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Chapter 1 General introduction
1.1 Features of the natural gas as energy resources

In the 1960s, large oil fields such as the Khafji and Raudhatain oilfields commenced one
after another in Saudi Arabia and Kuwait, and the consumption of oil as an energy source
exceeded that for coal. This was the time when the primary fuel changed from coal to oil, that
is to say, the energy revolution. Oil has been produced at a low price thanks to the abundant
reserves. In addition, oil had an advantage over coal from the viewpoints of transportation and
storage because oil is liquid and coal is solid. Therefore, oil has acquired the initiative of
energy resources. However, from the viewpoints of the limiting amounts of oil reserve and
global environmental issues, departure from an oil-dependent economy has been desired in
recent years. In this respect, natural gas has been attracting a great deal of attention. The
natural gas consumption has increased by about 2,000 MMBTU (Million British Thermal
Unit) from 1971 to 2014. The steps to increasing energy consumption in Asian countries has
increased every year and the ratio of energy consumption in Asian countries to the world's
energy consumption will keep increasing.

Natural gas, which is mainly composed of methane, is flammable gas produced from oil
and gas fields. Typical uses of natural gas are for power generation and city gas. The primary
global energy consumption resource in 2015 was 13.1 billion tonnes of oil equivalent: 33% is
oil, 30% is coal and 24% is natural gas. On the other hand, in 1971, 48% was oil, 29% was
coal and 18% was natural gas. This means that the global energy consumption has shifted
from oil to natural gas and natural gas has become the third primary energy resource in the
last 40 years.

Natural gas has been distributed evenly all over the world, while oil is not. [1] The total
area of confirmed natural gas reserves was 187 trillion m> with 24.8% in the Middle East,
30.4% in Europe and Eurasia, 8.4% in the Asian Pacific, 7.5% in Africa, 6.8% in North
America and 4.1% in Middle and South America. This means that about 55 % of the
confirmed natural gas reserves are located in the Middle East, Europe and Eurasia. The reason
for natural gas being distributed evenly all over the world is that oil can be deposited only up
to 473 K and 2000 m depth to retain the structure, whereas natural gas is stable at higher
temperatures and can be deposited in a stratum deeper than 2000 m.

R/P ratio (R: reserves, P: productions), which indicates how long the production can
continue, was prospected to last 53 years for natural gas according to the BP Statistical

Review of World Energy 2016, but has been expected to last further in recent years because
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an excavation technology of oil fields has progressed and unconventional natural gas, which
was difficult to mine, has become available. [1] Recently, unconventional natural gas, with
shale gas in the lead, has become an energy reserve option, and the demand and supply
balance for natural gas has changed mainly around North America. Due to the increase in
shale gas reserves in North America, the natural gas production was 11% higher than the
production in 2015, or the natural gas production will become 11% higher than the
consumption in 2035. This situation enables the following: the energy dependency in North
America on foreign countries will decrease and the domestic energy demands will be able to
be covered by the natural gas production. [2, 3] Also, the developments for other conventional
natural gas such as tight sand gas and coal bed methane, has progressed and the R/P ratio will
continue to increase. In addition, it will become important to keep a balance with the
excavation cost. Therefore, the energy policy centering on natural gas is expected to break the
largely oil-dependent economy in the Middle East. In addition, from the perspective of an
environmental burden, natural gas is a green reserve compared to oil and coal, because the
carbon dioxide emissions are low in combustion and natural gas contains little N and S atom,
resulting in emitting little thermal NOy and SOx.

Efficiency for the transportation and storage of natural gas is not as good as that of oil
because the energy density per unit volume is lower for natural gas. Natural gas is transported
usually by pipelines to a remote place. However, when natural gas is transported to an island
place such as Japan, it has been transported as liquefied natural gas (LNG), in a tank which is
filled at a low temperature (111 K) and under high pressure conditions near the gas fields. The
volume of LNG is a 600™ part of the gas condition. Now, all the natural gas has been imported
as LNG in Japan. The natural gas imports in 2014 was 892 million tonnes with 20.6% from
Australia, 18.5% from Qatar, 17.2% from Malaysia, and 9.6% from Russia. However, the
natural gas transportation as LNG is inefficient because large costs and energy are required in
the liquefying and transportation process. Since the LNG process requires vast capital
investment to construct the gas liquefying plant and the receiving terminal, it is only
applicable to a huge gas field. In a medium/small gas field far from the demand area, the
infrastructure cost such as a pipeline and LNG base is not economically viable. Elsewhere, the
natural gas converts into the syngas, mix gases of CO and Hj, from steam reforming ef al. and
the syngas converts into the liquid fuel from Fischer-Tropsch synthesis (FT synthesis); this
process is called Gas-To-Liquid (GTL) technology. However, GTL is inefficient due to the
multistage process.

In these situations, the compensate for chemical products synthesized from the naphtha,

which is separated from oil, by natural gas is attracting attention currently. Converting natural
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gas into chemical products can heighten an added value, not using it only in combustion as
thermal power generation. Though utilizing natural gas, which is the gaseous state and fluid
energy, as an energy resource is short-term, utilizing it as chemical raw materials and products
can be immobilized. In addition, effectively utilizing the medium/small gas fields at a lower
cost is expected, thanks to the conversion of natural gas into chemical products. Ethylene,
propylene and the syngas are important for chemical raw materials. Ethylene is a source of
polyethylene, ethylene glycol, ethanol, acetaldehyde and acetic acid. Propylene is a source of
polypropylene, glycerin and acrylonitrile. Syngas is a source of methanol, acetic acid, FT oil
and dimethyl ether. The processes of producing ethylene and propylene from the naphtha are
as follow: mixed gas with the naphtha and water is degraded at a high temperature from
1073-1173 K and is separated by distillation. The plants for producing ethylene and
propylene from the naphtha are very large and require vast amounts of energy and costs due to
composing many processes.

This study focuses on the direct ethylene synthesis via oxidative coupling of methane
(OCM) and the syngas production via dry reforming of methane (DRM), adding high values
to the natural gas as chemical conversion technologies. Accordingly, this study aimed at the
establishment of new catalytic reaction system applying an electric field, adapting to OCM
and DRM reactions, and showing high selectivity and product yields even at lower

temperatures.

1.2 Methane utilizations via chemical conversion

In order to utilize methane, a major component of natural gas, via chemical conversion,
various catalytic processes aiming at industrialization have been reported and there have been
many reviews in this topic. [4—10] Havran et al. noted the thermodynamic reactivity for
methane and reported that the chemical reactions using methane was thermodynamically
unfavorable except for methane oxidation. [4] Alvarez-Galvan ef al. reported that in order to
convert methane to high value-added products, catalyst designs for avoiding the reaction with
water, which progressed more easily than other reactions, are important and the method for
using chloromethane was effective for activating methane. [5] Vora et al. summarized the
previous reports in methane conversion technology focused on using silicoaluminophosphate
zeolite catalysts such as SAPO-34, which had water resistance and a large particle size. [7]

The outline about methane conversion technologies is shown as Figure 1-1. Methane
conversion technologies are generally divided into two paths: indirect and direct conversion

process. Indirect conversion processes are as follows: methane converts the syngas, a mixed
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gas of carbon monoxide and hydrogen, and syngas converts into various chemical products
such as FT oil and methanol. [8—10] Main process for producing the syngas are steam
reforming (SR), dry reforming (DR) and partial oxidation (POy). Direct conversion process
will be more simple and economic process than indirect ones because the syngas production

plant is not required.

Ethylene glycol
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Figure 1-1 The scheme of methane conversion.

1.2.1 Indirect methane conversion technology

As the first step, methane reforming using oxidizing agents such as oxygen, carbon dioxide
and water 1s important for indirect methane conversion. Hydrogen, a part of syngas, has been
utilized by a number of methods such as agents for refining crude oil and the clean energy
carrier in recent years, and the demand for it has been increasing. Additionally, syngas itself
has been utilized as a raw material for synthesizing various chemical products such as
methanol and ammonia. However, hydrogen does not exist as a natural resource on the earth
and must be produced artificially from water, oil, natural gas, plant resources etc. The role of
catalysts for the reforming process is particularly more important than other indirect
conversion processes because the reforming process cost is a majority of the overall costs. In

this section, indirect methane conversion technologies via syngas production are summarized.
1.2.1.1 Hydrogen and syngas production from methane
The most major syngas and hydrogen production from methane has been steam reforming

of methane (SRM) for the last 80 years. The reaction equation of SRM is the following
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(eq. 1):
CH4+H,0 — CO + 3H, AHJog =206.1 kI'mol™ (eq. 1)

Carbon monoxide obtained from SRM (eq. 1) can further produce hydrogen via a water gas

shift reaction. (WGS: shown in eq. 2)
CO + H,0 — CO, + H, AHog = -42.1 kJ'mol™! (eq. 2)

The price of hydrogen produced via SRM is about 0.2—0.3 dollars per m’. The energy
capacity of hydrogen is strongly dependent on the reformer efficiency. The efficiency of the
overall reformer process is estimated to be 60-75%. [2, 3]

Also, dry reforming of methane (DRM: as shown in eq. 3) has been attracting attention
from the perspective of reducing environmental footprints due to a decrease in both methane

and carbon dioxide, which are known for creating greenhouse gases. [11]
CH, + CO, — 2CO + 2H, AH3%g = 247.2 kJ-mol ™! (eq. 3)

Noble metals supported oxide catalysts such as Pt, but Ni are known to be catalysts suitable
to DRM from the viewpoints of economic efficiency. Although the previous reported Ni
supported catalysts have a high DRM activity, the catalyst sintered and lose its catalytic
activity soon after the carbon deposition. [12] Recently, the Chiyoda Corporation developed a
catalyst that is stable and has high DRM activity, and implemented to practical use. In
addition, research and development for DRM have become prosperous again with a
combination of carbon dioxide capture and storage (CCS) technologies around Europe.

In addition to the two reforming reactions, partial oxidation of methane (POx: eq. 4) is a

promising technology for producing the syngas.
1
CH, + >0, — CO +2H, AHY%g = -35.6 kJ-mol™* (eq. 4)

The energy efficiency of POx is estimated as 50%, inferior to SRM. However, the POx plant
can be simpler and smaller than the other two reforming plants because POx is an exothermic
reaction and does not need to continuously heat the reactor. Besides, the heat recovery is very

important in POx reactor due to produce a large heat value at a front end part of the catalyst
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bed. [8, 9] Ni supported oxide catalysts are known to be suitable catalysts as similarly to
DRM. [13]

Also, auto thermal reforming (ATR), which is a combination of SRM and POy, is a
promising technology because heat generated via POx is controlled by heat adsorbed via
SRM. This complementary reaction in the same reactor results in restraining the hot-spot
integration and the carbon deposition. In addition, the H,/CO ratio can be controlled by
changing the flow rate of oxygen and water. [14, 16]

Otherwise, though syngas and hydrogen are synthesized from off-gas purification, water
electrolysis, pyrolysis of water and hydrocarbons efc., SRM is the best way for meeting the
recent industrial demand from the perspective of energy efficiency and economic balance. [2,
3]

Due to the increasing hydrogen demand in recent years, the research and developments for
producing the hydrogen-rich syngas has been attracting an attention. Lisboa et al. reported
that as a result of the screening tests over Ni supported various oxide catalysts, a 10wt%
Ni/Ceg 75719250, catalyst showed high stability, low coke formation and high H, selectivity
(>50%). [14] Palmer et al. reported that various metal supported honeycomb and foamed
monolith structure catalysts (Al,Os, oxygen bonded silicon carbide, denoted as OBSiC, and
Zr0O,) were found to be suitable catalytic systems for indicating flatter and lower temperature
distribution and higher H, selectivity than conventional catalytic systems, and they analyzed
in detail on the basis of the internal temperature distribution of the reactor. [16] Also, they
reported that the temperature profile and methane conversion became constant over any

catalysts soon after the raw gas flowed, and H; selectivity indicated about 45%.

1.2.1.2 Methane conversion via halogenated hydrocarbons

Research on methane conversion via halogenated hydrocarbons, expected to show higher
C, selectivity than a conventional system, has been conducted since the 1980s. [17, 18] For
example, olefins synthesis via methane coupling used halogenated methane was composed of

the following four routes: [19]

1
CH4 +HX + 502 — CH3X + HzO (eq 5)
(eq. 6)
€q.
n CH;X — C,H,, + n HX 1
(eq. 8)

4HX + 02 — 2X2 + 2H20



(denoted X as halogen species)

Egs. 5 and 6 represents the halogenated methane synthesis process, and the reaction of eq.
5 is named "oxyhydrohalogenation," which is generally more progressed than acid zeolite
catalysts. [18] Also, the reaction of eq. 6 is generally more progressed over Pt supported super
acid oxide catalysts. These reactions are weak exothermic reactions and the reaction
selectivity is relatively high. [20] The reaction of eq. 7 is generally more progressed than
microporous acid oxide catalysts, and leads to the synthesis of the olefin and halogenated
hydrogen. Eq. 8 represents the oxidative recovery reaction for halogens. If halogens are
efficiently recovered, the separation and detoxifying processes for halogenated hydrogen will
not be required and these processes will become more economic. [21] However, the products
from these reactions have toxicity and corrosiveness, and this situation results in a high cost
for preparing these systems because of the safety issue. Technological developments of a
corrosion preventive measure will make the halogenated methane synthesis process more

attractive. [22]

1.2.1.3 Syngas conversion technology

Syngas can be converted into various chemical products depending on the H,/CO ratio. The

following are examples of several H,/CO ratios: [23]

*When the H»/CO ratio is 1, syngas can be converted into dimethyl ether (DME). (shown in
eq. 9)

3CO + 3H, — CH;0CH; + CO, (eq. 9)

*When the H,/CO ratio is 2, syngas can be converted into methanol synthesis and

Fischer-Tropsch synthesis. (shown in eqgs. 10—12)

2CO + 4H, — CH;0CH; + H,0 (eq. 10)
CO +2H, — CH;O0H (eq. 11)
CO + 2H, — -CH,- + H,0 (eq. 12)

Fischer-Tropsch synthesis and methanol synthesis are described in the following sections.



1.2.1.3.1 Fischer-Tropsch synthesis

Many syngas conversion technologies into various value-added chemical products such as
methanol and ethylene glycol have been reported and Gharibi summarized the previous
research. [6] Fischer-Tropsch synthesis (FTS) for producing lower olefins (C,—C4), whose
demands have been rapidly increasing, are promising examples. Lower olefins have been
synthesized via naphtha cracking and fluid catalytic cracking (FCC). However, lower olefins
have expected to be synthesized from natural gas from the perspectives of oil price increases
and country risks. FTS is the multistep reaction in which CHy species derived from adsorbed
carbon monoxide on the catalytic surface are polymerized and grown as hydrocarbons of
various chain lengths. [24, 25] Many reviews have been published on this reaction. [26—34]
The reaction mechanism is proposed as follows: first, methyl added surface alkyl groups form
straight-chain a-olefins via B-desorption. Next, the straight-chain a-olefins form n-paraffins,
added to hydrogens. Finally, CH species are added to a-olefins as the new surface alkyl
groups again and form longer hydrocarbons. [35, 36] FTS products can be converted into
various paraffins and oxygen-containing compounds via the secondary reaction such as
hydrogenation, hydrocracking and hydroformylation and, among them, Fe, Co, Ni and Ru
supported catalysts have been reported as suitable catalysts for FTS, Fe and Co supported
catalysts have been practically used for industrial productions because larger amounts of
methane are produced as by-products than Ni supported catalysts, and Ru is an expensive
noble metal. Several plants were operated: the Shell Corporation operated an SMDS (Shell
Middle Distillate Synthesis) process in Bintulu, Malaysia, and Pearl, Qatar; the Oryx GTL
Corporation, a joint venture with The QP Corporation and an SASOL, operated SSPD (Sasol
Slurry Phase Distillate) process in Ras Laffan, Qatar.

The FTS process can be categorized into two areas depending on its major products: the
HTFT (High Temperature Fischer-Tropsch) process and LTFT (Low Temperature
Fischer-Tropsch) process. In an HTFT process using Fe supported catalysts at a higher
temperature (573—623 K), the primary products are gasoline and small straight-chain olefins
and the secondary products are oxygen containing compounds. On the other hand, in an LTFT
process using Fe or Co supported catalysts at a lower temperature (473—-513 K), the primary
products are large straight-chain waxes. The LTFT process based on a Co supported catalyst
has been the major stream in recent years. [33] The products distribution in FTS are
dominated by Anderson-Schulz-Flory (ASF) kinetics due to a polymerized reaction. (as

shown in eq. 13)



2
W,=n-a"!(1-a) (eq. 13)
(Wn is a weight ratio of hydrocarbons composed of n carbons and a is a chain propagation

rate)

Most previously reported catalysts obeyed ASF kinetics and high selective hydrocarbons
cannot be synthesized by these catalysts. Accordingly, developments of catalysts which do not
follow ASF kinetics by nano spatial controls using zeolites etc. have been expected. [37, 38]
Bessel et al. compared the -catalytic activities for an FTS reaction among 10
wt%Co-supported porous alumina, silica, Kieselguhr (diatomite) and various zeolites such as
Y zeolite, Mordenite and ZSM-5, in order to break away ASF kinetics. [37] As a result, the
secondary reaction for FTS products did not progress and gasoline components, that is, high
octane level hydrocarbons, were not synthesized over silica and Kieselguhr catalysts which
did not have acid sites or porous structure. On the other hand, the major products were
gasoline components over three above-mentioned zeolite which had large amounts of acid
sites, especially over ZSM-5 with the highest hydrocarbons selectivity. The major products
were not gasoline components over porous alumina which had relatively large amounts of
acid sites. From the results above, they indicated the importance of the accessibility for FTS
products to the acid sites over catalysts.

Martinez et al. compared the catalytic activities for the secondary FTS reaction over hybrid
catalysts, physically mixed with 20 wt%Co/Si0, and four different topological zeolites such
as USY, Beta, Mordenite and ZSM-5. [39] For USY, they compared the catalytic activities
over different acidity catalysts by changing the Si/Al ratio (2.6 and 15.0) They found that
USY of the largest porous size produced aromatic hydrocarbons such as alkyl naphthalene and
alkyl phenanthlene in fine pores. On the other hand, USY of the smallest porous size
produced long-chained n-paraftin. From these results, they indicated the relationship between
the second reaction selectivity for FTS light olefins produced over the Co/SiO, surface and
topology in acid sites distribution for zeolites. Furthermore, they indicated the relationship
between the product distribution and the accessibility of acid sites on catalysts because the
product distribution was not changed in different acidity USY.

Galvis et al. reported that an Fe/Na/a-Al,Os catalyst with a small amount of sulfur showed
high C,—C;4 selectivity (>50%-C) for an FTS reaction while methanation was suppressed
(<20%-C.) [43] They also indicated that increasing olefin selectivity originated from the
suppression of the methanation, which is caused by the covering of the active sites for

hydrogenation by sulfur.



Recently, Tsubaki and Nishiyama groups reported capsule catalyst (core—shell catalyst),
which is a hybrid catalyst of Co/SiO, and ZSM-5. [40, 41] They reported that when syngas
passed over the capsule catalyst through the zeolite membrane to the Co/SiO, shell, all the
hydrocarbons produced on the core part were hydrogenated and isomerized within the zeolite
pore and the amounts of unreacted products decreased. He et al. compared the FTS activity
over the catalyst physically mixed with Co/SiO, and ZSM-5 to that over the capsule catalysts
of various ZSM-5 pore sizes, and found that iso-paraffin selectivity was higher and C;;-
products were more suppressed over the capsule catalysts than those over the physically
mixed catalyst. [42] They discussed the reason that the sequential reactions, and the space and
shape selectivity functioned well over two reaction sites on each layer. Their group also
reported that the core-shell catalyst, such as the hybrid catalyst of Co/SiO, and H-Beta,
showed high selectivity for iso-paraffin and suppressed the C;s; products formation. [40]
They also reported that the hybrid core-shell catalyst suppressed methanation, more than the
catalyst of ZSM-5 shell did, and the product distribution can be controlled by choosing a
suitable shell catalyst.

1.2.1.3.2 Methanol synthesis and its application for fuel

Methanol has been utilized as the liquid fuel, and the direct methanol fuel cell (DMFC)
has been developed for electric energy storage in recent years. Additionally, methanol was
focused on for MTG (methanol-to-gasoline) technology in the 1980s but has been dismissed
as a liquid fuel when effects of the oil shock had been weakened. Olah proposed a renewable
methanol society, as the background of technological innovation and the shale gas emergence
in recent years, in order to support the increasing population and advanced industrialization
while keeping the quality of the global environment, not depending on oil which had a limit
on the reserve amounts. [68] Renewable methanol is produced via bireforming, that is, the
process of methanol synthesis from carbon dioxide and methane, different from the

conventional process via syngas conversion, and shown as the following eqs. 14-15:

3CH, + CO, + 2H,0 — 4CO + 8H, (eq. 14)
4CO + 8H, — 4CH;0H (eq. 15)

The first step (eq. 14) is producing metgas (H,/CO ratio is 2) from methane and carbon
dioxide and the metgas are directly converted into methanol. The suitable catalyst for

bireforming was Ni-supported catalyst and the reported reaction conditions were the
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temperature as 1073—1273 K and the pressure as about 40 atm.

MTG (methanol-to-gasoline) and MTO (methanol-to-olefins) have been focused on and
developed in the 1970s, as the background of twice oil shocks. The representative catalysts
were H-ZSM-5 developed by the Mobil Corporation and H-SAPO-34 developed by the Union
Carbide Company (present UOP; Universal Oil Products Company) and many reviews have
been published on these catalysts. [44—48] These reviews indicated the reaction mechanism of
forming intermediates such as (: CHy), species over solid oxide catalysts. The oxonium ylide
mechanism, carbene mechanism, carbocation mechanism and free radical mechanism were
indicated as the mechanisms of olefin formations. After that, Dahl and Kolboe advocated the
"hydrocarbon-pool" mechanism in the 1990s. [49, 50] Finally, the "dual-cycle" mechanism,
which is the modified version of the previous mechanism, has been the mainstream. [19, 51]
The "hydrocarbon-pool" mechanism was the olefin formation by carbon-increasing
sequentially from the adsorbed (CH;), species on the catalyst surface. However, the
theoretically expected hydrogen consumption were different from the experimental data and
detail characteristics of the active sites remained unknown. After that, Mikkelsen et al.
reported that the intermediate derived from a kind of allene were synthesized from which
methanol were reacted with benzene and toluene, and these allene compounds were important
for propene formations, based on the "aromatic co-catalysis" mechanism [52], proposed by
Mole et al., of increasing olefin yields by adding a little toluene and p-xylene. [53]
Additionally, Arstad et al. reported that stably trapped methylbenzene within the pole of
H-SAPO-34 catalysts was important for this mechanism. [54] Haw et al. reported that methyl
cyclopentenyl cations were important intermediates in olefin formations over H-ZSM-5
catalysts. [55, 56] Next, two hypotheses of the detailed mechanism for olefin formations from
the methylbenzene intermediates were advocated. One is the "paring model" [57], proposed
by Sullivan et al., and the other is the "side chain methylation scheme" [52, 58], proposed by
Mole et al. and modified by Haw ef al. (as shown in Figure 1-2)

In these models, when the produced olefins were emitted to the gas phase, the products
distribution derived from both the pore topology and the diffusion gradient was reported. [60]
For example, Svelle groups conducted an MTO reaction over 4 zeolites of various pore
topologies. [61] They reported that ethylene and propylene were main products over
H-SAPO-34 catalysts, which had relatively small pores (about 4 A diameter) and the products
of the largest molecules were straight-chain pentene. On the other side, products of high
propylene/ethylene ratio were obtained over a TON type zeolite, H-ZEM-22, which had a

10-membered ring and the one-dimension pore.
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Figure 1-2 The proposed two mechanism of the "paring model" (Left cycle) and "side chain
methylation scheme" (Right cycles). (Reprinted with permission from Ref. [59] Copyright
2009 John Wiley & Sons Inc.)

