduction and oxygen mobility than CeOa.
Therefore, for Ce.Zr1-,O:, the lower energy demand for
electric field formation resulted in higher energy effi-
ciency. Furthermore, the slope for the E-OCM reac-
tion was higher than that for Electreforming, as shown
in Fig. 6, possibly because, in addition to the reaction
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Fig. 6 Effect of IEPD on Methane Consumption Rate for Various
Catalysts or Reactions

on the catalyst, non-selective oxidation in the gas phase
also proceeded. Sr-La>Os catalysts had lower volume
density and lower electrical conductivity than CeO;
catalyst-support, so higher voltage (ca. 900 V) was nec-
essary for application of the electric field to the Sr-
LayOs3 catalyst than to the CeO» catalyst-support (ca.
300V). Based on these factors, we found that the
relationship between the IEPD and the consumption
rate of methane depended on the type of reaction and
the characteristics of the catalyst support.

4. Conclusion

In this review, we summarized the current issues for
the conventional catalytic system, and the potential of
developing a non-conventional catalytic system using
plasma or an electric field (Electreforming and
E-OCM). Using the novel catalytic system, the reac-
tion rate was enhanced drastically by the electric field,
which enabled the reaction to proceed at low tempera-
tures with high activity/selectivity. This high activity
at lower temperature suggests that the system will be
useful in some small-scale processes without a heat
exchanger. Additional investigations must be conducted
to reveal the detailed mechanisms related to the novel
reaction. Understanding the total mechanism and
factors for the achievement of high catalytic activity in
the electric field will enables us to use more efficient
catalytic systems. Although we have investigated the
application of an electric field only for the steam re-
forming and oxidative coupling of methane, applica-
tions of this system to other reactions might be promis-
ing.
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