Therefore, they indicated that the MTO reaction was not progressed in the aromatics-based
cycle mechanism. Additionally, methylbenzene was produced over H-ZSM-5 and H-beta,
which had relatively large three-dimensional pores. They indicated that the MTO reaction was
not progressed in "dual-cycle mechanism", which was the hybrid mechanism with an
aromatics-based cycle mechanism and the cycle reaction of propylene intermediates. (as
shown in Figure 1-3) Song et al. reported that propylene was easily produced by trapping 4—6
methyl groups to methyl benzene and ethylene was easily produced by trapping 2—3 methyl
groups to methyl benzene. [62]
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Figure 1-3 "Dual-cycle mechanism" over H-ZSM-5 catalysts. (Reprinted with permission

from Ref. [63] Copyright 2014 Elsevier)
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1.2.1.3.3 DME synthesis and this application

Olefin synthesis by DME conversion has been reported since the 2000s. [64] DME has a
high cetane number and high possibility for diesel fuels because DME does not have C-C
bonds and smoky gas was not easily produced in combustion. Additionally, DME can be
utilized as various petroleum chemical products by converting it into olefins (DTO:
DME-to-olefin) in the same mechanism as methanol conversions, and as a hydrogen carrier.
Therefore, DME has come to be the representative starting materials for C1 chemistry and
many reviews has been published in recent years. [65]

Zhou conducted DTO over H-Beta zeolite with large pore (7.6X6.4 A) and Pd-Beta
prepared by an ion-exchange method. [66] They reported that, when the Si/Al ratio was 200,
olefins of more than C¢ were not produced and C3—Cs olefins were selectively produced. They
also indicated the reason for high olefin selectivity in spite of a large pore zeolite that the
vertical (7.6X6.4 A) and horizontal (5.5%5.5 A) channels were located in pores and the
direction of the [001] angle, and olefins were produced in smaller channels. Tsubaki groups
reported that relatively heavy olefins were produced over H-ZSM-5, which was widely used
in the MTO reaction, due to the acid sites and topology of the zeolite, and conducted DTO
reaction over H3PO4/12.5%ZrO,/H-ZSM-5 catalyst. [67] They also reported that high
propylene selectivity was obtained because the pore size of H-ZSM-5 support shrank from 5.5
A to 5.3 A, the acid site density increased, and weak acid structures such as Zr-OH and P-OH

formed on the catalyst surface.

1.2.1.4 Combined process for natural gas and biomass

As a background of increasing the natural gas productions, a combination process with
biomass and natural gas has been focused on. However, present issues in biomass utilization
are the limited amount of energy production, and low yields and high costs in FTS using
biomass. Accordingly, the efficient process for syngas and liquid fuel in combination with
shale gas and biomass have been designed. Martin et al. attempted to optimize the above
process using five different parts of switchgrass, and shale gas. [69] First, the shale gas was
converted into syngas via the SRM and the switchgrass was converted into the syngas via
vaporization, SRM and POx. H,/CO ratio of this obtained syngas changed from 1 to 2 via
WGS, PSA (pressure swing adsorption) and membrane separation. Next, the purified syngas
components were converted into liquid hydrocarbons via FTS under pressure as about 30 atm.

Finally, FT oil productions were separated from the water by gravity and fractionated by
13



distillation. If the shale gas cost was less than $11.5/MMBTU, these processes can meet the
liquid fuels demands even if the biomass cost was $100/t. Additionally, the cost of these liquid

fuel was estimated to be $1/gal, equivalent to existing gasoline and diesel engine oils.

1.2.2 Direct methane conversion technology

Direct methane conversion to high value-added olefins and oxygen containing compounds
such as methanol, not through the high cost syngas, will be beneficial financially. However,
direct methane conversion technology has two major problems. One is that oxygen, a source
of direct methane oxidation, needs to be separated from the air. The other is that the process of
sufficient product yield at a commercialized stage still has not existed. This is because the
product yield was still very small and large cost for products separation was required due to
one-pot process. [6, 9]

The process of direct methane conversion into high value-added ethylene via partial
oxidative dehydrogenation is known as oxidative coupling of methane (OCM) and has been
focused on in recent years. However, in the OCM reaction, the sequential oxidation is difficult
to control because ethane and ethylene, products in OCM, more easily reacted with oxygen
than methane. Lunsford and Choudhary groups conducted OCM over various oxide catalysts
so far but the results of showing high C, yields as more than 30% have been hardly reported.
[70]

Direct methanol conversion technology has been anticipated in the realm of economics due
to increasing methanol demands in recent years. [71, 72] Arutyunov indicated the reaction
mechanism in direct methanol synthesis and what technology will be required. [71] Also, he
indicated the reasons for a low methanol yield in previous catalytic systems that products
were sequentially oxidized, nearly equal amounts of methanol and carbon monoxide resulted
in 50% methanol selectivity at most. Palkovits conducted direct methanol conversion over a
Pt-bipyridine complex CTF (covalent triazine-based framework) catalyst in sulphuric acid
solution and reported a high methanol yield (1.8 methanol conc. mol L™). [73] They also
reported that the methanol yield was the same as the Pt-bipyridine complex catalyst
previously reported by Periana et al. [72], but the catalyst stability of the CTF catalyst was
higher than the reported catalyst and the catalyst recycle was possible.

Aromatization has been focused on as non-oxidative direct methane conversion technology
as well. BTX (benzene, toluene, xylene) are very important raw chemical materials and direct

BTX synthesis technology from natural gas will contain a large economic impact. However,
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BTX yields were about 7% so far over a Mo supported micro-nano scale H-ZSM-5 catalyst,
reported by Zhang et al. [74]
MTB (methane-to-benzene) is direct and a one-pass methane conversion into benzene, and

the reaction equation of this reaction is the following (eq. 16) :
6CH, — C¢Hg + 9H, AHdg = 532 kJ-mol (eq. 16)

This reaction is largely endothermic and a high temperature reaction condition is required,
which is a thermodynamic disadvantage. Bijani analyzed in thermodynamic methane
conversion at 1000 K as about 15%. [75] Therefore, more research on catalysts of high
benzene yields are required in order to develop MTB processes in a commercialized stage.
Many reviews on MTB reaction have been reported. [76—78] The most promising catalyst is a
Mo supported H-ZSM-5 catalyst because Wang et al. reported a high benzene yield and
selectivity over the catalyst. [23] Shu ef al. indicated the reason for high benzene selectivity
over a H-ZSM-5 catalyst that H-ZSM-5 had the same pore size as a benzene molecule and
reported other MCM-22 catalysts for high benzene selectivity in these points. [79] The
reaction mechanism in MTB has been widely known as follows: firstly, methane was
activated on Mo metal to produce ethylene. Ethylene was oligomerized and cyclized by
Bronsted acid sites on zeolite. Some advocated that the intermediate in MTB was acetylene
and the Bronsted acid sites were not relatively important. [80-83] The Mo states on Mo
supported H-ZSM-5 were reported by Iglesia groups in detail. [84-87]

The induction period of MoOx to MoCx were indicated to exist in the initial stage of
activating methane over Mo supported H-ZSM-5. [88-90] Kim et al. reported that Mo outside
the surface of ZSM-5 formed Mo,C and Al;(MoOQs);, decreasing the MTB yield. [84] The
issue of the Mo/HZSM-5 catalyst indicated low catalytic activity and easily sintering by
carbon deposition. Ma ef al. indicated that the deposited carbon was derived from the reaction
on the Mo surface or the Bronsted acid site in pores and the deposited carbon on the Bronsted
acid site in pores deteriorated the catalytic activity. [91-93] In order to suppress the carbon
deposition, secondary metal addition, zeolite modification and different reactant introduction
were conducted. Liu et al. reported that the suitable secondary metal added to Mo/HZSM-5
were Fe, Co, Ga, Ag and Pt. [94-98] Xu et al. reported that zeolite modifications were tested
by silanation in order to remove the excessive Bronsted acid sites [99, 100] and the mesopore
introduction. [101-103] Otherwise, Li et al. conducted MTB over the GaN catalyst and
reported high benzene selectivity as 89.8% and the equilibrium conversion as 0.56% at 723 K.
[104]
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1.3 Oxidative coupling of methane

As described in section 1.2.2, oxidative coupling of methane (OCM), directly converting
methane into ethane and ethylene via partial oxidative dehydrogenation, have been focused on
as the future important technology for the effective chemical utilization of natural gas. [10,

105-109] The reaction equation of this reaction is the following (eq. 17):

1 1
CHy + 50, = 5 CGHy + H0 AHjgs = -140.4 kJ-mol” (eq. 17)

Pitchai and Lunsford groups reported several papers on kinetic analysis covering the wide
range of activity tests for methane oxidative coupling. [106] In these papers, a lot of kinetic
analyses over La;Os and CeQO, catalysts were conducted. As a result, La,O3 catalysts showed
high C; yield because the ability of abstracting hydrogen from methane and activating oxygen
were higher than that of oxidizing methyl radicals. On the other hand, CeO, catalysts showed
low C; selectivity because the rate for methyl radical oxidation was fast and the sequential
oxidation were unavoidable. Methane conversion and C, selectivity were fallen the limiting
range over most of reported catalysts: 16+3% and 701+8%. Additionally, the catalytic
activities were more dependent on the physical properties such as specific surface area and
particle size over rare earth catalysts than on the chemical properties.

An OCM reaction (eq. 17) is an exothermic reaction but higher temperature is required
because of methyl radical formation, the rate determining step of this reaction. The related

equations for this reaction are the following (eqs. 17-20) :

1 1 1
CH4 + ZOZ — §C2H6 + EHzo (eq 18)
1 1
3
CH4 + 502 —CO+ 2H20 (eq 19)
CH, +20, — CO, +2H,0 (eq. 20)

Otherwise, more than 50 reactions as gas phase radical reactions are related to the OCM
reaction. Therefore, the reaction analyses are considered to be difficult due to complex

behaviors and interactions with each product. Next, the equations of methyl radical formation
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are the following (eqs. 21-25). Accordingly, the equations (eqs. 21-23) are shown as methyl

radical formations via homogeneous dissociation:

CH, +O,' — CH;- + OH,' (eq. 21)
20H,' 2 H,0 +0," + V;, (eq. 22)
1

502+ Vot 0, =20, (eq. 23)

Os expresses as the surface oxygen species and other writes are followed by the Kroger-Vink
method. From these equations, methane reacts with adsorbed oxygen species on the catalyst
surface and dissociated to form methyl radicals. On the other hand, the equations (eqs. 24 and

25) are shown as methyl radical formations via heterogeneous dissociation:

CH, + M™+20; — CH; — M™ + OH” (eq. 24)

(eq. 25)
CH; g CH3 +e q

(denoted M"" as a metal cation)

From these equations, methane receives electrons from the surface oxygen and combines with
metal cations, and C—H bonds are separated to form methyl radicals. Finally, the above
produced methyl radicals via homogeneous and heterogeneous dissociation are coupled with
each other to form ethane.

In eq. 17, ethane via OCM, shown as eq. 18, is sequentially oxidative dehydrogenated to
form ethylene. When the reaction temperature is very high, ethylene is sequentially oxidative
dehydrogenated to form acetylene. Additionally, ethylene is produced via simple ethane

dehydrogenation at a high temperature: (as shown in eq. 26)
C2H6 — C2H4 + H2 (eq 26)

Eq. 19 and eq. 20 show the reactions of carbon monoxide and carbon dioxide formations in

which methyl radicals do not couple and react with gas phase oxygen. In this scheme, peroxy

radicals (CH30,*) form as activated oxygen species. Peroxy radicals form methoxy radicals

(CH30-) via dehydrogenation and hydroxyl group elimination. Methoxy radicals form

formaldehydes via dehydrogenation. Formaldehyde is dehydrogenated to form CHO- radicals

due to its high reactivity. Finally, CHO- radicals form carbon monoxide and carbon dioxide.
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This sequential non-selective oxidation decreases C, selectivity in an OCM reaction. [110]
The following sentences describe the representative catalysts: Mn/Na,WO4/ SiO;, and rare
earth oxide catalysts.

Fang et al. reported at first that the Mn-Na, WO4/SiO, catalyst indicated high and stable
OCM activity at high temperature conditions. [111] The reason has been known as stabilizing
alkali metal, which is weak in high temperature conditions, by including W in the structure.
[112] The strong point of a Mn-Na,WO,/SiO, catalyst is its simple and high reproducible
preparation method. Mn-Na, WO,/SiO; catalysts do not require a unique precursor, Mn(NO3),
and Na,WO, are impregnated to SiO, in a water solution at 358-363 K (incipient wetness
method) and dried in the O, flow (it is also possible in the air flow) at 353-403 K. After that,
many studies have been reported by Lunsford and other groups. [113, 114] Tiemersma et al.
reported that they remarked previous kinetic reports had discussed the heterogeneous catalytic
surface and homogeneous gas phase at the same time, so they separated from the rates of the
heterogeneous catalytic surface and homogeneous gas phase and analyzed the main and side

reactions in detail. [115] As a result, they proposed the following 5 hypotheses:

a. Oxidation to form carbon monoxide are mainly in the gas phase.

b. Under any condition, carbon dioxide is mainly produced from methane.
c. The main product for an OCM reaction is ethane.

d. Ethylene is produced via ethane oxidative dehydrogenation.

e. The rates of side reactions are mostly negligible in certain conditions.

Around the same time as Tiemersma et al., Ahari et al. pointed out the same issues,
optimized the reaction algorithm over an Mn/Na, WO4/Si0, catalyst by using an analogy of
another catalytic reaction system and calculated the reaction rate parameters. [116]
Additionally, they indicated that the rate determining step is methyl radicals formation from
methane (as shown in eq. 27) and summarized, by using these algorithm, the main gas phase

elementary reactions to 39 reactions and the surface catalytic reactions to 11 reactions.

CH,+0 — CH; +OH" (eq. 27)

(denoted * as chemically adsorbed species on the surface catalytic active sites)

They also indicated by simulation method that ethylene was produced in the order of ethane,

ethyl radicals and ethylene.
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Elkins et al. analyzed in detail, by using XPS, XRD and TEM measurement, WO,*
tetragonal structure and the interaction for W-O-Si, that is, WO,> and a-cristobalite Si0,,
considered to be the main factor of high OCM activity over an Mn/Na, WO,/SiO, catalyst.
[117] They also conducted detail characterization over Mn/Na,WO4/MgO catalyst as a
comparison in order to investigate the SiO, support effects. As a result, Mn,O3 played an
important role in the electron transfer and the redox cycle occurred between W and W',
Mn’" and Mn”". The intermediates sequentially oxidized to form COy over MnO, catalyst due
to its higher redox performance. Accordingly, methane conversion decreased over MgO
supports and the Mn state existed as Mn4+, that is, MgeMnQOs. On the other hand, high C,
selectivity was indicated over SiO, supports due to the presence of stable Mn,0;.

The pioneering research on OCM over rare earth oxide catalysts have been conducted by
Otsuka et al. [118] and Lunsford et al. [119], and they investigated most of oxide catalysts
except for CeO,, PrqO;; and TbsO7. High C; selectivity over rare earth oxide catalysts were
indicated due to the presence of stable CH;+ by MIESR (matrix isolation electron spin
resonance) measurement. Additionally, Dedov et al. reported that high C, selectivity over
these catalysts were indicated thanks to relatively weak redox performance rather than
transition metal oxides and suppression for the sequential oxidation or reduction. [120]

Tong et al. reported that the formation rates for methyl radical were relatively high over
lanthanoid oxide catalysts, especially over the La,Os catalyst. [121] Figure 1-4 showed the
formation rates for methyl radicals over light rare earth and ytterbium oxide catalysts at 873

K.
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Figure 1-4 Comparison of CHs* formation rate with selected members of the lanthanide
oxide series. (Reprinted with permission from Ref. [121] Copyright 1989 American Chemical
Society)
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Choudhary et al. reported that the OCM and ODE (oxidative dehydrogenation of ethane)
yield increased by doping Sr into various rare earth oxide catalysts, as shown in Figure 1-5.
[122]

Palmer ef al indicated that the active site for OCM was adsorbed oxygen species,
especially electron-rich oxygen species such as O,>~ or O™. [123] The equation of equilibrium

reactions is the following (eq. 17) :

I

+e— .

5
Ol(g) T 02(uds) 02 02

=20 207" (eq. 28)

Palmer et al. also indicated that the OCM yield increased by doping Sr into La,O3 and

increasing adsorbed O sites.
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Figure 1-5 Effect of rare earth in Sr-promoted rare earth oxide catalyst on its methane
conversion (X) activity, yield (Y ) for C; and C," hydrocarbons. (Reprinted with permission

from Ref. [122] Copyright 2004 Plenum Publishing Corporation)

Dedov et al. investigated the relationship between the specific surface area of before/after
the reaction and OCM activities over various rare earth oxide catalysts, as shown in Table 1-1.
[120] Table 1-1 indicates that the specific surface area of before/after the reaction and C,
yields have a correlation over most catalysts except for the Sm,O; catalyst. Additionally,
increasing the specific surface area resulted in increasing the surface active sites and CHy4
conversions, but the catalyst stability became worse and C, selectivity decreased.

Choudhary et al. pointed out the previous study on which basic sites played an important
role in OCM reactions [124] and investigated how basic sites and the surface carbonates for
different temperatures affected on the C, formations over strong basic alkali earth metal
(M=Be, Mg, Ca, Sr) doped Nd,Os catalysts. [125] They also reported that basic sites (A) and
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active sites which had an affinity for carbon dioxide (B) existed over the M-Nd,O; catalyst.

At a lower reaction temperature, C, formation was hindered by CO, covering (A) sites.

Table 1-1 Catalytic activity of the individual rare earth oxide and rare earth oxide mixtures.

(Reprinted with permission from Ref. [120] Copyright 2003 Elsevier)

Catalyst CH, conversion/ % C, selectivity / % C, Yield /% Temp /K  Specific surface / m*+ g™

10mol%Ce-LaO, 31 66.0 22.3 1048 94— 8.6
Ew,0, 23 72.4 17.7 998 6.0 — 5.1

10mol%Nd-La, 0, 21 73.0 16.6 1043 7.9—17.0
Smy0; 20 65.4 142 1053 3.6—23
La,0, 19 67.6 13.9 1073 94— 8.6

La-Pr-Nd-CeOx 19 64.1 13.3 1108 12.0 — 10.7

On the other hand, the sequential methane oxidation proceeded on the acid (B) sites.
Therefore, they indicated that the control of (B) sites was important for suppressing the
sequential oxidation.

Ferreira et al. investigated the effect of both doped ion radius and formed surface oxygen
species on OCM activities over alkali earth metal (Mg, Ca, Sr) doped CeO, catalysts. [126]
They reported that many electrophilic oxygen species such as O,* formed on CeO, surface
by alkali earth metal ion penetrating into the structure of CeO,. Additionally, they also
indicated the reason for showing the highest C, yield over CasCesO, catalyst that the
structure strain of CeO, was large because the ion radius of Ca*" was close to that of Ce*" and
many O,> species formed.

Elkins et al. attempted to improve the C, yield by decomposing the oleic acid complex
precursor of Sm»O3, which had been reported by Otsuka [118] for indicating relatively high
C, yield among rare earth oxide catalysts, and nanocrystalizing them. [127] Additionally, in
the perspective of the elements strategy, they also optimized the supporting method of Sm on
AlyOs. As a result, decreasing the particle size of Sm,Os resulted in increasing both methane
conversion and C, selectivity; the highest C, yield was obtained in the particle size as 14 nm.
They also indicated that, though Al;O; support had Lewis acid sites and the sequential
oxidation was easily occurred, supporting Sm,0Os nano particles on Al,O; suppressed the
function of acid sites and a high C, yield was obtained.

Investigations for the characteristics of active oxygen species in OCM reaction have
attempted using computational chemistry method such as DFT (density functional theory) in
recent years. Neurock groups investigated the methane activation by specific oxygen species
such as 0>, O™ and O,” on the (001) face of La,O; using DFT. [122, 128] As a result, they
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indicated that the methane activation by O, on La,Os played an important role in C,
formations. Additionally, Chu et al. investigated the additional effect of the mechanism of
recovering the active site by water on the above-mentioned Neurock's mechanism. [129] As a
result, they indicated that O,%" species were not very important for the active site of methane

activation and O*~ played an important role in the perspective of computational chemistry.
1.4 Oxidative coupling of methane using carbon dioxide

As described in Sectionl.3, a stable methane molecule can be activated by specific oxygen
species. However, because OCM using oxygen as an oxidizing agent is an exothermic
reaction, the temperature of the gas phase increases and the formations of carbon monoxide
and carbon dioxide are not suppressed due to the gas phase sequential and non-selective
oxidation. Therefore, methane activation using carbon dioxide as an oxidizing agent have
been focused on. The reaction equation of oxidative coupling of methane using carbon
dioxide (CO,-OCM) is the following (eq. 29) :

1
CH, +CO, = 5C,H, + CO+H,0 AHY9s = 142.1 kJ'mol™  (eq. 29)

Different from OCM, CO,-OCM is an endothermic reaction. The thermodynamic equilibrium
methane conversion is about 10% at 900 K. Additionally, gas phase radical reaction are
expected to be suppressed as described in Section 1.3 and the sequential oxidation on the
catalyst will be controlled, because the reactivity of carbon dioxide is lower than that of
oxygen. In a CO,-OCM reaction, carbon dioxide, which is a by-product in an OCM reaction,
is utilized as a raw material and only carbon monoxide is regarded as a by-product in the
CO,-OCM reaction. In these viewpoints, though this reaction is more difficult than OCM due
to high bond energy of carbon dioxide (C=O bond energy is 526.1 kJ mol™), high C,
selectivity are expected.

Kuo et al. reported that, though oxygen existed, increasing the CO,/CHj ratio resulted in a
C, yield and the C, yield indicated 25% to the maximum in the condition of the ratio as 2 at
1073 K. [130] However, a C, yield has not exceeded 30% up to the present time and catalysts
for activating both methane and carbon dioxide have been required. Additionally, C,
hydrocarbons were hardly produced in the absence of oxygen and effective catalysts have

been required.
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Asami et al. conducted CO,-OCM in the absence of oxygen over more than 30 oxide
catalysts [131-133] and reported that Pr and Tb oxide catalysts indicated high OCM activity
at 1123 K: C; yield was 1.5% and C, selectivity was 50%. [133] They also reported that
CO,-OCM reacted over most of catalysts in the condition of CO,/CHy ratio as 2. [131] They
investigated the relationship between carbon dioxide conversion and methane conversion (left
figure) and yield of C, hydrocarbons (right figure) over various metal oxide catalysts, as

shown in Figure 1-6. Broken lines in Figure 1-6 denotes ratio 2.
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Figure 1-6 Relationship between carbon dioxide conversion and methane conversion (Left
side) and yield of C, hydrocarbons (Right side). Broken lines denotes ratio 2. (Reprinted with
permission from Ref. [131] Copyright 1995 Elsevier.)

Wang et al. conducted CO,-OCM over various alkali metal and alkali earth metal doped CeO,
catalysts in the absence of oxygen, as catalytic activities shown in Figure 1-7. [134] The Ca
doped CeO, catalyst of the Ca/Ce ratio as 0.5 showed the highest catalytic activities: C,
selectivity was 62% and the C, yield was 6.1%. They also investigated the reaction
mechanism in detail that methane mainly reacted with the lattice oxygen to form carbon
monoxide and hydrogen (dry reforming of methane: DRM) in the condition of carbon dioxide
desorption, and the catalysts were reduced by DRM products. After that, carbon dioxide
oxidized the catalysts, known as the redox mechanism. On the other hand, Ca sites on the
Ca0-CeO; catalyst adsorbed carbon dioxide (CO, pool mechanism) in the condition of carbon
dioxide adsorption, and pooled carbon dioxide hindered desorbing carbon dioxide and
promoting redox cycle, that is, progressing DRM reaction. They indicated that this
mechanism resulted in high C, yield over the Ca doped CeO; catalyst. [134] They also
indicated that carbon dioxide adsorbed on Ca was activated by Ce’" to form O, which had an

ability for methyl radical formation. Therefore, closely existing Ca*” and Ce’” was important
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to produce the CO,-OCM reaction. Additionally, they reported that CO,-OCM proceeded over

the Ca doped Cr,03 catalyst in the same mechanism as mentioned above. [135]
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Figure 1-7 Effect of the addition of alkali and alkaline earth metal oxides to CeO, on the
reaction of CH4 and CO,. (A) CH4 conversion (open) and C; yield (closed); (B) C, selectivity.
Reaction conditions: T=1123 K, P(CH4)=P(CO,)=30 kPa (Reprinted with permission from
Ref. [134] Copyright 1999 Elsevier.)

Wang et al. reported that high CO,-OCM activity over the CaO-ZnO catalyst of a Ca/Zn
ratio as 0.5: the C, yield was 4.3% and the C, selectivity was 80%. [136] In only methane
flows, oxygen species on the CaO-ZnO catalyst reacted with methane to produce hydrogen
and carbon monoxide. Carbon dioxide adsorption on Ca suppressed the lattice oxygen
reactivity and formed oxygen species from carbon dioxide dissociation such as O™ resulted in
high C, selectivity.

Wang et al. also systematically investigated on CO,-OCM over various Mn-mixed oxide
catalysts. As a result, Sr-MnO, of the Sr/Mn ratio as 1 and Ba-MnO, of Ba/Mn ratio as 1
catalysts showed relatively high C, selectivity: 85%. [137] Additionally, the initial catalytic
activity over the Ca-MnO, catalyst was the same as over the previously reported Ca-CeO,
catalyst but the catalyst sintered to form CaCO3 soon after the reaction. On the other hand, the
catalytic activities over Sr-MnO, and Ba-MnO, catalysts were stable. These oxides reacted
with carbon dioxide to form SrCO; or BaCOs, and these carbonates reacted with MnO, to
form SrMnQO,s5 or BaMnO;s. Mn*" ion over StMnO, 5 and BaMnO, s catalysts activated
methane and resulted in a high C, yield. Cai et al. investigated the reaction mechanism in
CO,-OCM over Mn-SrCO;3. They reported that SrCO;3 degraded into SrO and CO,*,), CO2*(y)
reacted with Mn®" to form O~ species, which were known to the active sites on OCM, and
SrO reacted with gas phase carbon dioxide to re-form SrCOs. [138]

Asami et al. proposed two kinds of reaction mechanisms on CO,-OCM depending on

catalysts: via heterogeneous and homogeneous disaggregation. [133] In the mechanism
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including heterogeneous disaggregation, carbon dioxide adsorbed and eliminated to form the
active oxygen species on the oxide catalysts (eq. 30), produced active oxygen removed
hydrogen from methane to form methyl radicals (eq. 31) and these methyl radicals combined

with each other to form ethane (eq. 32).

CO, +M™ — CO +O-M™ (eq. 30)
O-M"" + CH, — CH;5- + OH+M (eq. 31)
2CH3' — C2H6 (eq 32)

On the other hand, in the mechanism including homogeneous disaggregation, methane
were activated by lattice oxygen on metal oxide catalysts to form methyl radicals (eq. 33),
produced methyl radicals combined with each other to form ethane (eq. 32) and carbon

dioxide adsorbed the remaining lattice vacancy, dissociating to carbon monoxide.

0," + 2CH, — 2CH;- + H,0+V;, (eq. 33)
Vg +CO, — CO + 0 (eq. 34)

The difference between two reported mechanisms was the catalyst structure after reactions.
In the mechanism including homogeneous disaggregation, the catalyst was reduced by
methane and the structure was changed after the reaction. On the other hand, in the
mechanism including heterogeneous disaggregation, the structure change was not observed.
Therefore, they reported the reaction mechanism could be predicted by observing the catalyst
structure after the reaction. For example, the structural change was not observed over rare
earth metal oxide and zirconium oxide catalysts, indicating heterogeneous disaggregation
proceeding, and iron oxides and manganese oxide catalysts were reduced after the reaction,
indicating homogeneous disaggregation proceeding.

Chen et al. conducted CO,-OCM over a La,0O3/Zn0O catalyst, which was known for not
forming carbonates even at high temperatures in the condition of producing the OCM reaction.
[139] As a result, the 20wt%La,03/ZnO catalyst indicated high catalytic activities: C,
selectivity was 90.6% and the C, yield was 2.8%. They also reported that the test for
comparison between over only the La,Oj; catalyst and various rare earth oxide (La,O3, Y203,
Sm,03) supported ZnO catalysts was conducted and the interaction between La,O3 and ZnO
played an important role in producing the CO,-OCM reaction.

Eliasson groups reported several pieces of research in CO,-OCM using discharge. An

application for non-equilibrium discharge, which had a very high electron temperature, such
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as 10,000-100,000 K and retained the gas phase temperature at room temperature, have been
expected because of a lower reaction temperature than the conventional reaction system. [140]
Eliasson et al. conducted CO,-OCM over zeolite catalysts (NaA, NaX, NaY) using DBD
(dielectric barrier discharge), a kind of non-equilibrium discharge. [141] A silica tube was
used as a dielectric. They also reported that simultaneously using zeolites with DBD resulted
in decreasing methane and carbon dioxide conversions, light hydrocarbons (C,—C,) selectivity
and methanol selectivity increased, and carbon black formation and hydrocarbon
polymerization were suppressed. Additionally, they investigated the additional effect of
carbon dioxide because light hydrocarbons concentrated on acetylene were produced in only
methane flow. As a result, they also reported that increasing the partial pressure of carbon
dioxide resulted in increasing methane and carbon dioxide conversions, a complication of
RWGS reaction promoted carbon monoxide formation and light hydrocarbon selectivity
increased. Energy efficiency (conversion per kWh) increased depending on the increasing
discharge power, exceeding 5 g kWh™'. They indicated the reason for such high energy
efficiency that the concentration of intermediates such as methyl radical was relatively high.
Liu et al. conducted CO,-OCM not using any catalysts and investigated the effect of
discharge because large variety of products including oxygen containing compounds such as
methanol and aldehyde were synthesized from methane and carbon dioxide using DBD. [31]
As a result, they also reported that the main products were not acetylene but ethane and
propane using other discharge processes (thermal plasma, corona discharge, microwave
discharge) of the same as DBD. Increasing applied voltage resulted in increasing the H,/CO
ratio because, though imposed voltage increased, carbon monoxide formation from RWGS
were constant and the H/C ratio of produced hydrocarbon decreased. Zhang et al. conducted
CO,-OCM over LayOs/y-Al,O3 and Pd/y-Al,O; catalysts using pulse discharge, low
temperature plasma. [142] As a result, they reported that C, selectivity was high but the main
product was acetylene over the La;O3/y-Al,O3 catalyst; on the other hand, ethylene selectivity
was high but C, selectivity was low over the Pd/y-Al,O; catalyst. Accordingly, they
investigated CO,-OCM over the Pd-La,Os/y-Al,O3 catalyst, which was synthesized from
palladium chloride and lanthanum acetate co-impregnated to y-Al,O; and high catalytic
activities demonstrated thanks to the synergistic effect of Pd and La,0s: C, selectivity was
70.4% and ethylene selectivity was 65.4%. Thus, though the catalytic processes using
discharge are variously available in reactions for methane and carbon dioxide, higher

efficiency is expected due to its high input energy.
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1.5 Dry reforming of methane

DRM (dry reforming of methane) is the process to produce the syngas from methane and
carbon dioxide, and the reaction equation of this reaction is the following (eq. 3, shown

again) :
CH, + CO, — 2CO + 2H, AH3%g = 247.2 kJ-mol ™! (eq. 3)

Eq. 3 is a large endothermic reaction and the number of moles increased. Therefore, high
temperature and high pressure conditions are advantages in thermodynamic equilibrium. In
this section, thermodynamic analysis, the roles of supported metal and supports as catalysts,
the carbon deposition mechanism, reaction kinetics, proposed reaction mechanism and the

discharge reaction for DRM reaction are summarized.

1.5.1 Thermodynamic analysis

The temperature dependence on changing free Gibbs energy is the following (eq. 35) :

AGr(kJmol)=2.31x107-0.0702T-InT+0.185T
s s 93 (eq. 35)
+5.19x107T“+5.65x10”T
The equilibrium conversions depending on the temperature in the condition of the total
pressure as 1 atm and the CO,/CH,4 ratio as 1 were calculated from eq. 35. (shown as Figure
1-8)
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Figure 1-8 Equilibrium Conversion at various temperature for DRM,
total pressure: 1.0 atm; Pcpa/Pcor=1
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Figure 1-8 indicates that DRM is required to have high reaction temperature and
disadvantage in the perspective of reaction engineering and energy. [143] Additionally, the
theoretical H,/CO ratio of the production in DRM (eq. 3) is 1, but the experimental H,/CO
ratio is under 1 because RWGS (eq. 36) proceeds at the same time. However, the experimental
H,/CO ratio sometimes exceeds 1 due to the sequential carbon deposition (eq. 37, eq.38)

depending on the reaction condition and catalysts.

CO, +H, 2 CO +H,0 AH)9s =41.2 kJ-mol™! (eq. 36)
CH, 2 C(S) +2H, AH9s =74.0 kJ-mol ™! (eq. 37)
2CO 2 C(S) + CO, AH%9g =-172.5 kJ-mol™! (eq. 38)

Eq. 37 indicates methane dissociation to form solid carbon (deposited carbon) and hydrogen;
eq. 38 indicates carbon monoxide disproportionation to form surface carbon and carbon
dioxide, named as the Boudouard reaction.

Pakhare et al. calculated the equilibrium conversions and composition from reactions of
methane and carbon dioxide by a simulation using HSC Chemistry 7.1 software, named as
Gibbs free energy minimization algorithm. [144, 145] Figure 1-9 shows the thermodynamic
equilibrium plots for DRM depending on the temperature. Figure 1-9(a) indicates the plots in
the condition of no carbon deposition and Figure 1-9(b) indicates the plots in the condition of
carbon deposition. As shown in Figure 1-9(a), RWGS did not proceed at 673—1073 K. As
shown in Figure 1-9(b), the H,/CO ratio increased due to carbon deposition and the carbon
deposition did not occur at more than 1173 K. These calculations coincided with the previous

report. [146]
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Figure 1-9 Thermodynamic equilibrium plots for DRM from 0 to 1000 °C and at feed ratio of
CO; and CHy as 1: (a) Assuming no carbon formation occurs; (b) Assuming carbon formation
occurs. (Reprinted with permission from Ref. [144, 145] Copyright 2013 Elsevier, and 2014
Royal Society of Chemistry.)

1.5.2 The role of supported metals

Generally, methane is adsorbed only on metal sites and forms hydrogen and CHy species by
dissociation. Supporting metal on the supports plays an important role for producing a DRM
reaction because a large majority of H species were recombined to form hydrogen. [147] In
order to produce the DRM reaction, a high temperature condition as above 1173 K is required
from thermodynamic analysis as described in section 1.5.1. However, the supported metal
sintering and support structure change are evitable at such high temperature. Therefore, many
catalysts using noble metals such as Pt, Rh and Ru have been investigated. [143, 148,
149—-153] Nakamura et al. investigated the comparison of DRM activities at 973 K among
various metal (Ni, Ru, Rh, Pd, Pt) supported SiO, and MgO catalysts. [143] The order of
catalytic activities was Ru>Rh>Ni>Pt>Pd on SiO, support and Ru>Rh>Ni>Pd>Pt on MgO
support. Aparicio et al. also reported that the order of catalytic activities on Al,O3 support was
Rh>Ni>Pt>Ir>Ru>Co. [148] However, Ni or Co supported catalyst has been focused on in
recent years because noble metals are expensive. [154—163] Garcia-Diéguez et al. reported
that Rh addition to a Ni supported catalyst promoted a Ni reduction and suppressed sintering
by hydrogen spillover from Rh to Ni. [160] Nagaoka ef al. also reported the same trends over
Pt or Ru doped Co supported catalysts. [164]
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1.5.3 The role of supports

In the perspective of economics, Ni supported catalysts are expected as described in section
1.5.2, but carbon deposition and sintering easily occurred and the catalytic activities do not
sustain for a long time. Therefore, the modification for supports has been investigated. There
are strong agreements in the former literatures that methane dissociation occurs on the
supported metal and carbon dioxide are affected by the acidity and basicity of supports. [165]
On the other hand, both methane and carbon dioxide are possibly activated on supported
metals over neutral supports such as SiO,. On acidic supports, carbon dioxide is activated by
formate species produced from hydroxyl species and, on basic supports, carbon dioxide is
activated by forming oxy-carbonate. [166, 167] On the other hand, over neutral supports,
carbon dioxide is activated by hydrogen species from methane dissociation but sintering the
catalyst easily occurs due to carbon deposition. Therefore, the stabilization for catalytic
activities over neutral supports have been explored in the perspective of metal-metal
interaction over bi-metallic catalysts. [168, 169] Wu et al. reported higher DRM activity and
stability over Rh and Ni supported boron nitride (BN) catalysts, rather than the y-AlL,O;
support. [168] They indicated that metal-metal interaction was weak and the Rh-Ni bimetallic
cluster did not form over y-Al,O3 support. On the other hand, Miguel et al. reported that the
bimetallic cluster formed over Pt and Ni catalysts supported on y-Al,Os. [169] Therefore, the
interaction between the metal-metal interaction and the acidity in the DRM reaction is still
being discussed.

Mixed oxide support catalysts also have been studied. Reddy et al. investigated the
interaction between the support and Pt over Pt supported mixed oxide supports by comparing
the mixed ratio of ZrO, and SiO,. [170] Over only the ZrO, catalyst, carbon dioxide was
highly activated but the interaction between Pt and the support was weak due to a large
particle of Pt. Addition of a small portion of SiO, to ZrO, resulted in increasing the interfacial
site on Pt-ZrO, and suppressing the carbon deposition. Additionally, Stagg-Williams et al.
investigated DRM activities over La or Ce doped Pt/ZrO, catalysts. [171] La or Ce addition to
Pt/ZrO, stabilized tetragonal ZrO,, promoted carbon dioxide adsorption and the density of
adsorbed carbon dioxide increased. As a result, they indicated that oxygen species from
dissociated carbon dioxide near the Pt particle cleaned the deposited carbon. Thus, increasing
interfacial active sites between metal and support over mixed oxide support has been focused

on.
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1.5.4 Carbon deposition

In the DRM reaction, the suppression of carbon deposition is very important along with
catalytic activities. The ternary diagram is useful for thermodynamic prediction for carbon
deposition. [172] Figure 1-10 shows the Ni-C—H—-O diagram by Sacco et al. and indicates the
phase of carbide deposition, carbon deposition and Ni metal. The line between methane and
carbon dioxide is very close to the carbon deposition phase and the carbon deposition
thermodynamically easily occurs. Additionally, Figure 1-10 indicates that the addition of
hydrogen and water is valid for avoiding the carbon deposition. Bartholomew also reported
the same figure. [173] Gadalla and Bower reported the figure of the CO,/CH4 feed ratio and
temperature, in which the carbon deposition phase in DRM reaction can be experimentally
predicted. (as shown in Figure 1-11) [174] The origin of inactive carbon during the DRM
reaction is derived from methane decomposition (eq. 37) and carbon monoxide
disproportionation (eq. 38). Carbon monoxide disproportionation is an exothermic reaction
and the equilibrium constant decreases by increasing the temperature. On the other hand,
methane decomposition is an endothermic reaction and the equilibrium constant increases

with increasing the temperature.

CARBON

HYDROGEN H:ED OXYGEN
---=-- Ni/Ni,C/Gas Equilibrium

E: brium
- = /NlO/Gg’:ﬂ%quillbrium

Figure 1-10 Ni-C—H-O phase diagram (900 K, 1 bar pressure) (Reprinted with permission
from Ref. [172] Copyright 1989 Elsevier.)
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Figure 1-11 Effect of feed ratio on the temperature below which carbon deposits at various

pressures. (Reprinted with permission from Ref. [174] Copyright 1988 Elsevier.)

Rodriguez mentioned that the shape of inactive carbon in the DRM reaction was often
whisker carbon and the rate determining step in this whisker carbon formation was the
diffusion of carbon atoms through a metal particle. [175] He also indicated that the driving
force for this carbon diffusion process was heat generation from exothermic steps, such as
carbon monoxide adsorption and disproportionation. There have been strong agreements for
the process of carbon monoxide dissociation and carbon fiber formation in former literature as
follows: firstly, carbon monoxide adsorbed the multiple coordination on transition metals,
proceeding through a bent transition state before dissociation [176, 179]; adsorbed carbon
monoxide species on C/Ni induced the migration of carbon atoms to subsurface Ni layers.
[180]; this migration induced the reconstruction of the Ni surface, thereby lengthening nearby
Ni-Ni bonds and penetrating a deeper carbon particle into the Ni lattice; finally, graphitic
layer formed on the back side of the metal crystallite by carbon diffusion through the metal
lattice and inactive carbon matured.

Tavares et al. investigated the effect of anisotropic crystallinity on the carbon deposition
using TEM measurement by the reaction for mix gases of carbon monoxide, carbon dioxide,
methane and hydrogen. [181] As a result, the carbon deposition formed as the encapsulating
type on rough crystallinity. However, isotropic filamentous carbon was deposited on high
crystallinity. Chesnokov ef al. also investigated the interaction between carbon morphology
and crystallinity in only methane feed over Ni supported catalysts. [182] These results
indicate that methane decomposition formed on Ni (100) and (110) faces, diffused across the
Ni surface and graphitic layer formed on the (111) face. The driving force of these process has
assumed to be a carbon concentration gradient. In order to clarify whether the carbon

deposition in a DRM reaction derived from methane decomposition or carbon monoxide
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disproportionation, Swaan and Tsipouriari independently evaluated the carbon deposition by
the reaction of "*C isotopic labeling methane and carbon dioxide using TPO measurement.
[183, 184] As a result, carbon deposition occurred from both steps but primarily from carbon

monoxide derived from carbon dioxide.
1.5.5 Kinetics

Activation energies E, in the DRM reaction were investigated over various catalysts,
summarized in Table 1-2. [186-192] Beebe et al. reported that activation energies of methane
dissociation were 55.7+6 kJ mol”' on Ni (110) face and 52.8+5 kJ mol™ on Ni (111) face.
[193] It is interesting that the number of listed catalysts which the rate determining step was
methane dissociation in Table 1-2 is small because many listed catalysts indicates high
activation energy exceeding the value of methane dissociation. On the other hand, the
activation energies from methane over many listed catalysts are higher than those from carbon
dioxide. These results assume that the rate determining step over many listed catalysts is the
elementary process related to methane.

Activation sites for methane and carbon dioxide are thought to be dependent on a
combination of the supported metal and support because Table 1-2 shows various activation
energies depending on a combination of the supported metal and support. For example, both
methane and carbon dioxide were activated on the Pt surface over the Pt/SiO; catalyst and
carbon dioxide was activated on ZrO, over ZrO, catalysts and TOF of carbon dioxide
increased due to its lattice defects and basicity. [194—-195] Bitter et al. investigated the
electron state of Pt over the Pt/ZrO, catalyst in a carbon dioxide feed by in-situ XANES
measurement. [194] As a result, they also reported that, though carbon dioxide dissociated to
carbon monoxide and oxygen, oxygen became a part of ZrO, because the electron state of Pt
unchanged. On the other hand, Aparicio and Schuurman reported that, over Rh or Ru
supported the SiO, catalyst, carbon dioxide oxidized metals. [167, 195] Therefore, the
reaction on metal-support interfacial over various catalysts plays an important role in

determining the activation energy.
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Table 1-2 Kinetic parameter (activation energy) for DRM: TOFs extrapolated to reaction

condition of the total pressure as 1 atm; Pcya/Pcor=1; 723K. (Ref from [186—192])

Catalyst TOF /s E, / kJ mol Catalyst TOF /s E, / kJ mol’
CH, Cco, CH, Cco, CH, Cco, CH, Cco,
Co/C 0.06 0.1 46 38 Pd/MgO 0.03 - 113 -
Co/SiO, 0.16 0.26 42 33 Pd/SiO, 0.23 0.34 117 96
N/ALO; - - 42 33 Pd/ALO;  0.07 0.10 84 92
Nv/C - - 84 92 Pd/TiO, 1.1 2.3 75 63
NV/ZrO, - - 59 42 Ir/ALO; 0.01 0.01 113 130
Nv/SiO, - - 96 88 Ir/MgO 0.03 - 159 -
Ni/MgO - - 88 88 Ir/TiO, 11 22 88 75
NVTiO, - - 109 88 Pt/AL O, 0.06 0.12 63 50
Ni foil - - 29 - Pt/Cr,04 0.42 1.08 67 63
RwALO;  0.08 0.10 92 96 Pv/ZrO, 0.52 0.98 100 84
Ru/C 0.10 0.21 109 88 P/SiO, 0.45 0.85 63 80
Ru/TiO, 43 7.2 75 71 PY/TiO, 2.3 4.4 96 80
Rh/ALO;  0.06 0.11 67 54 Pt foil - - 75 75
RW/SiO, 0.12 0.14 84 96
Rh/MgO 0.26 - 117 -
Rb/TiO, 15 25 88 75

Several rate expressions to describe the reaction kinetics were reported. One of earliest rate

expressions was the following Langmuir-Hinshelwood type equation over Cu/SiO, by Lewis
et al. (as shown in eq. 39) [196]

kPcpar(PcoatPizo)

[1424-(Pcoy+Piao)+ 8P ]

(eq. 39)

Eq. 39 ignored the parameter related to the temperature and was in partial contradiction

with the experimental data reported by Clarke et al. [197] Bodorov et al. reported the other

rate expression in DRM reaction, referred to kinetic analysis in SRM reaction over Ni foil (as

shown in eq. 40) [185]

r
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Richardson et al. provided the other rate expression based on Langmuir-Hinshelwood type

equation including the redox mechanism. [198]

_ *Kcor'KensPeor Pena
(1+K oz Peoy+KenaPena)’

(eq. 41)

Otherwise, Mark (eq. 42), Horiuchi (eq. 43) and Verykios(eq. 44) provided the rate expression
but these equations were in partial contradiction with the experimental data of adsorption
enthalpy or kinetic parameters from other reports. Therefore, discussions over the rate

expressions in DRM reaction will possibly remain. [188, 199, 200]

P¥,-P2
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H(P%o ) (eq. 42)
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)
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- 2
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r (eq. 44)

In relatively recent reports, Verykios et al. provided the rate expressions based on the rate
determining step as methane decomposition over the Ni/La,O3 catalyst and mentioned that

this equation coincided well with other experimental data. [201]

. Ky ky K3'ky Pena Peon
K ky K3 Pepa Peoa K ky PepatKs kg Pooo

(eq. 45)

(denoted K as rate constant for methane adsorption, k, as rate constant for methane surface
reaction, K3 as rate constant for carbon dioxide adsorption and k4 as rate constant for carbon

dioxide surface reaction)

Quiroga et al. provided the other rate expressions based on a different rate determining step
from eq. 45 and mentioned that this equation coincided well with other experimental data,
especially over Pt or Rh supported catalysts. (as shown in eq. 46) [202] They assumed in eq.

46 that methane absorption and decomposition reached an equilibrium value. Additionally,
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they also considered the carbon deposition and hydrogen formation in eq. 46. Therefore, this

equation possibly expresses the apparent reaction rate.

PeopaP P>-p2
Jey K Koo (£ CH COZ/P%S_ H2 coz/Kref)

r = (eq. 46)

> 3
(1+° cHa TPco2'Kcon)

0.5
P> Kcna

(denoted k; as rate constant for surface reaction between methane and carbon dioxide on

active sites over the support and the metal surface)
1.5.6 Reaction mechanism

The reaction mechanism in DRM were investigated about 50 years ago and the first

reported mechanism, called Bodorov-Apel'baum mechanism, was as follows: [185]

CH4; +M — CH,-M + H, (eq. 47)
CO,+M2CO +0-M (eq. 48)
O-M+H,2H,0+M (eq. 49)
CH,-M + H,0 2 CO-M + 2H, (eq. 50)
CO-M2CO+M (eq. 51)

(denoted M as metal active sites)

Nakamura et al. experimentally confirmed these mechanisms. [147] Firstly, methane was
decomposed to form CH; species on the active site as the rate determining step. Subsequently,
carbon dioxide and hydrogen reacted in the RWGS reaction to form carbon monoxide and
water. Finally, water and CH, species reacted to form hydrogen and carbon monoxide.
Bodorov indicated that the SRM reaction more rapidly proceeded than the DRM reaction
thanks to efficiently shift the equilibrium by direct water addition in eq. 47 and eq. 48. [185]
Rostrup-Nielsen and Erdohelyi et al. provided modified a Bodorov-Apel'baum mechanism.
[187, 203] Firstly, they modified the methane dissociative adsorption process (eq. 46) to the
following equations (eqs. 51 and 52) because CHy species except for CH, were observed on

metal active sites.

CH4 +2M — CH3 -M +H-M (eq 52)
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CH;-M + (3-x)M — CH,-M + (3-x)H-M (eq. 53)

Next, they modified carbon dioxide elimination (eq. 47) to the following equations (eqs. 53
and 54) because adsorbed hydrogen species reacted with carbon dioxide by FT-IR

measurement.

CO, + H-M 2 CO +HO-M (eq. 54)
2HO-M 2 H,0 +O-M + M (eq. 55)

Finally, they modified the adsorbed oxygen reaction with hydrogen to form water (eq. 48) to
the following equations (eqgs. 55 and 56) because adsorbed oxygen reacted with surface CHy

species to form carbon monoxide and hydrogen.

CH, + O-M + (x-2)M 2 CO + xH-M (eq. 56)
2H-M 2 H, +2M (eq. 57)

1.5.7 DRM using plasma technology

The first plasma utilization for DRM reaction was 40 years ago by Capezzuto et al. [204]
They reported that acetylene was the main product in DRM reactions using radiofrequency
(RF) plasma reactor in the condition of the pressure under 20 Torr. Later, the Jorgensen group
conducted DRM reactions using gliding arc discharge in atmospheric pressure conditions
because the cost of vacuum discharge was too expensive in the vacuuming process and
reported that the syngas and water were produced other than acetylene. [205] Additionally,
they reported that the production distribution was dependent on the Pcpa/Pcoy ratio. In
atmospheric pressure plasma, energy for the first step of electronic ionization is very high and
the secondary electron productions are easily induced. Therefore, the excitation and
dissociation energy in the electron collision step play an important role in DRM reaction
using plasma. Morgan et al. reported that electronic ionization energy of methane and carbon
dioxide were 9 eV and 11 eV. [206, 207] The following electron collision process in carbon

dioxide decomposition were reported in previous studies [207-209] :

+ +
¢+ CO, X12 —>e+c02<112> (eq. 58)

g u
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e+coz<1lz+: >—>e+co<xlz+: >+O(1S) (eq. 59)
e

e+ CO, (Xl i ) — ¢+ CO(a’I) + OCP) (eq. 60)
e

e+ CO, (Xl i > — e+ CO(ID) + OCS) (eq. 61)
e

e+CO, | X! i ) — e+ CO0,(001) (eq. 62)
e

e+ CO0,(001) > ¢+ CO (Xli )+O(IS) (eq. 63)

Excitation of vibrational carbon dioxide is an important step in carbon dioxide
decomposition thanks to its low threshold energy. Nakatsuji et al. reported that carbon dioxide
vibration mode was composed of symmetric stretching, bending and asymmetric stretching,
and long-life asymmetric stretching was the main mode. [210] They also investigated excited
electron states of carbon dioxide in the electron collision process, as listed in Table 1-3. The
electron collision process in methane decomposition is more complicated than that in carbon
dioxide decomposition because methane has complicated vibration modes. [206] Four C-H
bonds in methane molecules has a higher bond energy than the C=0O bond and methane
decomposition by direct electron collision is difficult. Removal hydrogen atom from methane

was reported to be 9—11 eV.

Table 1-3 Excited electron states of carbon dioxide (Reprinted with permission from Ref.

[210] Copyright 1983 Elsevier)

State Excitation energy (eV)
', 1139
1, 11.31
S

X 11.00
"Ay 932
It -
3\_“ 927
) 9.19
"1, 893
Ay 8.80
3 )
I, 8.73
hin 8.15
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Electron collision process in hydrogen production from methane were reported as follows:

et+CH;—e+CH; +H (eq. 64)
e+ CHy;— e+ CH,+H, (eq. 65)
et+CHy;—e+CH+H,+H (eq. 66)

The following paragraphs summarize 5 types of plasma applied in the DRM reaction by
various forming methods: corona discharge, dielectric barrier discharge, glow discharge, arc
discharge and spark discharge.

Corona discharge, which is a persistent discharge, forms by an unevenly distributed
electric field around a pointed needle-shaped electrode. The light emitting area around the
needle-shaped electrode is called the corona. The current by corona discharge is very small:
several pA. When applying corona discharge, carbon monoxide was produced more than
hydrogen in the DRM reaction. [211, 212] Acetylene was also produced as a by-product. Yang
et al. reported that increasing the flow rate of raw gas resulted in increasing the energy
efficiency. [211]

Dielectric barrier discharge (DBD) is generated in inserting the dielectric between two
electrodes. [213] During DBD, electrons have high kinetic energy in the filament and
relatively higher energy density than other non-thermal plasma. Zou et al. reported that, when
applying DBD, the same amounts of carbon monoxide were produced as hydrogen and
acetylene was also produced as a by-product. [214, 215]

Glow discharge is a kind of Townsend discharge and emits visible light. Townsend
discharge is the phenomenon that supplied charge particles to the gap between two electrodes
causes the secondary electron emission in positive ion collision to the anode (y process) and
the gas phase molecules ionization by electrons transferring between the cathode and anode
(o process), increasing electron conductivity of the gas phase by an electron avalanche
phenomenon. As increasing applied current, dark current discharge, glow discharge and arc
plasma are generated. Li et al. reported that DRM using atmospheric pressure glow
discharge (APGD), which had a large discharge volume, was more efficient in high flow rate
conditions than using corona discharge. As a result, they also reported that decreasing
conversion resulted in acetylene formation. [216, 217]

Arc plasma can be divided into two modes: control arc and gliding arc. Control arc was the
earliest investigated among plasma DRM processes and generates higher gas temperatures
than DBD and APGD because the control arc has thermal plasma characteristics. [218]

Additionally, the gas temperature in arc plasma is known to be dependent on the electrode gap
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length and applied voltage. [219, 220] They also reported that syngas selectivity and energy
efficiency using arc plasma were lower than using DBD and APGD.

Spark discharge is the transition state between corona discharge and glow discharge, and
has the intermediate characteristic of filament discharge and flame discharge. [221, 222] Li et
al. reported that applied voltage and the consumed energy was lower than APGD in the same
current. However, they also reported that the application for spark discharge in DRM
reactions was few because the operating rage of spark discharge was limited, and the products
distribution was the same as using APGD.

In the above paragraphs, DRM reactions using plasma applied to the reactor are mentioned.
Otherwise, a lot of research on catalysts valid for DRM reaction using plasma preparation
methods have been reported. [223-230] Liu et al. reported that plasma was widely used for
the surface treating method on materials and altering the durability and basicity of catalysts
were expected to enhance DRM activities. [223] They also indicated that both charged and
neutral particles gained kinetic energy by applying plasma. However, a clear model on the
prediction for physicochemical variation has not been reported due to the thermal diffusion
effects. Several effects on plasma preparation methods have been reported: (a) smaller metal
cluster formation, (b) active sites reduction, (c) oxygen vacancy formation and (d) pore
structure variation effects. Wu et al. reported that electron transfer on catalysts resulted in
concentrating thermal energy and generating local hot spots of very high temperatures,
promoting re-agglomeration of metal clusters. (a) [224, 225] Zhang et al. reported that
discharge generated both positively and negatively charged particles, and these particles
generated the surface of various oxidizing states as oxidizing or reducing agent. They also
indicated that hydrogen plasma easily reduced the surface metal by hydrogen atoms and
retained the reducing state of metal in DRM reactions. (b) [226, 227] Zhu et al. reported that
local high temperatures in plasma preparation promoted the interaction between the support
and supported metal, and oxides of high oxygen ion mobility such as perovskite oxides
formed on the interfacial phase to generate oxygen vacancy and higher oxygen affinity. (c)
[225, 228] Shang et al. reported that, on pore structure materials, the complicated discharge
distribution on catalysts and metal-support interfaces were generated depending on the pore

size and shape due to various pore structures. (d) [229, 230]

1.6 Catalytic reaction in an electric field

The catalytic reaction in an electric field promotes the catalytic activities by applying

voltage, lower voltage than in discharge and higher voltage than in electrolysis and NEMCA
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(non-Faradic electrochemical modification of catalytic activity). [231] NEMCA is a kind of
non-Faradaic reaction, that is, the process which activates several 1,000—10,000 molecules per
electron, providing by Vayenas et al. [232-236] Solid electrolytes such as yttria stabilized
zirconia (YSZ) are used as a base disk catalyst, and Ag or Pt is coated with the disk surface as
both electrode and catalyst. Applying a weak current to the disk catalyst decreases an
activation energy of reactions and improves the reaction rate. A catalytic reaction in an
electric field has the following strong points, rather than other electrical processes: lower
reaction temperature, which is not required to the exterior heat supply, and high electron
efficiency, which can activate several 100 molecules per an electron. [231] The specific
feature of the electric field in the process is to control the applied voltage by current cut-off.
The electric field is controlled by imposing several mA current to the catalyst bed and the
voltage in the electric field is determined by the electric characteristic of the catalyst, the
electrode gap and the reaction condition such as the gas component and temperature in
catalytic reactions. The applied voltage is several 100-2,000 V.

Our laboratory conducted SRM (eq. 1) in the electric field (electreforming) and the
screening tests to find high catalytic activities at low temperatures, as shown in Figure 1-12
and Figure 1-13. [231, 237-239] Figure 1-12 indicated high catalytic activity at low
temperatures over Pt, Pd, Rh and Ni supported catalysts, which was known to indicate high
catalytic activity in conventional reactions (not applying the electric field). [240—243] Sekine
et al. reported that catalytic characteristics in the electric field was the same as those in
conventional reactions. They also indicated higher methane conversion over Rh/CeO, and
Ni/CeO; catalysts: 13% at about 500 K. As a result, the reaction temperature decreased to
about 150 K due to applying the electric field because the reaction temperature of 650 K with
thermodynamic equilibrium was required to indicate the same conversion as in the electric
field. [231]

Sekine et al. reported that CeO, and CexZr;.xO, solid solution supports of high oxygen
mobility indicated high SRM activity, as shown in Figure 1-13. Additionally, the
Pd/Ce 2571y 750, catalyst of higher oxygen ion conductivity than CeO, indicated higher
methane conversion at 550 K applying the imposed power as 3.5 W: 40%. Hydrogen
production per electron in electreforming exceeded 400 moly, mol.' and that in the
conventional electrochemical two- electron reaction was 0.5, that is, the electron efficiency in
the electric field was about 800 times as high as in conventional electrochemical reaction.
[237] Therefore, electreforming can convert hydrogen from methane in imposing relatively

low power with high electron efficiency.
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Figure 1-12 Catalytic activities for electreforming over various metal supported CeO,

catalysts. (Reprinted with permission from Ref.[237] Copyright 2011 Elsevier)

Our laboratory reported high catalytic activities at a lower temperature in steam reforming
of ethanol, ethanol degradation, water gas shift reaction and OCM, other than electreforming.
[231, 244-248] Haraguchi et al. conducted steam reforming of ethanol over Pd, Rh and Pt
supported CeO, catalysts in the electric field and compared to the conventional catalytic
reaction (not applying the electric field). [231] They reported that all catalysts did not indicate
the catalytic activities at 423 K in the conventional reaction but indicated high methane
conversion in the electric field: 20—60%. They also indicated that applying the electric field
changed the reaction path, suppressed acetaldehyde degradation and promoted steam

reforming of acetaldehyde and methane, increasing hydrogen production.
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Figure 1-13 Catalytic activities for electreforming over various Rh supported CexZr; xO,

catalysts. (Reprinted with permission from Ref.[237] Copyright 2011 Elsevier)
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Sakurai et al. conducted steam reforming of ethanol over the Pt/CeO, catalyst in the
electric field and investigated the effect of applying the electric field. [244] They also
indicated that the increasing imposed current resulted in high ethanol conversion and
hydrogen vyield in electreforming because the apparent activation energy of ethanol
dehydrogenation and steam reforming of acetaldehyde decreased by increasing the imposed
current. They also conducted in-situ DRIFT (diffuse reflectance infrared fourier transform
spectroscopy) measurement in electreforming and indicated that conversion of ethoxide
species to the acetate species proceeded even at low temperatures, increasing hydrogen
production by applying the electric field.

Tomioka et al. conducted ethanol degradation over a Pt supported CeO, catalyst in the
electric field, lowering the reaction temperature as proceeding 100 K. [245] They reported
that, though ethanol degradation did not proceed at such a low temperature as 423 K in the
conventional reaction (not applying the electric field), ethanol degradation in the electric field
indicated relatively high ethanol conversion: about 8%. They also indicated that the
percentage of input energy by applying an electric field as 36% contributed to the ethanol
degradation at 423 K.

Tanaka et al. conducted OCM over various La,Os catalysts in the electric field, lowering
the reaction temperature to 500 K. [246] Oshima et al. reported that the structure of the
Sr-La,0s (St/La = 1/20) catalyst did not change after the OCM reaction in the electric field by
XRD (x-ray diffraction) measurement. [247] They also evaluated the heating value and the
temperature of the hot spots in the electric field by Plank's radiant law (as shown in eq. 66)
using emission spectrum measurement. Results of the emission spectrum measurement in

discharge and applied the electric field are shown in Figure 1-14.

2nhe” 1 AP(T)= P(900,T)— P(880,7)

P(A,T)=
0.7) X exp(ch/AKT)-1 P(900,T)

(eq. 67)

As aresult, the calculated temperature by emission spectrum measurement was about 1300 K,
higher than the external temperature as 900 K. Oshima et al. conducted CO,-OCM over 10
mol%La-ZrO, catalyst in the electric field at a low external temperature of 423 K, lowering

the reaction temperature as exceeding 700 K. [248]
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Figure 1-14 Emission spectrum of LEP discharge and electric field.
(CH4:05:Ar = 25:5:100, total flow rate: 130 mL min"l)

They reported that the ZrO, catalyst indicated low C, selectivity and increasing doping
amounts of La into ZrO, resulted in increasing C, selectivity by 5 mol%, decreasing in
exceeding 5 mol%. They also investigated the stability of the La-ZrO, catalyst structures by
XRD measurement, as shown in Figure 1-15. As a result, the monoclinic phase was seen over
ZrO; and increasing the doping amounts of La into ZrO, resulted in appearing for the peak of
tetragonal phase and disappearing for the peak of monoclinic phase. On the other hand, a
comparison stabilized zirconia of 10 mol%Y-ZrO,; did not indicate CO,-OCM activities in the
electric field, though the tetragonal ZrO, phase was seen. Therefore, they mentioned that the
synergetic effect with La and tetragonal ZrO, played an important role in CO,-OCM in the

electric field.

o: ZrO2 (tetragonal)
O: ZrO, (monoclinic)

o O O o
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= 15 mol%La-ZrO,
<
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Figure 1-15 XRD patterns of various doping amounts of La into ZrO, catalysts. (denoted
circle symbol as tetragonal structure and square symbol as monoclinic structure) (Reprinted

with permission from Ref. [248] Copyright 2013 Elsevier)
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Chapter 2 Low-temperature oxidative coupling of methane in an
electric field wusing carbon dioxide as an oxidizing agent over
Ca-doped LaAlO; perovskite oxide catalysts

2.1 Introduction

Considering safe and reliable energy supplies for the future, natural gas conversion
technologies converting methane to value-added products have been the subject of intensive
academic and industrial research, especially for the development of direct conversion methods.
Methane, the main component of natural gas (and also shale gas), can be converted to C,
hydrocarbons by coupling of methane. The most important starting material of petrochemicals,
ethylene, can be synthesized by coupling. Nevertheless, direct and selective synthesis from
methane is extremely difficult to accomplish in an economically feasible manner because
methane has a stable tetrahedral structure.

Oxidative coupling of methane (OCM) to C, products (ethane and ethylene) is a promising
direct methane conversion technology that has been investigated extensively during the last

three decades [1-13]. The OCM reaction formula is shown below.
1 1 1
CH, + 50, — 7 CoHy +H,0 AHJ9g = -140.4 kJ-mol (eq. 1)

Although OCM is an exothermic reaction, it requires temperatures higher than 900 K because
of the high dissociation energy of CHs-H. In such high-temperature conditions, C, products
that are more reactive than methane will be consumed non-selectively by sequential oxidation
by oxygen in the gas phase. Therefore, achieving high OCM yield is difficult. To prevent the
sequential reaction of C, products in the gas phase, OCM reaction with carbon dioxide as an
oxidant (CO,-OCM) has been proposed [14-20]. The reaction formula of CO,-OCM is the

following:
1 -1
CH, +CO, — 5C;H, + CO+H,0 AHdgg = 142.1 kJ-mol (eq. 2)

Asami et al. repeated the CO,-OCM reaction over various oxide catalysts [14]. Higher
CO,-OCM activity was obtained over rare earth metal oxide catalysts. Especially on Pr and

Tb oxide catalysts, C, yield of 1.5% and C, selectivity of 50% were reported. Wang et al.
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conducted CO,-OCM over various catalysts, especially on CaO-CrOy [17], CaO-CeO; [18],
and CaO-ZnO [19].

To achieve higher methane conversion at low temperatures, non-conventional catalytic
systems have also been reported, including catalytic reactions in an electric field [21-29],
catalytic reactions with discharge [30-36], and non-Faradaic electrochemical modification of
catalytic activity (NEMCA) [37—41]. Among them, the catalytic reaction in the electric field
has two characteristic features: high catalytic activity at low temperatures (even at 423 K of
external temperature) can be accomplished in the electric field. Moreover, the operation
condition is milder than other electrical processes such as discharge. Furthermore, the
selectivity to products on the catalytic reaction in the electric field is determined by the
catalyst characteristics.

Therefore, we investigated catalytic activity of methane in an electric field at low
temperatures to obtain C, hydrocarbon by CO,-OCM. In this work, Laj;Cay3A103.5 (LCAO)
catalyst, in which the A site of LaAlO; perovskite oxide was partially substituted with Ca,
indicated the highest C, yield among various oxide catalysts. We investigated the effects of
the electric field on methane activation, comparing them with the conventional catalytic
reactions. The effects of different doping amounts of Ca in LaAlO;3 on the catalytic activity
were investigated, along with the relation between OCM activity, effects of electric factors on
the catalytic activity in the electric field, and the catalytic reaction mechanism of CO,-OCM
in the electric field over LCAO catalyst.

From the results of screening tests, Lay;Cap3AlO;s catalyst showed high CO,-OCM
activity. The highest CO,-OCM activity, C, yield of 7.4%, was obtained even at 348 K, that
value was higher than those of other earlier reports. Dry reforming of methane to produce
syngas (H,+CO) proceeded simultaneously. No other byproduct was observed. Results of
in-situ IR, XRD and TG measurements demonstrated that CO, adsorption on the catalyst
surface and formation of La,0,COs3 intermediate are important for progress of the CO,-OCM
reaction, even at low temperature in an electric field. Ca atom incorporated in LaAlO;

perovskite played an important role in C, hydrocarbon formation.
2.2 Experimental
2.2.1 Synthesis of various metal-doped LaAlO; catalysts
Various oxide catalysts including LaAlOs;, Lag7My3Al0;3s (M=Mg, Ca, Sr, Ba),

LaAlp7M'y3A1055 (M'=Ti, Cr, Mn, Fe, Co), and La;.,Ca,AlOss (X=0.1-0.5) were prepared
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using a complex polymerized method. The obtained powder was calcined at 1123 K for 10 h
in air flow. Various y-wt%Ca/LCAO (=0, 1, 2) catalysts were prepared by an impregnation

method on LCAO using aqueous solution of Ca nitrate.
2.2.2 Reaction conditions for activity tests and changing the Ca amount in LaAlO;

Catalytic activity tests were performed in the electric field using a quartz tube (6 mm o.d.)
reactor [24]. The charged amount of catalyst was 200 mg. The reaction temperature was
maintained at 423 K using an external furnace. To measure the catalyst bed temperature, a
thermocouple was attached to the lower edge of the catalyst bed. The flow rate of raw gas was
set up as CH4:CO,:Ar = 25:25:50, total flow rate 100 mL min”! insofar as there is no
particular remark stating otherwise. In the test for comparison between conventional catalytic
reactions and CO,-OCM in the electric field, the temperature was changed from 1173 K to
1348 K for conventional reactions, and from 423 K to 633 K for CO,-OCM in the electric
field. For the test conducted with different amounts of doped Ca in LaAlOs, the field intensity,
which was expressed as applied voltage per catalyst bed height, was fixed to 94 V mm™ to
make the reaction condition uniform. Because, when catalysts were filled as the same weight,
the catalyst bed height and applied voltage differed depending on the substitution amount of
Ca in the LaAlO;. The imposed current was fixed at 3 mA or 5 mA. The applied voltage was
1.2-2.5 kV. To assess the effect of changing the imposed current, the current was fixed at 2—9

mA, and applied voltage changed based on the reaction conditions, as described previously.

2.2.3 Evaluation for electrical factors on CO,-OCM in the electric field

To reveal electrical factors such as imposed current on CO,-OCM in the electric field, we
conducted activity tests by changing imposed currents, measured applied voltage, and
calculated imposed power. In the test for changing amounts of supported Ca on LCAO,
imposed current was fixed to 3 mA. The other conditions were the same as those described in

section 2.2.

2.2.4 Elucidation of reaction mechanisms in CO,-OCM in the electric field

To reveal the reaction mechanism in CO,-OCM in the electric field, catalytic activity tests
were conducted by changing the CH4 and CO, partial pressures (Pcpys and Pcoz), and the
contact times (W/Fcpas). During these tests, the imposed current was fixed to 3 mA. Other
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conditions were the same as those described in section 2.2. In the tests for changing CHgy
partial pressure (Pcps) in CO,-OCM in the electric field, Pcys was changed from 0.06 atm to
0.35 atm, and the CO, partial pressure (Pcoz) was fixed to 0.25 atm. In tests for changing Pco»
in CO,-OCM in the electric field, Pco, was changed from 0.17 atm to 0.44 atm and Pcys was
fixed to 0.25 atm. In the case of Pcoy = 0.06 atm, the electric field was not applicable.
Reaction orders for CO,-OCM in the electric field were calculated based on the formation
rates per unit of imposed power. In tests for changing contact times (W/Fcus) for CO,-OCM
in the electric field over LCAO, the gas composition was fixed to CH4:CO;:Ar = 1:1:2, and

total gas flow rate was changed while the charged catalyst amount was fixed.

2.2.5 Analyses of product gases and characterization techniques

After products were dried in a cold trap, they were analyzed using a GC-FID (GC-2014;
Shimadzu Corp.) with a Porapak N-packed column after methanation by Ru/Al,O; catalyst for
analyses of CO, CHy, and CO;, C,;hydrocarbons, and by a GC-TCD (GC-2014; Shimadzu
Corp.) with a molecular sieve 5A packed column for analyses of H, and CHy4. The electric
field was applied on the catalyst using a DC high-voltage power supply. The field was
controlled by an imposed current. The impressed voltage depended on the electric
characteristics of the catalyst and the dielectric properties of the supplied gas.

Conversion and selectivity were calculated using eqs. 3—6 shown below.

CHy conv. =% (Fco* + Foopg + FC2H6) / SCH4 x 100 (eq 3)
COz conv. = (Fco — Fco*) / Sco2 x 100 (eq. 4)
X yield = formation rate of X/ Scpa x 100 (eq. 5)

OCM sel. =2 (Feona + Foone) / Z (Feo* + Foona + Foone + Foom) (eq. 6)

In these equations, F' denotes the product formation rate, S denotes the supply rate of the
reactant, and “CO*” denotes the produced amount of CO derived from CHy4. The formation
rate of “CO*” was calculated based on a method reported by Asami et al. [14] as presented

below.

Feox= (Fnz2 + Fco — Feane— 2 x Feama) / 4 (eq. 7)

For calculation of the formation rate of CO from CO, (denoted as Fco from co2) and HyO (ri20),

eqs. 8 and 9 are used.
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Fco from co2 = Fco total - Feox (eq. 8)
Fino = (Feane + 2*Fcona - Fio + Feo) / 2 (eq.9)

X-ray diffractometry (SmartLab III; Rigaku Corp.) was used to ascertain the catalyst
crystallinity. Anode voltage and anode current values were set, respectively, to 40 kV and 40
mA. Diffractograms were taken at 26 angles for 10-90° with steps of 0.01°. All diffraction
patterns were indexed using SmartLab Studio II. Most catalysts were identified as having a
perovskite structure. Impurity phases were found in Lag;Cag3AlOs5, Lag7Sro3Al0s.5,
Lag7Bag3Al10;5, LageCapsAlOs5, and LagsCagsAlOss. These phases were assigned as a
melilite structure.

The amount of carbon deposited on the catalyst after the reaction was measured using

temperature programmed oxidation (TPO) in 10% O,/N, with the total flow rate of 100 mL
min™', using an infrared gas analyzer (CGT-700; Shimadzu Corp.). For all experiments, the
amount of deposited carbon was negligibly small: less than 10 mg g.ca: -
The BET specific surface area of catalysts was measured (Gemini VII 2390; Shimadzu Corp.).
Before carrying out measurements, each sample was purged using He gas at 573 K for 1 hr.
The specific surface areas of the samples were calculated following the multi-point
Brunauer—Emmett—Teller (BET) procedure.

To compare the characteristics of CO, desorption between Ca doped-LaAlO; and Ca
supported-LaAlOs, thermogravimetry (TG) was conducted using an infrared gas analyzer
(CGT-700; Shimadzu Corp.). Before carrying out the measurement, each sample was heated
in Ar gas to 1073 K with rising temperature by 30 K min'. Then each was cooled to room
temperature. Subsequently, CO, was adsorbed on each sample by CO; in COz:Ar = 10:90, the
total flow rate 100 mL min™ at room temperature for 1 hr: and the CO, desorption behavior
was measured in Ar gas, rising temperature to 1073 K with the ramping rate of 10 K min™. In
addition, background measurements were conducted using Ar gas in the manner described
above.

To elucidate the adsorbed species on CO, adsorption over LCAO catalysts, DRIFTS
measurements were conducted using FT-IR (FT-IR/6100; Jasco Corp.) with an MCT detector
and a diffuse reflectance infrared Fourier transform spectroscopy reactor cell (DR-600Ai;
Jasco Corp.) with ZnSe windows for 20 times with resolution of 4 cm™. To remove
impurities from the surface of LCAO catalyst before carrying out measurements, the sample
was heated in Ar gas, the flow rate was 50 mL min™ at 773 K for 30 min. After cooling to 423

K, the background spectra were measured. Subsequently, CO, was adsorbed on the sample in
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COs,:Ar = 5:45, overall flow rate of 50 mL min' at 423 K for 30 min and the spectra were
measured in Ar gas at 423 K after Ar purge. The sample was heated to 473 K, with the
temperature retained for 10 min. In addition, the spectra were measured at 423, 523, 573, and
623 K. To elucidate the adsorbed species on catalysts with and without an electric field,
in-situ DRIFTS measurements were conducted using the same FT-IR apparatus with a
DRIFTS cell made of Teflon and MACOR® for catalytic reaction in an electric field. LCAO
oxide was used for the catalyst sample, and it was molded as a disk with 7 mm outer diameter.
To remove impurities from the LCAO catalyst surface, the sample was heated in Ar gas, the
flow rate was 50 mL min™, at 673 K for 30 min and was cooled to 523 K (same as the
reaction condition). Then the background spectra were measured. Subsequently, spectra were
measured at 523 K in CH4:CO, = 1:1, with the total flow rate of 50 mL min”! before reaction
and in the electric field. The imposed current was fixed to 10 mA in this case. In addition, to
elucidate the effect of partial pressure of CO,, the flow rate was changed in only CH4 with the

total flow rate of 50 mL min".

2.3 Results and discussion

2.3.1  Screening of suitable catalysts for methane conversion in an electric field

First, to discover suitable catalysts for methane conversion by CO,-OCM in an electric
field, various rare earth oxides, alkali earth metal oxides, transition metal oxides (TiO,, Nb,Os,
HfO,, Ta;0s, and WOs), and perovskite oxides were investigated to assess their catalytic
activities. These oxides have been reported previously as good candidates for methane
conversion. Perovskite oxides, expressed as ABOs, can be designed as various structures
when tolerance factor ¢ and the electrical neutrality condition are satisfied. As perovskite
oxides, we selected La as the A site element because La-containing oxide showed high OCM
activity in the electric field in our earlier studies [24, 25]. Additionally, we selected Cr, Mn,
Fe, Co, Ni, Al, Ga, and In as B sites of perovskite oxide. Results show that most of these
catalysts exhibited formation of a spark discharge because of their low electric conductivities,
or caused formation of a short circuit because of their high electric conductivities. We have
reported already that suitable electric conductivity of the catalyst (10°-10° Q m™) is
necessary for application of the electric field to the catalyst bed [24]. Over TiO;, ZrO,, CeOs,,
Sm,03, and Gd,O5 catalysts, the electric field was applicable but the methane conversion was
extremely low. Less C, compound formation was observed. Both BaO and PrsO,; catalysts
exhibited high activities. The CO,-OCM yields over BaO and PrsO,; catalysts were,
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respectively, 2.7% and 1.0%. However, the activities over these two catalysts degraded soon
after starting the reaction. We also tried to use Lag;M(3Al0;.5 (M=Mg, Ca, Sr, Ba) catalysts,
partly substituted A site of LaAlO; with alkali earth metal and LaAly7M'y303.5 (M'=Ti, Cr,
Mn, Fe, Co) catalysts, partly substituted B site with transition metal. Table 2-1 presents
experimentally obtained results on various perovskite catalysts. Over Lag;Mgy3AlOs
catalyst, the electric field was not applicable, and CH4 and CO, conversions were low. Over
Lag7Ca3Al055, Lag;Sro3AlO0ss and Lag;Bag3AlOs;s catalysts, the electric field was
applicable and C, products were obtained because the substitution of a part of La®" with
divalent alkali earth metal cations increased the carrier mobility such as holes and oxygen
ions. Over LaAly7Bo3Al0;_5 catalysts, the electric field was applicable stably but C, products
were not obtained. In addition, over LaAly;Tip3Al05s, LaAlpsFeq3Al0s5 and
LaAly7Coo3AlOs.5 catalysts, dry reforming of methane (DR) proceeded dominantly. Both
syngas by DR and C, hydrocarbons by CO,-OCM are useful chemical feedstocks, but C,
hydrocarbon is more important considering the value of the products. From this viewpoint, we
assumed that Laj 7Ca3Al03.5 (LCAO) catalyst was the most appropriate catalyst among these
oxides in this reaction system. In addition, substitution with 30% Ca at the A site showed the
highest OCM yield of 2.0%. That value was comparable to the value presented in an earlier
report [18]. C, hydrocarbon and syngas were dominant products and no other byproduct such
as oxygenates or carbon was obtained on the LCAO catalyst. Moreover, as a result of a survey
for the highest C, yield in CO,-OCM in the electric field over the LCAO catalyst, 7.4% C2
yield, the highest among previous reports, was obtained in CH4:CO,:Ar = 5:25:70, total flow
rate of 100 mL min™ at 348 K (furnace temperature).

The effect of the electric field on the reaction was investigated through comparison of
catalytic activity on the conventional catalytic reaction using LCAO catalyst. Figure 2-1
presents results of CH4 and CO; conversions and C, selectivity in a conventional catalytic
reaction (i.e. no electric field; right side) and in the catalytic reaction with the electric field
(left side). Reaction temperatures were 1173—1348 K in conventional catalytic reactions and
423-633 K (furnace temperature) in the catalytic reaction with the electric field. As presented
in Figure 2-1, the CH4 and CO, conversions on the catalytic reaction in the electric field on 3
mA were comparable to that in the conventional reaction at 1323 K. The reaction progressed
at markedly low temperatures because of the application of the electric field. In addition,
although the temperature rose in the electric field, CH4 and CO; conversion, and C, selectivity
were constant. Therefore, Joule heat did not affect the catalytic activity in the electric field

and electrical modification to the catalyst affected the catalytic activity.
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2.3.2  Effects of electrical factors on catalytic activity in the electric field

To elucidate the catalytic activity tests described above, we investigated the effect of
imposed current, and calculated imposed power on the catalytic activity. We also confirmed
the effect of applied voltage, and no importance for the voltage was found in this system.
Figure 2-2 presents results of CH4 and CO, conversion, as well as those for C, selectivity for
changing imposed current, calculated imposed power and applied voltage. As presented in
Figure 2-2, CH4 and CO; conversion, and C, selectivity were changed depending on the
imposed current and imposed power, not on applied voltage. These electrical factors possibly
affected CO,-OCM in the electric field. CHs and CO, conversion and C, selectivity were
unchanged by changes in applied voltage. Therefore, the key electrical factor in CO,-OCM in
the electric field was imposed current to the catalyst bed. In addition, the interaction between
imposed current and applied voltage (I-V profile) in CO,-OCM in the electric field was
investigated. Results are described in Figure 2-3. The electric field was unstable when the
imposed current was 2 mA, and when CH4 and CO, conversion were very low, and the
applied voltage was not stable. On the other hand, when the imposed current was changed
from 3 mA to 9 mA, the relation between imposed current and applied voltage did not follow
the Ohmic law. The imposed current presumably affected various adsorbed species and

carriers on the catalyst.

2.3.3  Catalytic reaction mechanism in CO,-OCM in the electric field

To elucidate the catalytic reaction mechanism in CO,-OCM in the electric field over
LCAO catalyst, activity tests by changing CH4 and CO, partial pressure (Pcps and Pcoy) were
investigated. Then the reaction order was calculated. The left side of Fig. 4 shows the
logarithmic plots for the formation rate by changing Pcps. As a result, when Pcps was
increased, the formation rate in OCM reaction (calculated from the formation rate for C,Hy
and C,Hg products) per unit of imposed power increased. The formation rate in the DR
reaction (as calculated from CO from DR and H, products) per unit of imposed power was
constant from 0.06 atm to 0.25 atm. On the other hand, the right side of Figure 2-4 shows
logarithmic plots for the formation rate by changing Pcop; consequently, when Pco, was
increased, the formation rate in OCM reaction and reverse water gas shift (RWGS) reaction
per unit of imposed power increased. The formation rate in the DR reaction per unit of
imposed power increased at lower CO; partial pressure, and became constant above 0.25 atm.

The results of the activity tests for changing the partial pressure showed that the formation
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rate 7 in CO,-OCM in the electric field can be expressed as the following equation using rate

constant k£ and partial pressure P.
=k Poo®™ (eq. 10)

In this way, we showed that the formation rate in CO,-OCM in the electric field is strongly
dependent on the CO, partial pressure.

Next, the effect of contact time (W/Fcps) on CO,-OCM activity in the electric field over
LCAO was investigated. Figure 2-5 portrays the result of these tests; the left side of plots
shows the result obtained using Laj;Ca3AlOs.5 catalyst; the right side of plots shows the
result obtained using LagoCay;AlOs5 catalyst. When W/Fcps was increased, CHy and CO,
conversion increased; C, selectivity decreased. In the higher W/Fcp4 range, C, selectivity
remained at a lower value. Therefore, the DR reaction was dominant in this range. Regarded
from the viewpoint of the difference of amounts of Ca-doped into LaAlO; catalyst, CH4 and
CO; conversion increased more drastically using Laj;Cag3AlOss catalyst than using
Lag9CapAlO;s catalyst. Therefore, as the amounts of Ca-doped into LaAlO; catalyst
increase, the active site for CO,-OCM in the electric field is presumed to increase.

Next, to elucidate the characterization for the adsorbed species from CO, on LCAO
catalysts, CO,-temperature programmed desorption (TPD) was conducted using FT-IR. Figure
2-6 presents results obtained for CO,-TPD using FT-IR from 423 K to 623 K. Four peaks
were measured at 423 K: they were the peak at 1781 cm™ derived from bicarbonate, the peak
at 1581 cm™ derived from bidentate carbonate, the peak at 1338 cm™ derived from unidentate
carbonate, and the peak at 1086 cm™ derived from La,0,CO; oxide [42, 43]. Bicarbonate,
bidentate carbonate, and unidentate carbonate are derived from the CO, adsorbed species. As
for the La,0,CO; oxide, Au et al. reported that the presence of the La,0O,CO;3 phase over
BaCO3/LaOBr catalyst appeared to have a promoting effect on the catalytic activity in OCM
reaction, Taylor et al. reported that the catalytic activity of the La,O,COj5 catalysts was better
than that of La,O;, La(OH); and Lay(COs); catalysts, and Dubois et al. reported that O, ion
was stabilized, and the C, selectivity increased in OCM thanks to La,0,CO; oxide [44-46]. In
addition, the formation of La,0,CO; oxide from CO, adsorption on LCAO at room
temperature is an interesting result because La,0,CO; oxide on La,O3 was reported to form at
high temperature of 723 K [43, 47]. From the result of CO,-TPD using FT-IR, when the
temperature increased, the intensities for these four peaks were decreased. They disappeared
at 623 K. Considering that CO,-OCM in the electric field proceeds at 423 K, the CO,
adsorbent and formed La,0,CO; are important for the progress of CO,-OCM in the electric
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field.

Next, in-situ IR was conducted to elucidate the adsorbed species from CO, on LCAO
catalysts in the electric field. Figure 2-7 shows the result of in-situ IR: two new peaks
appeared at 844 cm™ and 1040 cm™ imposing the electric field. These peaks are also derived
from La,O,COj; as described above. The fluctuation for the baseline was derived from the
imposed current. The imposed electric field caused formation of La,O,CO; on LCAO. This
intermediate remained on the catalyst when the current was turned off and the electric field
was imposed again. In order to elucidate the interaction between the formation of La,0,COs3
and partial pressures for CO,, in-situ IR for changing partial pressures for CO; in the electric
field was conducted (as shown in Figure 2-8 and Figure 2-9). Figure 2-9 shows the base-line
compensated intensity of Figure 2-8, the intensity at 900 cm™ and 1200 cm™ was set as
baseline. As a result from these two figures, the peaks from La,0,CO; were not mostly
depended on partial pressure of CO,. Therefore, the rate determining step in CO,-OCM in the
electric field is supposed to be desorption of intermediates. In addition, from the result of
CO,-TPD using FT-IR, La,0,CO; was degraded at 623 K, but conventional catalytic
CO,-OCM (not imposed the electric field) did not proceed at 623 K. Repeatedly, in the raw
gas condition as CO,-OCM, La,0,CO; is formed at low temperatures only with the electric
field imposed. La,0,CO3 on LCAO is an important factor for CO,-OCM in the electric field
at low temperature. This catalytic reaction mechanism differs from previously reported

mechanisms.
2.3.4  Effects of Ca-doped into LaAlO; catalyst

To ascertain the role of Ca doped in LaAlOs on the catalytic activity, we conducted activity
tests by changing of the doped amounts of Ca in LaAlO3 and the supported amounts of Ca on
Lap;Ca3Al0; 5 catalyst. Table 2-2 presents the results of catalytic activation tests for
different substitution amounts of Ca in LaAlO3, with field intensity fit to 94 V mm™ . When
the substitution amount of Ca in La;Ca,AlO;_s catalysts was increased to x=0.3, CH4 and
CO; conversion increased. A further increase in the Ca amount to x=0.5 decreased the
catalytic activity. In addition, when the supported amounts of Ca on Lag7Cay3Al10;_5 catalyst
were increased, CH4 and CO; conversion decreased. Furthermore, in the perspective of the
relation between the BET specific surface area and the catalytic activity over La; 1CayAlOs,
the BET specific surface area was not an important factor in CO,-OCM in the electric field.
Moreover, XRD profile for La;..Ca,AlO;s as made and after applying the electric field were

measured (shown in Figure 2-10-2-13) and XRD crystallite sizes of various Ca-doped
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LaAlOs catalysts at perovskite (110) face were calculated by the Debye-Scherrer formula
(shown in Table 2-3). As a result, the perovskite oxide structures for various Ca-doped
LaAlOj catalysts were mostly unchanged.

Next, to elucidate the difference for CO, adsorption between Ca-doped into LaAlO3 and
Ca-supported on LCAO catalyst, CO,-TPD was conducted using TG (as shown in Figure
2-14). Two peaks were observed in CO,-TPD using TG. From the result of CO,-TPD using
the FT-IR and XRD profile, the peak at lower temperature derived from CO, adsorbent and
La,0,COs3 and the peak at higher temperature possibly derived from CaCO; decomposition.
Therefore, when the amounts of Ca supported on LCAO catalyst increase, CaCO3 was formed
on LCAO catalyst. Moreover, CaCOs was coated on the active site for CO,-OCM in the
electric field by XRD measurement, as shown in Figure 2-15. Results show the importance
for Lay7Cay3AlOs.5 catalyst in CO,-OCM in the electric field that Ca atoms incorporate into
LaAlOj; oxide structure, not generating CaCOs.

2.4 Conclusion

Oxidative coupling of methane using carbon dioxide (CO,-OCM) was conducted in an
electric field. Results of the screening tests show that Lag;Cag3AlO;5 (LCAO) catalyst was
the most appropriate catalyst in this reaction system, and it shows high activity even at 423 K.
The C, hydrocarbon and syngas were dominant products. No other byproduct, such as
oxygenates or carbon, was obtained on the catalyst. In addition, as a result of survey for the
highest C, yield in CO,-OCM in the electric field over LCAO catalyst, 7.4% was obtained at
348 K. To show the same catalytic activity by heating the catalyst, very high temperature was
required, even at 1323 K in the conventional catalytic CO,-OCM. The imposed current was
correlated to with CH4 conversion. The reaction rate depended on the CO; partial pressure by
0.7 order. Elucidating the adsorbed species from CO, on LCAO catalysts, CO, adsorbent and
La;0,CO3 are important for the progress of CO,-OCM in the electric field. The
rate-determined step in CO,-OCM in the electric field is supposed to be desorption of
intermediates. As the amounts of Ca doped into LaAlO; increased, the active site was
presumed to increase. Furthermore, the Ca-doped effect of LCAO is that by which Ca atom
was incorporated into the LaAlO; perovskite structure and generation of C, hydrocarbons was

promoted.
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Table 2-1 Catalytic activities for methane activity in an electric field over various LaAlO;

oxide catalysts: 3.0 mA imposed current

Power Field Intensity CH, Conv. CO, Conv. OCM Sel. OCM Yield

Catalyst
/W /V mm” /% /% /% /%

LaAlO, spark discharge 3.1 2.9 17.4 0.5
La, ;Mg ;AI0; 5 spark discharge 2.3 1.7 18.6 0.4
Lay,,Cay;Al0;5 7.5 177 10.4 14.2 19.6 2.0
Lay ,Sry;AIO;5 3.0 137 4.8 6.2 12.7 0.6
La,,Bay;Al0;5 4.2 127 11.0 16.4 8.6 0.9
LaAly;Tip ;055 3.3 80 0.4 0.7 15.9 0.07
LaAly,Cry;055 3.3 103 0.1 0.1 60.6 0.03
LaAly;Mn, ;055 2.1 67 0.04 0.1 0 0
LaAly-Fey ;055 1.8 57 0.4 0.01 0 0
LaAly,Coy ;055 4.2 137 8.1 11.7 1.7 0.1

Table 2-2 Catalytic activities for methane activity in an electric field over various Ca-doped

LaAlO; and Ca-supported LCAO oxide catalysts: imposed current, 3.0 mA

Power CH, Conv. CO, Conv. C,Sel. C, Yield BET specific

Catalyst
/W /% ! % /% /%  surface area /m’ g’
LayoCag,AlO;s 3.6 3.4 2.0 20.6 0.7 12.3
Lay¢Cag,Al0, 5 3.9 2.8 3.0 37.7 1.1 9.6
Lay,Cag;AI0;5 7.5 10.4 14.2 19.6 2.0 9.6
LayCag4Al0;5 6.5 1.6 0.8 26.9 0.4 53
LaysCagsAlO;5 6.0 0.4 0.6 37.4 0.2 11.2
1 wt%Ca/LCAO 5.1 7.7 10.8 22.3 1.7 7.3
2 wt%Ca/LCAO 4.8 3.3 2.0 32.0 1.1 8.1
5wit%Ca/LCAO 5.7 4.7 4.1 28.6 1.3 4.0

78



Table 2-3 XRD crystallite size of various Ca-doped LaAlO; at perovskite (110) face in fresh
and after CO,-OCM in the electric field (after EF) using Debye-Scherrer formula

Catalyst Crystallite size / nm
Lap.sCao. 1 AlOs5 'cflrf:ilEF ;g:z
Lag 5C5,Al0;-5 ereti?EF gzz
La, ;Caj;AlO0;-5 ZIE:?EF i;?
Lag ¢Cag.4Al05-5 eriZ?EF ii;
fresh 35.7

L2,.5Ca0sA105-5 after EF 38.2
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Appendix: XPS results
A-1 XPS results for various amounts of doped Ca in LaAlO; catalysts

In order to investigate the electron states of composed elements of various amounts of
doped Ca in LaAlO; catalysts, XPS (X-ray photoelectron spectroscopy) was conducted. (as
shown in the following figures: La 3ds,, band, Figure Al; Ca 2p band, Figure A2; Al 2p band,
Figure A3; C 1s band, Figure A4; O 1s band, Figure A5) [48-53] From the result of Figure A1,
increasing Ca doped amounts in LaAlOs resulted in increasing the intensity of La carbonate
peak, indicated the effect of carbonate pool for Ca sites. [18] On the other hand, the peak from
La-O in perovskite oxide structure including the satellite peak remained unchanged. From the
result of Figure A2, increasing Ca doped amounts up in LaAlOs up to 0.3 also resulted in
increasing the intensity of Ca carbonate peak, but this peak decreased in 0.4. Combined with
the result of XRD (Figure 10, shown again), the unpurified phase was not possibly suitable
for generating the carbonate pool. From the result of Figure A3, increasing Ca doped amounts
in LaAlO; up to 0.3 resulted in increasing the intensity of Al carbonate and hydroxide peaks,
AL ion. [54] On the other hand, in Lag¢Cag4AlO3.s, these structures did not form because the
peaks from AI’* ion were not observed. From the result of Figure A4, increasing Ca doped
amounts in LaAlOs up to 0.3 resulted in increasing the intensity of the peak from -COO- unit.
In LajCag4AlO5, the peak from carbon dioxide adsorbed on the catalyst surface remained
observed. Finally, from the result of Figure AS5, increasing Ca doped amounts in LaAlO;
resulted in decreasing the ratio of surface carbon (Og,), and increasing the ratio of carbonate
and hydroxide thanks to increasing the basic sites. Also, from the result of the surface atom
ratio calculated from XPS measurement (as shown in Table Al), more Ca atoms existed on

the catalysis surface than in catalysts preparation.
A-2 XPS results for Laj;Cag3A105_5 catalysts in various pretreatment conditions

In previous reports, CO,-OCM proceeded in redox mechanism by CO, adsorption on the
lattice defects over certain kinds of catalysts such as Ca-CeO,. [18] So, we investigate the
relationship between the lattice defect in Lay;Cay3Al0;5 catalyst and catalytic activities in
the electric field from XPS measurements. XPS results for the catalysts before the reaction in
various pretreatment conditions were shown in the following figures: La 3ds;, band, Figure
A6; Ca 2p band, Figure A7; Al 2p band, Figure A8; C 1s band, Figure A9; O 1s band, Figure
A10. From the result of Figure A6, the Ca 2p peaks derived from carbonate for the catalysts in
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0O, and CO; preparation were higher than any other peaks. From the result of Figure A7, the
Al 2p peak derived from hydroxide in O, preparation were higher than any other peaks. From
the result of Figure A8, the C 1s peaks derived from hydroxyl group in Ar and H, preparation
were higher, and the peaks derived from carbonate in CO, and O, preparation than any other
peaks. Therefore, the electron states on the catalyst surface changed in various preparation
conditions. Next, nonstoichiometric ratio of oxygen, denoted as d, were calculated from XPS
spectrum by the following equation and we investigated the relationship between & and the

catalytic activities. (as shown in Figure A11) [55]

6=3- [La]+[Ca]+[Al] (eq-Al)

(denoted [ ] as the surface concentration ratio of the perovskite cations calculated from

XPS results)

As a result, increasing 0 resulted in increasing CH4 and CO; conversions, but C, selectivity
decreased. This means that the oxygen defects which can be strongly adsorbed by CO2
increases, and DR reaction proceeded at the active sites.

Next, XPS results for the catalysts after the reaction in various pretreatment conditions
were shown in the following figures: La 3ds,; band, Figure A12; Ca 2p band, Figure A13; Al
2p band, Figure A14; C Is band, Figure A15; O 1s band, Figure A16. As a result, after the
reaction in the electric field, all the peaks derived from carbonate increased, compared to
those before the reaction. These trends were in accordance with the result of in-situ IR.
(Figure 7, shown again) From the result of Figure A16, the O Is peaks derived from lattice
oxygen (Oy,) decreased after the reaction in the electric field. Therefore, the recovery rate of
oxygen defects by CO; in DR reaction may be law or this path may be irreversible. In order to
investigate the redox mechanism, the catalytic tests in the electric field for changing time in
various preparation conditions were conducted. (as shown in Figure A17) As a result, the
recovery rate of oxygen defects was low and the catalytic activities decreased over the time.
Also, the degradation rates of the catalytic activity in O, and CO, preparation were higher
than in any other preparation. Therefore, the active sites for activating CHy easily decreased

due to generate carbonate.
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Table A1 Surface atom ratio from XPS measurement in various Ca-doped LaAlOs.

Ca doped amounts La Ca Al 0) C  Ca/(LatCa)
0 13.7 0 13.1 58.5 14.7 0
0.1 8.2 2.3 13.8 587  17.1 0.22
0.2 7.1 4.1 11.9 587 18.2 0.36
0.3 5.7 5.0 10.7 522 264 0.47
0.4 4.3 6.0 10.6 51.2 278 0.58
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Figure A1 XPS spectra of La 3ds/, band in various La perovskite oxides as made.

99



2000
La, ¢Ca, AlO;.
1000 E—<0.9 0. 3 L C AlO
Ao.sLa0.2 3-8
%00 L Ca-0 1500 |
"o L T, Ca-0
2 690 F Carbonate 2 1000 |
& &
400 (arbonate
500
200
0 0 LAA A
354 352 350 348 346 344 342 354 352 350 348 346 344 342
Binding energy / eV Binding energy / eV
2000 3000
La, ,Ca,;AIO
0.7%-3031U3.5 ,sd0.6Cag 4AlO; 5
1500
Ca-0 2000
—'8 Carbonate 78 Ca-0
21000 + 21500 +
& & Carbonate
1000 +
500 +
Hydroxide 500 -
0 0 Al
354 352 350 348 346 344 342 354 352 350 348 346 344 342

Binding energy / eV Binding energy / eV

Figure A2 XPS spectra of Ca 2p band in various La perovskite oxides as made.

100



1000

IJZlfgLI(:)3
800 - ALO
= 600 - -
& 400 L Carbonate &
Hydroxide
200
O | | 1 1 |
78 77 76 75 74 73 72 71 70
Binding energy / eV
100b-808Cag ,AlO;.
800 -
Al-O
3 600 | f:
2] 2]
400 -Carbonate
Hydroxide
200
0
78 77 76 75 74 73 72 71 70
Binding energy / eV
1000
Llay ¢Cay 4AlO; 5
800
i 600
g
5 400 |
200 ~
O Aa

78 77 76 75 74 73 72 71 70
Binding energy / eV

1200

1000

800

600

400

200

1000

800

600

400

200

78 77 76 75 74 73 72 71

Binding energy / eV

70

La,;Ca;;AlO;

| Carbonate
Hydroxide

Al-O

78 71 76 15 74 73 72 71

Binding energy / eV

Figure A3 XPS spectra of Al 2p band in various La perovskite oxides as made.

101

70



1000 Carbon
tape
LaAIO3 P
800 -
8 600 8
& &
400 +
Carbonate
200
0
293 291 289 287 285 283 281
Binding energy / eV
1500
La, 3Cag,AlO; 5
Carbon
tape
1000 +
3 '3
> Hydroxide -
& &
&) Q
500 | Carbonate
il

203 291 289 287 285 283 281
Binding energy / eV
2000
La; ¢Cay4AlO; 5
Carbon
1500 + tape
3
21000 |-
&
390 Fcarbonate
0 Il L

293 291 289 287 285
Binding energy / eV

1400

1200 kLao.9Cao.1A103_8 Carbon
tape
1000 +
800 |-
600 +
400 - Carbonate
200 +
0 AJAA
293 291 289 287 285 283 281
Binding energy / eV
La,-Ca,;AlO;.
1600 L 0.7 0.3 3-8 Carbon
tape
1200 +
800 |-
400 -Carbonate
Hydrokide
0

293 291 289 287 285
Binding energy / eV

Figure A4 XPS spectra of C Is band in various La perovskite oxides as made.

102



4000

T

T

3000

2000

T

-1
cps / sec

1000

T

cps/ sec”!

534 532 530

Binding energy / eV

2000

T

1600

T

-1
cps / sec

T

1200

800 -

400 -

Lay, sCaj,AlO; 5

cps/ sec”!

2500

534 532 530

Binding energy / eV

La, (Caj 4AlO; 5

2000 -

1500

T

-1
cps / sec

1000

T

500 -

rbhon
O, Carbonate

536

534 532 530

Binding energy / eV

3500 -
Lay ¢Cay 1 AlO; 5

3000 ~

2500 L Hydroxide

2000 - Ou¢
1500 -

1000 -

Carbonate
500 ~
0 .l A
536 534 532 530 528 526
Binding energy / eV

2800
Iﬁ%‘(p 7Ca,3A10; 5

2000 Carbonate (079"

Hydroxide

1600 -

1200

800 |-

400 -

0 1 | |
536 534 532 530 528 526
Binding energy / eV

Figure A5 XPS spectra of O 1s band in various La perovskite oxides as made.

103



2000 2500

Carbonate Ar 723K
2000 +
e Carbonate
B - 1500 |
g g Carbonat
2 1000 FCarbonafe o z ar Ol.la e
& (satellitg) 2 oo | (satellite)

500 La-O
La VO 500 (Satellite)
(sateﬂlite)
0 | | | , 1 O 1 Y
842 840 838 836 834 832 830 842 840 838 836 834 832 830
Binding energy / eV Binding energy / eV
2800
w0 Ar1023K ol €O, 1023K
1500 La-0 2000
_ Carbonate _
3 (satellite) ‘g 1600 -
g 1000 F & 1200
o] 5]
ILa—O
(satellite) 800
500"+ \ L
4¥a
0Lk oAb 0
842 840 838 836 834 832 830 842 840 838 836 834 832 830
Binding energy / eV Binding energy / eV
3000
0, 1023K
2500
La-O
2000 -

-1
cps/sec
&
(=1
(=}
T

Carbonate

842 840 838 836 834 832 830

Binding energy / eV

Figure A6 XPS spectra of La 3ds,; band in Lag7Ca3AlOs.5 in various preparation conditions.

104



-1
cps / sec

cps /sec’!

cps /sec’!

1600

1400

1200

1000

800

600

400

200

1600

1400

1200

1000

800

600

400

200

2400

2000

1600

1200

800

400

H, 723K
Ca-0O
L 7
2
| Carbonate >
&
1
354 352 350 348 346 344 342
Binding energy / eV
- Ar 1023K
Ca-0O
| Carbonate 2
o
L o
1
354 352 350 348 346 344 342
Binding energy / eV
0, 1023K
L Ca-0
| Carbonate
L 1 1 1 1 1 1
354 352 350 348 346 344 342
Binding energy / eV

105

2000

1500

1000

500

2000

1500

1000

500

| Ar723K

| Carbonate

Ca-0

354 352 350 348 346 344 342
Binding energy / eV
CO, 1023K
2 Ca-0
Carbonate
! A
354 352 350 348 346 344 342
Binding energy / eV

Figure A7 XPS spectra of Ca 2p band in Lay7Ca3AlOs.s in various preparation conditions.



1000
800 |- H2 723K Ar 723K
800 |-
Al-O Al-O
600 -
D - 600 -
Q Q
a a
2 400 2
& 5 400 b
200 - Carbonate 200 Carbonate
Hydroxide Hydroxide
0 1 1 I | 0 A !
77 75 73 71 69 77 75 73 71 69
Binding energy / eV Binding energy / eV
1200
800
Ar 1023K CO, 1023K
1000 ~
Al-O
) 600 ~ 300 L
‘o 0
[ (]
Z 2
2 400 - = 600 -
15 a,
Q
400
200 Carbonate
ydroxide 200 +
0 A | | | A
m s & n 69 ‘ 77 75 73 71 6§
Binding energy / eV Binding energy / eV
20 0, 1023K
1000 + Al-O
- 800 |
P Carbonate
< 00l Hydroxide
&
400
200
0 L Il 1 L LA
77 75 73 71 69

Binding energy / eV

Figure A8 XPS spectra of Al 2p band in Lag7Ca3AlOs.s in various preparation conditions.
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Figure A12 XPS spectra of La 3ds; band in Laj7Ca3Al0s.5 in various preparation conditions
after CO,-OCM 1in the electric field.
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Figure A13 XPS spectra of Ca 2p band in Laj;Ca3AlOs.s in various preparation conditions
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Figure A14 XPS spectra of Al 2p band in Lag;Ca3Al0s.5 in various preparation conditions
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Figure A15 XPS spectra of C 1s band in Laj;Ca3AlOs.5 in various preparation conditions
after CO,-OCM 1in the electric field.
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Figure A16 XPS spectra of O 1s band in Lag;Cay3AlO;5 in various preparation conditions
after CO,-OCM 1in the electric field.

114



20
—&— Ar preparation
—&H preparation
——0, preparation
N 15
~
-
©)
z
O B
S 10
-
o
O
<
n
O 5F
0 | | | \'
0 50 100 150 200

Time / min

Figure A17 Time course dependence for CH4 conversion over Laj;Ca3AlOs.5 in various

preparation conditions.

115



Chapter 3 Low-temperature dry reforming of methane to produce
syngas in an electric field over La-doped N1/ZrO, catalysts

3.1 Introduction

Methane, a major component of natural gas, is mainly used as an inexpensive and clean
fuel. Recently, because of the "shale revolution," it has become readily available from various
resources such as shale gas. The advent of new gas drilling technologies (fracking) has
expanded the availability of natural gas from unconventional deposits [1]. In addition, biogas
utilization is expanding along with the development of anaerobic fermentation processes from
inedible plant raw materials [2, 3]. Efficient conversion processes for inexpensive methane to
high value-added and easily transported liquid-phase products have been eagerly anticipated
[4-6].

Syngas, a gas mixture of CO and H,, production is an important step in the process of
producing value-added products such as ammonia, methanol, alcohol and FT synthesis [7].
The cost for the syngas production is strongly dependent on the price and availability of
methane, which generally determine the costs of downstream processes [8]. Today, common
processes for the syngas production are steam reforming of methane (SRM), partial oxidation
of methane (POx), auto-thermal reforming (ATR) and 'mixed reforming,' which is combined
with SRM, POx, and ATR [9]. The process of dry (CO;) reforming of methane (DRM) is
ideally a 'green' process from the viewpoint of an environment and energy because both CHy
and CO; are greenhouse gases [10, 11]. Biogas composed of CH4 and CO; in almost equal
proportions, which is produced from anaerobic fermentation of organic material, is useful as a
raw material for the DRM reaction [12, 13]. As shown in eq. 1, DRM is an extremely

endothermic reaction:
CH,; + CO, — 2CO + 2H, AH'505 = 247.2 kJ mol™ (eq. 1)

The syngas produced from DRM, with the H, : CO molar ratio equal to unity, is suitable for
use as a feedstock from which to synthesize oxygenated hydrocarbons [14]. However, DRM
necessitates high temperatures because it is an endothermic reaction; also, catalysts are
deactivated by impurities such as hydrosulfides [15—17]. Particularly, carbon deposition on
catalysts is unavoidable [18].

To suppress carbon deposition on catalysts caused by high temperature processing

conditions, many researchers have investigated DRM over Ni or Co supported catalyst,
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considering the aspects of high costs and limited availability of noble metals such as Rh, Pd,
Pt, and Ir from an industrial standpoint [ 19-23]. Recently, a Ni-containing bimetallic catalyst
has been investigated for use in reactions [24-31]. Although Ni catalyst is inexpensive and
although it exhibits high catalytic activity for DRM, the carbon deposition on the Ni catalyst
is crucially important. To suppress the carbon deposition, Pt or Co is added to the
Ni-supported catalyst. Such bimetallic catalysts show higher catalytic activity and less carbon
deposition [24, 27, 31].

Recently, the utilization of an electric field has been reported to lower reaction
temperatures for several catalytic reactions [32-39]. One reaction is the catalytic reverse
water gas shift reaction (RWGS: shown in eq. 2) in an electric field over metal supported

La-ZrO,; catalyst [38].

CO, +H, —» CO + H,0 AH"505 = 41.2 kJ mol™ (eq. 2)

In a conventional catalytic system, RWGS requires temperatures higher than 1000 K to
achieve 50% CO; conversion in stoichiometric conditions. Screening for effective catalysts
and catalyst-supports has revealed that Pt catalysts supported on La-ZrO, showed high
catalytic activity for RWGS in an electric field at low temperatures. Stagg-Williams ef al. also
reported that Pt/La-ZrO, catalyst showed high catalytic activity for DRM in the conventional
catalytic reaction because doped-La contributed to the thermal stability of the ZrO, structure
[18, 40]. These results imply that the catalyst-supports might also be effective for DRM in the
electric field. Other reaction is the catalytic methane steam reforming reaction (SRM) in an
electric field (electreforming, ER) over Pd supported CeO, catalyst [41]. To elucidate the
effects of an electric field on SRM, kinetic investigations and operando-DRIFTS
measurements were conducted. Results of the kinetic analyses demonstrated that the water
pressure dependency of the reaction rate increased during the application of the electric field
and the reaction mechanism on ER was different from the conventional SRM. Also, from the
results of operando-DRIFTS, proton conduction via adsorbed water on catalyst surface
occurred with an electric field, known as the Grotthuss mechanism, and the surface protonics
by the application of electric field served an important role in the enhancement of SRM.
Referring these results, we conducted the reaction over metal supported La-ZrO, catalyst in
the electric field.

The primary purpose of this study is to achieve high CH4 and CO, conversion in producing
syngas at low temperatures in an electric field over Ni-supported catalysts, with suppressed

carbon deposition. First, screening tests were conducted of materials showing high CH4 and
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CO;, conversion over various metal-supported rare-earth-doped zirconia catalysts in an
electric field. Second, the effects of reaction temperature, imposed electric power and other
electric parameters on the catalytic activity were examined. Third, a comparison of the
amounts of carbon deposition between those of the conventional catalytic reaction (not
imposing the electric field) and in the electric field were examined in a high CH4 conversion
condition under which carbon deposition readily occurred [42, 43] over Ni-supported
La-doped zirconia (Ni/La-ZrO;) catalyst. Finally, the effects of CH4 and CO, on DRM in the
electric field were investigated using results of tests in various CH4 and CO, partial pressure
conditions.

In summary, the catalyst of 1wt%Ni/10 mol%La-ZrO, showed high DRM activity even at
423 K of external temperature, at which no DRM proceeds in the conventional catalytic
systems. By virtue of the low reaction temperature, low amounts of carbon deposition were
confirmed even in conditions of high CH4 conversion in the electric field. The imposed
electric power was correlated to with the catalytic activities in the electric field. Syngas is

producible at low temperature with high energy efficiency.

3.2. Experimental

3.2.1 Catalyst preparation

Catalyst-supports, 10 mol%X-ZrO, (X=La, Ce, Pr, Nd, Y) were prepared using a complex
polymerized method. Each precursor was ZrO(NOs;),*2H,0, La(NOs3)3;*6H,0,
Ce(NO;)3°6H,0, Pr(NO;3);°6H,0, Pr(NO;3);°6H,0 and Y(NO3);°6H,O (Kanto Chemical Co.
Inc.). These precursors were dissolved into distilled water, with subsequent addition of citric
acid and ethylene glycol. After condensation in a water bath at 353 K, the gel was stirred and
heated to remove the water completely. Pre-calcination was conducted at 673 K for 2 h. Then
calcination was conducted at 1123 K for 10 h in air flow. Then Fe, Co, Ni, Cu, Pd, or Pt was
loaded on 10 mol%La-ZrO, (La-ZrO;) supports with 1wt% as an active metal using an
impregnation method. Precursors of respective elements were Fe(NO;);°9H,0,
Co(NO3),°6H,0, Ni(NO3)*6H,0, Cu(NO3),*3H,O, Pd(CH3COO), and Pt(NHj3)4(NOs),
(Kanto Chemical Co. Inc.). Calcination was conducted at 973 K for 3 h. Unless noted
otherwise, these catalysts are designated as Y/X-ZrO, (Y= Fe, Co, Ni, Cu, Pd, Pt).

118



3.2.2 Catalytic activity test

The experimental setup for catalytic activity tests with the application of an electric field is
presented in Figure 3-1. Two stainless electrodes (2 mm¢) were inserted into the reactor, with
each end set as contacting the catalyst bed. A thermocouple was inserted to the catalyst bed to
measure the reaction temperature in the catalyst bed. The charged amount of catalyst was 20
mg in tests for various CH4 and CO,; partial pressures, 100 mg in other activity tests, and 200
mg in high CH4 conversion tests. In the screening tests, the feed gas was supplied at
CH4:COy:Ar = 1:1:2. The total flow rate was 100 mL min™'. The value of W/F was about 1.6
cat h mol™! (CHg-based). For tests investigating the effects of reaction temperature, imposed
electric power, and other electric parameters on the catalytic activities over Ni/La-ZrO,
catalysts, the feed gas was supplied at CH4:CO,:Ar = 1:1:2, the total flow rate was 200 mL
min'. In tests for changing contact times (W/Fcpa) for DRM in the electric field over
Ni/La-ZrO,, the gas composition was fixed to CH4:CO;:Ar = 1:1:2, and the total gas flow rate
was changed, whereas the charged catalyst amount was fixed to 20 mg. In tests for
investigating the carbon deposition resistance, the feed gas was supplied at CH4:CO,:Ar =
1:1:2, the total flow rate was 200 mL min" and the charged catalyst amount was 200 mg.
Pre-treatment was conducted at 723 K for 30 min in Ar atmosphere in the screening tests, and
at 1023 K for 30 min in H,:Ar = 25:75, the total flow rate 100 mL min”' in other tests.
Although a furnace temperature was set at 423 K for all experiments, electrical conduction
increased the temperature in the catalyst bed because of Joule heating. The measured reaction
temperature is shown in each figure or table. The temperature was measured by thermo
couples attached to the downside of the catalyst bed. A direct current (DC) high voltage
power supply was used to impose the electric field. Application of the electric field was
controlled using a current cut-off. The applied current was 3.0-12.0 mA. The applied voltage
was monitored using a digital phosphor oscilloscope (TDS 2001C with a voltage probe
P6015A; Tektronix Inc.). The applied voltage was determined by the catalyst characteristics,
the electrode gap, and the atmosphere [44]. After passing a cold trap, products were analyzed
using a GC-FID (GC-2014; Shimadzu Corp.) with a Porapak N packed column after
methanation by Ru/Al,Os catalyst (for analyses of CH4, CO, CO,, C;H4, C;Hg) and a
GC-TCD with a molecular sieve 5A packed column (for H; analysis). Conversion, selectivity,

and yield were calculated using the following formulas.

CH4 conv. (%) = Z(FCO(CH4) + Foonst Feane) / Scus x 100 (eq. 3)
CO; conv. (%) = Fco(coz) / Sco. x 100 (eq. 4)
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CO sel. (%) = FCO(CH4) / Z(FCO(CH4) +FC2H4+FC2H5) x 100 (eq 5)
CO yield (%) = CH4 conv. x CO sel. / 100

= Feocnsy / Scrs x 100 (eq. 6)
Power (W) = Applied current (mA) x Applied voltage (kV) (eq. 7)
Field Intensity (V mm™) = Applied voltage (kV) / Catalyst bed height (mm)  (eq. 8)
H,/CO (=) =Fu./ Fco (eq. 9)
Faradaic number (-) = (ncp. + nco.) / ne (eq. 10)

In these equations, F' denotes the product formation rate, S denotes the supply rate of the
reactant, CO(CH4) and CO(CO,) respectively represent the produced amounts of CO derived
from CH4 and CO,. The formation rates of products were calculated not from the products
conversions, but from the composition of the outlet gas using GC-FID and GC-TCD. Also, ny
(M=CHa, CO,, electron) denotes the mole of consumed CH,4 and CO,, and imposed electron
calculated using applied current. The formation rate of CO(CH4) and CO(CO;) was calculated

as presented below.

Fcocny = (Fco + Fro) / 4 (eq. 11)
Feocoy = (3Fco — Fu.) / 4 (eq. 12)

Carbon balances were calculated from the supply rate for CH4 and CO,, and the products

formation rate and the carbon balances were almost 100%.
3.2.3 Characterizations

For characterization of the catalysts, we used X-ray diffractometry (XRD, RINT-Ultima
III; Rigaku Corp.) and scanning transmission electron microscopy (STEM, HF-2210; Hitachi
Ltd.) for catalysts before and after the reactions for 3 h. The XRD patterns were measured
using Cu-Ka radiation. Anode voltage and anode current values were, respectively, 40 kV and
40 mA. Diffractograms were taken at 26 angles for 10-90° with steps of 0.01°. Particle
morphology was monitored using STEM. Amounts of carbon deposition on the catalyst after
the reaction were measured using temperature programmed oxidation (TPO: 10%0O,/Ar; 100
mL min™) with an infrared gas analyzer (CGT-7000; Shimadzu Corp.). The BET specific
surface area of catalyst was measured (Gemini VII 2390; Shimadzu Corp.). Before carrying
out measurements, each sample was purged using He gas at 573 K for 1 h. The specific

surface areas of the samples were calculated following the multi-point Brunauer—Emmett—
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Teller (BET) procedure.

3.3 Results and discussion

3.3.1 Screening tests for DRM in an electric field

First, to discover suitable catalysts for methane and carbon dioxide conversion by DRM in
an electric field, various metal-supported La-ZrO, (10 mol% La-doped ZrO,) oxide catalysts
were investigated to assess their catalytic activities. Various metal-doped ZrO; oxide catalysts
were reported previously as good candidates for CH4 and CO, conversion by oxidative
coupling of methane using carbon dioxide [36]. Stabilized ZrO,, various metal-doped ZrO,
oxides such as Y, La, and Ce can retain a stable structure even at high temperatures [18].
Among various metal-doped ZrO, oxides, we selected La as a doping element because
La-containing oxide showed high methane conversion in the electric field in our earlier
studies [36, 44] and good activity for DRM in the conventional catalytic system (not imposing
the electric field) [18, 45]. Table 3-1(A) presents experimentally obtained results on various
metal-supported La-ZrO; catalysts for DRM in the electric field. The field intensity described
in the table was calculated from the applied voltage per the catalyst bed height because the
catalyst bed heights and the applied voltages differed depending on the nature of catalysts
when a constant current (3.0 mA) was applied to the catalyst. The Faradaic number indicated
the number of reacted molecules (CH4 and CO;) per electron. Increase in Faradaic number
means more reactants are activated by the constant applied current. In these tables, the
Faradaic number exceeded 20 for all catalysts. Therefore, DRM in the electric field was not a
stoichiometric electrochemical reaction, but a catalytic reaction assisted by electrocatalytically.
Among these catalysts, higher CH4 and CO, conversions were obtained over Co/La-ZrO,,
Ni/La-ZrO,, and Pt/La-ZrO, catalysts than other listed catalysts. Also, H,/CO ratio shows the
extent of sequential RWGS reaction progress. H, from DRM reacted with CO, and, CO and
H,0O were produced. Therefore, when RWGS proceeds sequentially, H,/CO ratio is lower than
unity. The H,/CO ratio over Co/La-ZrO, catalyst was 0.57, smaller than Ni/La-ZrO, (=0.83)
and Pt/La-ZrO, (=0.80) catalysts. Smaller H,/CO ratios indicate that RWGS reaction
proceeded preferentially over Co/La-ZrO, catalyst than over Ni/La-ZrO, and Pt/La-ZrO,
catalysts. In addition, the Faradaic numbers over Ni/La-ZrO, and Co/La-ZrO, catalysts were
larger among other listed catalysts, i.e. higher energy efficiency. The electron efficiency over
these two catalysts was prominently high among all catalysts. Therefore, we specifically

examined the Ni/La-ZrO, catalyst for additional investigations considering high Faradaic
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number (=252) and high H,/CO ratio (=0.83).

To elucidate the role of doped metal in the support (i.e. La for Ni/La-ZrO,), various
stabilized zirconia, 10 mol% M-doped ZrO, (M=La, Ce, Pr, Nd, Y) were compared using Ni
as a supported metal. Table 3-1(B) presents experimentally obtained results on 1wt%
Ni/M-ZrO, catalysts. In this table, CO selectivity was eliminated because C, hydrocarbons
such as ethane and ethylene as by-products were not found and CO selectivities over all listed
catalysts were 100%. The table shows that CHs and CO, conversions over Ni/La-ZrO, and
Ni/Pr-ZrO; catalysts were increased in comparison with Ni/ZrO, catalyst. XRD profiles for
various metal-doped stabilized ZrO, supports were measured (shown in Figure 3-2) and XRD
crystallite sizes of various metal-doped stabilized ZrO, supports at ZrO, (110) face were
calculated using the Debye—Scherrer formula (shown in Table 3-2). As shown in Figure 3-2,
monoclinic ZrO, phase was observed over ZrO, and Ce-ZrO,. Tetragonal ZrO, phase was
observed for other various metal-doped ZrO, catalysts. The crystalline sizes of La-ZrO,
support were the smallest among various metal-doped ZrO, supports, i.e., the crystallinity of
La-ZrO, support was lowest. The electrical conductivity of La-ZrO, support was lower than
other metal-doped ZrO, supports, and applied voltage and imposed electric power over
Ni/ZrO, catalyst were high. Also, CH4 and CO; conversions showed higher values than those
of other catalysts. Details of the relation between applied voltage and/or imposed electric
power, and the catalytic activities will be discussed in the following section 3.3.

To optimize the supported amount of Ni on La-ZrO,, various supported amounts of Ni on
La-ZrO,; catalysts were investigated to assess their catalytic activities for DRM in the electric
field. Table 3-1(C) presents experimentally obtained results for these catalysts. When the
supported amounts of Ni on La-ZrO, catalysts were increased to 1 wt%, CHs and CO,
conversion increased monotonically. A further increase in the Ni-supported amounts to 10
wt% decreased the catalytic activity because the applied voltage and imposed electric power
decreased, possibly because of increased density of surface Ni and changes in the current
path.

From results of these tests, we inferred that 1wt%Ni/10 mol%La-ZrO, (Ni/La-ZrO;)
catalyst was the most appropriate catalyst among these oxides for DRM in the electric field.
Regarding the catalyst stability, XRD profiles for Ni/La-ZrO, as made and after DRM
reaction in the electric field (3 mA and 12 mA) showed a stable structure before and after the
reaction (shown in Figure 3-3). Additionally, the crystalline size of ZrO, (110) and NiO (101)
faces on Ni/La-ZrO, showed stable values before and after the reaction. Results show that

Ni/La-ZrO; catalyst was stable for DRM in the electric field even after the reaction.
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3.3.2 Catalytic activity and carbon deposition in the electric field

The electric field effects on the reaction were investigated through comparison of catalytic
activity with/without imposing the electric field using Ni/La-ZrO, catalyst. Figure 3-4
presents results of CHy4 and CO, conversions (left side) and H,/CO (right side) with/without
imposition of the electric field at various temperatures. Reaction temperatures measured by
the thermocouple were 694-943 K in conventional catalytic reactions and 535-955 K in the
catalytic reaction with the electric field because of the Joule heating by imposition of the
electric field. The DRM reaction proceeded even at low temperatures such as 535 K (423 K as
the external temperature) when the electric field was applied, at which temperature no DRM
proceeds in conventional catalytic systems. Furthermore, DRM selectivity in the electric field
on 3 mA at 535 K was comparable to that in the conventional reaction at 800 K with the same
CH,4 conversion. Results show that H,/CO ratios were 0.77 in the electric field, and 0.35 in the
conventional catalytic reaction. The DRM reaction more preferentially proceeded in the
electric field than in the conventional catalytic reaction. DRM proceeded at markedly low
temperatures by virtue of the application of the electric field. The RWGS reaction is an
endothermic reaction. The equilibrium constant increases with increasing temperature, and
RWGS did not proceed much in the electric field at 535 K. At the lower temperature region
around 550 K, the temperature effect was negligible for the reaction in the electric field, so
the Joule heating did not affect the catalytic activity in the electric field. The electrical
modification of the catalyst was important for catalytic activity. The H,/CO ratio decreased at
temperatures from 650 K to 800 K in the electric field because the RWGS reaction proceeded
at high temperatures. Regarding the increased H,/CO ratio higher than 760 K, Swaan et al.
reported the same results over various Ni supported catalysts (Ni/ZrO,, Ni/La,03, Ni-K/SiO,,
Ni-Cu/Si0,, Ni/Si0,-Al,03) in the conventional catalytic system [46]. They reported that the
product distributions and H,/CO ratios for various CH4 conversions over these catalysts in the
same DRM reaction condition were measured, and the product distribution was dominated by
the equilibrium of RWGS, irrespective of CH4 conversion. Additionally, from the result of ref.
[38], RWGS reaction did not proceed with the electric field at more than 593 K over Pt and Pd
supported La-ZrO, catalysts. On the other hand, in Figure 3-4, CH4 conversion proceeded
with the electric field at around 600 K, that is, DRM reaction proceeded with the electric field
and RWGS reaction was supposed to thermodynamically progress. Considering those
discussion, the H,/CO ratio increased by the equilibrium of RWGS above 800 K over
Ni/La-ZrO; in the electric field (open symbols in Figure 3-4 right) like as the conventional

catalytic system (closed symbols in Figure 3-4 right).
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To investigate carbon deposition over Ni/La-ZrO, catalyst on DRM reaction in the electric
field, the catalytic activity on DRM in the electric field was compared to that of the
conventional reaction in conditions of high CHy4 conversion because carbon deposition on Ni
supported catalyst is an unavoidable and crucially important difficulty that impedes industrial
use. Table 3-3 presents experimentally obtained results for the catalytic activity in the electric
field at external temperatures of 423 K and in conventional reaction at external temperatures
of 1023 K for initial activity and after 140 min of the time course. In addition, Figure 3-5
presents pictures of carbon deposition in the reactor tube and around the electrode in the
electric field (left side) and in the conventional reaction (right side) after 140 min. First, two
reactions accounting for carbon deposition were the following: CO disproportionation

(Boudouard reaction) is shown by eq. 13; CH4 decomposition is shown by eq. 14.

2C0O — CO; + C) AH’395 = -172.5 kJ mol™ (eq. 13)
CH4 — 2H, + C) AH"505 = 74.0 kJ mol™ (eq. 14)

Gardner et al. reported that CO disproportionation occurred at temperatures higher than 623 K
[47, 48]. Filamentous carbon was often formed during DRM reaction via CO
disproportionation over Ni/y-Al,O3 [47] and over Ni (110) single crystal [48]. Additionally,
the apparent activation energy for producing the filamentous carbon was reported as 90—-130
kJ mol”. From the viewpoint of Gibbs free energy, Wang et al. reported that CO
disproportionation occurred below 973 K and that CHs4 decomposition occurred at
temperatures higher than 830 K [15]. Investigation of carbon deposition behavior during
DRM reaction was reported by Swaan et al. [46] and by Tsipouriari et al. [49, 50],
independently, using isotope labeling and temperature programmed oxidation (TPO) to
ascertain whether carbon deposition originated from CHy4 or from CO. Carbon deposits from
CH,4 decomposition formed at an initial stage on the reaction, and the formed carbon exhibited
weak interaction on the catalyst. However, the carbon deposits from CO disproportionation
formed constantly during the reaction, and the formed carbon exhibited strong interaction on
the catalyst. Additionally, most carbon deposits after the reaction originated from CO
disproportionation.

Regarding the catalytic reaction without the electric field, much carbon deposition was
observed, as shown in Table 3-3 and Figure 3-5(right). Most of the carbon was located at the
bottom part of the reactor at 1023 K. In the inlet part of the catalyst bed, the concentration for
CH4 was high but the carbon deposition was not seen. Besides, in the outlet part of the

catalyst bed, the concentration for CO was high and the carbon deposition was seen.
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Therefore, it seemed to assume CO disproportionation at thermodynamic equilibrium in the
outlet part at lower temperature, rather than the pyrolytic carbon deposition. In spite of the
large amounts of carbon deposits in this case, CH4 conversion did not change. Stagg-Williams
et al. reported the same results over Pt/La-ZrO, catalyst [18]. Because of the basicity of
La-ZrO, support, CO, was trapped easily on the catalyst support. Then the density of the CO,
adsorption site near Pt metal particle presumably increased and the carbon deposits near the Pt
metal particle were presumed to be cleaned by oxygen species derived from CO, dissociation
on the catalyst support. As for CO; trap, activity tests for only CO, feed were conducted over
Ni/La-ZrO, catalyst without the electric field at 823 K and with the electric field at 423 K
after H, reduction preparation at 1023 K; CO, conversion without the electric field: 0.31%,
with the electric field: 2.3%. As a result, CO was produced in both conditions and, therefore,
CO; dissociation was occurred in our case. Considering their discussions, the carbon deposits
near Ni metal particle on Ni/La-ZrO, catalyst were presumably cleaned, so the CHj
conversion did not decrease. Additionally, as shown in Table 3-3, CO, conversion increased
and the H,/CO ratio decreased after 140 min. Hanley et al. reported the dissociation
probability for CH4, CO,, and CO on the Ni surface [51-53]. The dissociation probability for
CO is much higher than that for CH4 and CO,. The rate of CO disproportionation depends
strongly on the temperature. The rate-determining step for CO disproportionation was
reportedly CO dissociation, which occurs at temperatures higher than 623 K [54, 55].
Therefore, the amount of the carbon deposits after DRM in the electric field was low because
the reaction temperature was lower than 623 K.

To elucidate the catalyst structure after DRM reaction in the electric field and to evaluate
the carbon deposits on the catalyst, the surface structure for Ni/La-ZrO, catalyst was observed
using STEM-EDX. The STEM images for as-made samples and after DRM in the electric
field and EDX mappings for Zr, La, and Ni on each sample are presented in Figure 3-6.
Although many whisker carbon filaments were observed even over the catalyst reacted in the
electric field, as described in earlier reports [56—59], the amount of filamentous carbon is
negligible small (1.5 mg/g-cat as shown in Table 3-3), and this filamentous carbon did not

affect the catalytic activity on DRM in the electric field.

3.3.3 Electrical factors effects on catalytic activity in the electric field

To elucidate the electrical factors in catalytic activity tests, we investigated the effects of
imposed electric power controlled by applied current on catalytic activity. Although we also

confirmed the effects of applied voltage, no importance of voltage was found in this system.
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Figure 3-7 presents results of CHs and CO, conversion as well as those for Hy/CO ratios
obtained by changing the imposed electric power. Results show that CH4 and CO, conversion
depend on the imposed electric power. However, the H,/CO ratio changed slightly when
changing the imposed electric power. Oshima et al. showed the same results for increasing the
imposed power promoted RWGS reaction over Pt and Pd supported La-ZrO,; catalysts. [38] In
addition, the relation between the applied current and applied voltage (I-V profile) for DRM
in the electric field was investigated. Results are described in Figure 3-8. When the applied
current was increased from 2 mA to 12 mA, the applied voltage did not follow Ohm’s law.

The applied voltage was affected by the adsorbed species and carriers on the catalyst.

3.3.4 Eftects of CH4 and CO, partial pressures on the catalytic activity in the electric field

To elucidate the catalytic reaction mechanism for DRM in the electric field over
Ni/La-ZrO; catalyst, activity tests by changing CH4 and CO, partial pressures (Pcys4 and Pcoy)
were conducted with/without imposing the electric field. Experiments for partial pressure
dependence were conducted within the conversion of 2—4%. In such low conversions, these
partial pressure conditions were within the dependence of the reaction rate in the perspective
of the contact time, as shown in Figure 3-9. Table 3-4 presents each reaction order
with/without an applied electric field. Figure 3-10 shows logarithmic plots for the formation
rate of CO from CHy4, CO from CO,, and H, by changing Pco, for both cases. The reaction
orders of CHy4 for the formation rate of "CO from CH4" and "CO from CO," were zero for all
cases. The reaction order of CH4 for the formation rate of "H," was 0.26 without imposition of
an electric field, and zero with imposition of an electric field. Results of the activity tests
conducted with change of the partial pressure revealed that the formation rate » in DRM in the
conventional catalytic system can be expressed as the following equation using rate constant k

and partial pressure P.

CO from CHy: r1 = Kk PCQZO'OS (eq. 15)
CO from COZ: ry = kz PC020'32 (eq. 16)
Ha: 3 = k3 Pona®*® Peoy ™™ (eq. 17)

Formation rate ' in the electric field can be expressed as the following equation using rate

constant &'.

CO from CHy: 1y = k'y Pcox’* (eq. 18)
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CO from COy: 1 = k' Pcos"™° (eq. 19)
Hy: 7'y = k' Pco”™ (eq. 20)

Comparison of the reaction order between reactions with/without electric field reveals that the
reaction order for "CO from CO," was almost identical with/without imposing electric field.
By imposing the electric field, the reaction order of CH4 for "H," decreased from 0.26 to zero,
and the reaction order of CO, for "CO from CH4" increased 0.05 to 0.22. The reason for the
low reaction order of CHy4 for "H," with imposition of electric field was presumed that
imposing the electric field promoted CHy dissociation on the catalyst. Bradford et al. reported
reaction orders over Ni/MgO (basic support) and Pt/ZrO, catalysts at lower temperatures of
673-723 K [60, 61]. In those cases, the reaction orders of CH4 for all products were positive.
In our study, the reaction temperatures for activity tests by changing partial pressures were
higher than those in these reports. Therefore, CH4 dissociation proceeded faster. In addition,
zero orders in methane partial pressure with the electric field were possibly derived from the
promotion for methane dissociative adsorption by the electric field. [41] It decreased the
reaction order of CH4. However, the reaction order of CO; for all products was mostly the
same as those of Bradford's reports in the case without an electric field. The negative reaction
order of CO, for "H," (i.e. =-0.42) is probably that the RWGS reaction proceeded at
thermodynamic equilibrium, which consumed the H,. Zhang et al. reported the reaction
mechanism over Ni/La,0; catalyst [62]. Hydrogen species move by spillover from dissociated
CH4 on the Ni metal surface onto the support. Also, CO, reacts to form formate species
(HCOO"). In addition the CO and hydroxyl species (OH") form via pyrolysis of the formate
species. Considering this mechanism, the reasons for higher reaction orders of CO, for "CO
from CH4" and "H," are presumably that the imposed electric field activated CH4 and the

formate species, thereby promoting the surface reaction.
3.3.5 Energy efficiency of DRM in the electric field

To evaluate the energy efficiency during imposition of the electric field, the Faradaic
number, the number of CH4 and CO, molecules formed per electron supplied by the electric
field, and the energy efficiency were calculated along with the endothermic enthalpy of the
DRM reaction. Table 3-5 presents activity test results for various amounts of applied current
including the values of the Faradaic number and energy efficiency. Results show that the
Faradaic number was 88-252 in this reaction system. Therefore, the reaction was not only

promoted electrochemically; it also proceeded catalytically in the electric field. Therefore, for
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DRM in an electric field, syngas became producible at low external temperatures such as 423

K with high energy efficiency.

3.4 Conclusion

Dry reforming of methane (DRM) was conducted in an electric field. Results of the
screening tests show that 1wt%Ni/10 mol%La-ZrO, (Ni/La-ZrO;) catalyst was the most
appropriate catalyst in this reaction system. Results also show high activity, even at 423 K
(external temperature), at which temperature no DRM reaction proceeds in conventional
catalytic systems. Additionally, high DRM selectivity, a high H,/CO ratio, and low amounts of
carbon deposition, even in conditions of high CH4 conversion, were attributable to the low
reaction temperature. The imposed electric power was correlated with the catalytic activities
in the electric field. The DRM reaction rate in the electric field depended on the CO,; partial
pressure by 0.22 order for "CO from CH4", 0.30 order for "CO from CO,", and 0.34 order for
"H,". It was assumed that imposing the electric field presumably activated CH,4 and formate
species, or promoted the surface reaction. Syngas became producible at low external

temperatures, even at 423 K with high energy efficiency and without coke formation.
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Table 3-1 Catalytic activities for DRM in an electric field over (A) various metal-supported
La-ZrO, oxide catalysts, (B) various metal-doped Ni/M-ZrO, oxide catalysts, and (C) various
loading amounts of Ni supported on La-ZrO, oxide catalysts: 3.0 mA applied current

(A)

Temp. Power Field Intensity CH, conv. CO, conv. COsel COyield H,/CO Faradaic

Catalyst
/K /W /V mm” /% /% /% /% /= Number / -
La-ZrO, 596 3.7 151 1.9 1.9 74.4 1.4 0.76 21
Fe/La-ZrO, 649 3.5 228 6.9 14.6 91.2 6.3 0.23 119
Co/La-ZrO, 619 4.5 292 20.3 31.2 99.4 20.1 0.57 252
NiLa-ZrO, 555 3.7 243 22.8 24.8 100 22.8 0.83 252
Cu/La-ZrO, 626 39 256 39 3.6 88.5 3.5 0.99 42
Pd/La-ZrO, 533 1.9 125 6.4 9.8 100 6.4 0.52 84
Pt/La-ZrO, 580 4.1 271 21.0 23.6 100 21.0 0.80 238
(B)
Catalvst Temp. Power Field Intensity CH, conv. CO, conv. H,/CO Faradaic
YK W v /% /% /—  Number/ -
NVZrO, 560 3.0 182 15.2 18.6 0.77 184
Ni/La-ZrO, 555 3.7 243 22.8 24.8 0.83 252
Ni/Ce-ZrO, 545 2.1 143 13.2 17.2 0.75 171
Ni/Pr-ZrO, 538 2.4 131 15.2 20.7 0.78 211
NVNd-ZrO, 498 2.1 137 12.5 15.0 0.88 158
NVY-ZrO, 496 24 170 12.4 17.8 0.75 145
(©)
Loading amount Temp. Power Field Intensity CH, conv. CO, conv. CO sel. CO yield H,/CO Faradaic
/ wt% /K /W /V mm’” /% ! % /% /% / —  Number / —
0 596 2.3 153 1.9 1.9 74.4 1.4 0.76 21
0.5 653 4.8 314 16.0 20.7 100 16.0 0.78 203
1 555 3.7 245 22.8 24.8 100 22.8 0.83 252
2 503 1.7 115 9.0 11.0 100 9.0 0.84 109
5 471 1.1 76 43 4.8 100 43 0.87 45
10 432 1.1 71 3.0 43 100 3.0 0.65 36
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Table 3-2 XRD crystallite size of various metal-doped ZrO, catalysts at a tetragonal ZrO,
(110) face using the Debye—Scherrer formula

Catalyst  Crystallite size / nm

La-ZrO, 8.2
Ce-Zr0O, 34.9
Pr-ZrO, 23.3
Nd-ZrO, 19.9
Y-ZrO, 34.9

Table 3-3 Catalytic activities and amounts of carbon deposition under a high conversion
condition on DRM with/without the electric field over 1wt%Ni/La-ZrO, oxide catalyst: 3.0
mA applied current, CH4:CO;:Ar = 1:1:2, total flow rate 20 mL min’!

Power CH,conv. CO,conv. COsel COyield Hy/CO Carbon deposition

/W /% /% /% /% /- /mgg_cat'l
no imposing EF 11’11'[13.'1 - 63.5 52.9 100 63.5 1.20 239.6
140 min. - 64.0 77.0 100 64.0 0.81
. . initial 8.1 74.5 85.3 100 74.5 0.87
imposing EF . 1.5
140 min. 6.9 77.2 87.6 100 77.2 0.88
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Table 3-4 Reaction orders obtained by changing partial pressures of reactants

Reaction no electric field with electric field

order P cry Pcon P cry Pcon

Formation rate of CO from CH, 0.0 0.05 0.0 0.22
Formation rate of CO from CO, 0.0 0.32 0.0 0.30
Formation rate of H, 0.26 -0.42 0.0 0.34

Table 3-5 Catalytic activities, energy efficiencies and Faradaic numbers on DRM in the

electric field over 1wt%Ni/La-ZrO; catalyst with various applied currents

Current Voltage Power Tcat?® Converion/% H,/CO AHr® Energy Faradaic
/ mA /kV /W /K CH, CO, /- /Js" efficiency ¢/ % number /-
3 1.2 3.7 555 228 24.8 083 0.9 24.6 252
4 0.8 3.2 541 15.1 180  0.85 0.5 15.3 132
5 0.8 4.0 559 18.7 20.6  0.81 0.6 14.8 125
6 0.6 3.6 556 17.8 21.1 0.86 0.7 20.8 103
7 0.8 5.6 584 337 429 078 1.7 29.9 131
8 0.6 4.8 558 254 32.1 0.79 1.2 253 114
12 0.4 5.0 576 302 36.1 0.79 1.6 31.5 88

* Tear: temperature measured using a thermocouple attached to the catalyst bed

® AH;: endothermic enthalpy of reaction for DRM

¢ Energy efficiency (%) = AH, / input powerx100
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Figure 3-1 Schematic diagram of the experimental setup
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Figure 3-2 X-ray diffraction patterns for various metal-doped zirconia oxides.
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Figure 3-3 X-ray diffraction patterns for 1wt%Ni/La-ZrO, as made and after DRM in the
electric field: 3.0 mA and 12.0 mA applied current.
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Figure 3-4 Comparison of the conversion and selectivity between conventional catalytic
reaction and catalytic reaction in the electric field (EF) over 1wt%Ni/La-ZrO, catalyst: (Left)
O, CHy4 conversion; (1, CO, conversion; (Right) <, H,/CO ratio; 3.0 mA applied current
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Figure 3-5 Carbon deposition in and around the reactor tube: (a) after DRM at 423 K in the
electric field and (b) after DRM at 1023 K not imposing EF
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Figure 3-6 STEM images of 1wt%Ni/La-ZrO, (as made and after DRM in the electric field)
and EDX mappings for Zr, La, and Ni.
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Chapter 4 Other reactions

4.1 Oxidative coupling of methane using dioxide in an electric field over various
metal doped ZrO, catalysts

4.1.1 Introduction

In this section, the tests for changing the residence time in various imposed currents and
the activation tests for only CO, feed were conducted in order to investigate the detail reaction
mechanism in oxidative coupling of methane using CO, (CO,-OCM) in an electric field over
10 mol%-La doped ZrO, catalyst, which was reported by our groups before. [1] Additionally,
in order to further improve CO,-OCM activity in the ZrO, catalyst system, we conducted
CO,-OCM in the electric field over various alkali earth metal doped ZrO, catalysts. As a
result of screening tests for various alkali earth metal doping catalysts, CH4 conversion over
Ba doped ZrO, catalyst was almost the same as that over La doped ZrO, catalyst but C,
selectivity was lower. Therefore, the main object of this study was for elucidating the
important factor of producing the CO,-OCM reaction in the electric field over ZrO, catalyst
system by comparing it to the catalytic activity over various alkali earth metal supported ZrO,

catalysts and conducting XRD measurement.
4.1.2 Experimental
4.1.2.1 Catalyst preparation

Ca0, SrO, BaO and various metal doped ZrO, (M-ZrO,: M=Ca, Sr, Ba, La) catalysts were
prepared using a complex polymerized method based on the Pechini method, as shown in
Figure 4-1-1. Each of the nitrate precursors were dissolved into distilled water, with
subsequent addition of citric acid and ethylene glycol. After condensation in a water bath at
353 K, the gel was stirred and heated to remove the water completely. Pre-calcination was
conducted at 673 K for 2 h. Then calcination was conducted at 1123 K for 10 h in air flow.
Next, supported alkali earth metals were loaded on various M-ZrO,; catalysts with 10 wt% as
an active metal using a water impregnation method. Precursors of respective elements were

nitrate. Calcination was conducted at 973 K for 3 h.
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4.1.2.2 Catalytic activity

Catalytic activity tests in the electric field were performed using a quartz tube (6 mm o.d.)
reactor. The charged amount of the catalyst was 100 mg or 200 mg. The reaction temperature
was 423 K. Products were dried in a cold trap and were subsequently analyzed using a
GC-FID (GC-2014; Shimadzu Corp.) with a Porapak N-packed column after methanation by
Ru/Al,05 catalyst for analyses of CO, CH4, and CO,, C,;hydrocarbons, and for GC-TCD
(GC-2014; Shimadzu Corp.) with a molecular sieve 5A packed column for analyses of H, and
CHa. The electric field was applied on the catalyst using a DC high-voltage power supply. The
field was controlled using a constant input current. The impressed voltage depended on the
electric characteristics of the catalyst and the gas condition characteristics. Calculation
methods were described in Chapter 2, section 2.2.5. The flow rate of raw gas was set up as
CH4:COy:Ar = 25:25:50, with a total flow rate of 100 mL min"! insofar as there is no
particular remark stating otherwise. In tests for changing the residence time, the flow rate
ratio was fixed to CH4:CO,:Ar = 1:1:2, changing the total flow rate from 20 mL min™! to 200

mL min'.

4.1.3 Results and discussion

4.1.3.1 The residence time dependence in CO,-OCM over 10 mol%La-ZrO, catalyst

First, in order to obtain the more catalytic activity and investigate the reaction mechanism
in CO,-OCM in the electric field, tests for changing the residence time over the 10
mol%La-ZrO, catalyst were conducted in various imposed current conditions (3, 5, 7 mA).
Results are shown in Figure 4-1-2. Also, results of the residence time dependence of the
distribution for C, products, denoted as a C,H4/C,H¢ ratio, in various imposed current
conditions were shown in Figure 4-1-3. As shown in Figure 4-1-2, increasing the residence
time resulted in decreasing OCM selectivity as the same trends in previous reports. [4]
Additionally, from the result in Figure 4-1-3, increasing the residence time progressed the
sequential reaction, possibly dry reforming of methane (DR), of C, products because of the
increasing C,H4/C,Hg ratio. Otherwise, increasing the imposed current resulted in increasing
the gradient for both CH4 and CO, conversion and OCM selectivity drastically decreased in
low residence time conditions. This was possibly because both CH4 and CO, conversion
depended on kinetic control in a low imposed current condition but the sequential reaction

was not suppressed in a high imposed current condition due to an increase in the partial
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pressure of C, products, which more easily reacted with CO, than methane. Therefore, the
most appropriate reaction condition for CO,-OCM in the electric field was in an imposed 3
mA current and high residence time: the C, yield was 4.0% in CH4:CO,:Ar = 5:5:10, the total
flow rate was 100 mL min™'; and the catalyst weight was 300 mg. In the conditions of higher
residence time, the imposed electric field became unstable. Thus, the above mentioned
reaction condition was possibly the most suitable over the 10 mol%La-ZrO, catalyst. Next,
results of the residence time dependence of the reaction selectivity as OCM, DR and reverse
water gas shift reaction (RWGS) in the CO,-OCM reaction condition in the electric field in an
imposed 3 mA current were also shown in Figure 4-1-4. As a result, the reaction selectivity
for DR and RWGS increased as the residence time increased. These trends in the electric field
were the same as previous reports in the conventional catalytic reaction. [5] Next, results of
the residence time dependence of the CH4 and CO, conversion per input current in various
imposed current conditions were shown in Figure 4-1-5. As a result, CH4 and CO, conversion
increased as the residence time increased due to the synergistic effect for the catalyst and
electric field, not due to the electrochemical reaction.

Next, we focused on the lower residence time area. Results of the residence time
dependence of the CH4 conversion in the lower residence time area were shown in Figure
4-1-6. As a result, another reaction probably proceeded before the reaction for CH4 and CO,
because the intercept for the approximate straight line was negative and the consumption rate

decreased. The possible reaction is the degradation of CO, as follows:

CO, — CO+120; eq. 1-1

In order to investigate the side reaction for the degradation of CO,, tests for only CO, feed,
diluted by Ar, in the electric field were conducted in the lower residence time area. Results of
the residence time dependence of CO, conversion (left side) and the consumption rate for CO,
(right side) in the lower residence time area were shown in Figure 4-1-7. As a result, only the
degradation of CO, proceeded because the approximate straight line passed through the origin
of the coordinate axes and the consumption rate for CO, was constant in this area.
Additionally, in order to confirm the degradation of CO, proceeded in the conventional
catalytic reaction, not the imposed electric field, tests for the temperature dependence of CO,
conversion were conducted, as shown in Figure 4-1-8. As a result, the degradation of CO,
progressed exceeding 1123 K to some extent. Compared with the results in Figure 4-1-7, the
degradation of CO, was activated by applying the electric field. The degradation of catalytic

activity was not observed because the tests were conducted over no metal supported catalysts
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and active oxygen species functioned as counter reactants were not produced. In our case,
surface oxygen ion defects (V) and CO; on 10 mol%La-ZrO, oxide catalysts reacted as the
CO; decomposition, and active oxygen species functioned as counter reactants decreased as

the reaction progressed. (as shown in eq. 2)

CO;+ Vg — CO + Oy eq. 1-2

In order to investigate the effect of this reaction on CO,-OCM in the electric field, the
formation rate of O, calculated from that of products (upper side) was compared to that
derived from the degradation of CO, (down side), as shown in Table 4-1-1. As a result, O,
derived from the CO, decomposition possibly reacted with CH4 to form C, hydrocarbons
because the formation rate of O, derived from the CO, decomposition was higher than the
formation calculated from that of products. Additionally, the effect of the CHy4 reaction was
not ignored because the formation rate of CO in CO,-OCM was different from that in the CO,

decomposition.

4.1.3.2 Screening tests over various ZrO; catalysts

In order to obtain higher CO,-OCM activity than described before, screening tests over
various metal doped ZrO, catalysts were conducted in the electric field. As shown in Figure
4-1-9, the side reaction such as the DRM reaction thermodynamically proceeded more than
the CO,-OCM reaction at a higher temperature. Therefore, lower reaction temperature was
important for producing the CO,-OCM reaction. In the screening tests over various ZrO,
catalysts, the alkali earth metal doped ZrO, catalyst showed higher CO,-OCM activity than
the ZrO, catalyst, especially the 10 mol%Ba-ZrO, catalyst that had the same activity for the
10 mol%La-ZrO, catalyst. Therefore, activation tests for changing the substitution amounts of
Ba in the Ba doped ZrO, catalyst system were conducted in the electric field, as shown in
Table 4-1-2. As a result, the highest OCM yield was obtained over the BaO catalyst but the
stability of the Ba doped ZrO, catalyst was higher than BaO. In order to elucidate the
structural effect of Ba doped into ZrO,, XRD measurements for various amounts of Ba doped
ZrO, catalysts were conducted, as shown in Figure 4-1-10. From the result, the tetragonal
phase of ZrO, was observed to be the same as the La doped ZrO,, previously reported. [1]
Increasing the amounts of doped Ba in ZrO; resulted in increasing the intensity for BaZrO3

phase and this unpurified structure possibly lowered CO,-OCM activity.
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Next, screening tests over various alkali earth metal supported ZrO,, Sr or Ba doped ZrO,
catalysts were conducted in the electric field. Results are summarized in Table 4-1-3. As a
result, in various alkali earth metal supported ZrO, catalysts, the initial activity was higher
than the ZrO, catalyst but the catalytic activity degraded quickly. These trends were the same
over Sr or Ba doped ZrO, supports. Therefore, metal supported ZrO, catalysts were not
suitable in CO,-OCM 1in the electric field.

4.1.4 Conclusion

Oxidative coupling of methane using carbon dioxide (CO,-OCM) was conducted in an
electric field. Upon investigating for the residence time dependence in CO,-OCM over the 10
mol%La-ZrO, catalyst, the most appropriate reaction condition for the reaction in the electric
field was in an imposed 3 mA current and high residence time: the C, yield was 4.0% in
CH4:CO,:Ar = 5:5:10, the total flow rate was 100 mL min';and the catalyst weight was 300
mg. As a result of investigating the effect of CO, degradation on CO,-OCM in the electric
field, O, derived from the CO, decomposition possibly reacted with CH; to form C,
hydrocarbons. Otherwise, results of the screening tests over various ZrO, catalysts show that
10 mol%Ba-ZrO, was the most appropriate catalyst in this reaction system, and it shows high
activity even at 423 K. However, the structure was unstable in CO,-OCM in the electric field

and metal supported ZrO; catalysts were not suitable in CO,-OCM in the electric field.
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Table 4-1-1 Evaluation of the CO, degradation for CO,-OCM on the 10 mol% La-ZrO,

catalyst in the electric field.

CH,/CO,/Ar W/F CO, conv. Formation rate / mmol/min
Flow rate / mL min™"/ g-cath mol! /% CO from CO, C,H, C,Hy  Oy(calculation)
15 15 30 5.41 8.44 0.050 0.0023 0.0024 0.0035
25 25 50 2.95 7.64 0.073 0.0036 0.0040 0.0055
35 35 70 2.44 3.66 0.062 0.0030 0.0039 0.0050
45 45 90 1.84 1.98 0.039 0.0023 0.0036 0.0041
CO,/Ar W/F CO, conv. Formation rate / mmol/min
Flow rate / mL min" / g-cat hmol' /% CO O,(calculation)
15 30 5.70 3.15 0.025 0.012
25 50 3.50 1.95 0.025 0.012
3570 2.41 1.23 0.023 0.011
45 90 1.86 1.02 0.024 0.012

Table 4-1-2 Results of the activation test of various Ba doped ZrO, catalysts

in the electric field.

CH, Conv. CO, Conv. OCM Sel. OCM Yield C,H,/C,Hs; Power IEP dens.

Voltage/V
/% /% /% ! % /- /W /Wemm"
Zr0O, 1400 7.44 12.3 13.3 0.99 0.67 7.0 0.83
10mol%Ba-ZrO, 1000 4.00 9.6 19.3 0.77 1.02 5.0 0.45
50mol%Ba-ZrO, 800 8.3 12.6 6.09 0.51 1.03 4.0 0.45
70mol%Ba-ZrO, 2600 41.5 59.9 1.30 0.54 1.48 13.0 0.59
BaO 1200 3.18 1.65 39.1 1.24 1.08 6.0 0.30

Table 4-1-3 Results of the activation test of various alkali earth metal catalysts supported on

71O, in the electric field.

CH, Conv. CO, Conv. OCM Sel. OCM Yield C,H,/C,H¢ IEP dens.
Voltage/V Power / W

/% /% /% /% /- /Wemm’'
10 wt%Ca/ZrO, 1800 1.5 1.4 34.2 0.51 0.40 5.4 0.40
10 wt%Sr/ZrO, 1800 7.4 11.9 20.5 1.52 1.17 5.4 0.47
10 wt%Ba/ZrO, 800 2.5 32 18.4 0.45 0.61 4.0 0.36
710, 2200 7.2 11.8 10.6 0.77 0.58 6.6 0.79
10wt%Ba/10mol1%Ba-ZrO, 1500 13.4 17.8 3.61 0.48 1.49 4.5 0.45
10mo1%Ba-ZrO, 2200 7.0 16.7 20.5 1.44 1.0 6.6 0.65
10wt%Sr/10mol%Sr-ZrO, 900 4.9 6.8 10.0 0.49 0.9 2.7 0.27
10mo1%Sr-ZrO, 2000 10.0 17.0 14.0 1.40 1.01 6.0 0.59
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Figure 4-1-1 Preparation of various catalysts by complex polymerized method
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4.2 Oxidative coupling of methane in an electric field over various polyoxo-
methalate (POM) supported CeO, catalysts

4.2.1 Introduction

In this research, we focused on Keggin—type heteropolyacids as good candidate catalysts
for OCM catalytic activity in the electric field. Keggin-type heteropolyacid is a kind of
anionic cluster and have a unique multi-electron redox characteristic, which enabled easy
electron transportations. Additionally, the base structure of a Keggin-type heteropolyacid is
Mo or W and the different metal doped oxides into the structure such as V, Fe and Ru are
known to indicate a unique multi-electron redox characteristics. However, Keggin-type
heteropolyacid is known to be weak in high temperature conditions, that is, collapsed at
573-673 K. Therefore, the Keggin-type heteropolyacid is difficult to utilize as catalysts in a
high temperature reaction. Now, we conducted oxidative coupling of methane (OCM) in an
electric field over mixed catalysts with heteropolyacid and CeO,, which had good electron
conductivity, at lower temperature to the extent for not collapsing the structure. In this work,
screening tests over various heteropolyacid catalysts on CeO, were conducted and the

structure of active sites for OCM in the electric field was investigated.

4.2.2 Experimental

4.2.2.1 Catalyst preparation

Keggin-type heteropolyacids of tetrabutylammonium (TBA) as cation were synthesized by
the method described in Figure 4-2-1. [6,7] In this procedure, precursors of Mo and W as
addendum parts were Na,MoO4:2H,0 (Kanto Chemical Inc.) and Na,WO,-2H,0 (Kanto
Chemical Inc.), and a precursor of P as hetero parts was NaH,PO4-2H,0 (Kanto Chemical
Inc.) Additionally, precursors of V as doped differential metal in heteropolyacids were V,0s5
(Kanto Chemical Inc.) Each of the precursors was prepared in the water solvent of 0.5 M
Na;MoOy4, 1.0 M Na;,WOy4, 1.0 M NaH,PO4 and 1.0 M V,0s/1.5 M NaOH. Next, the
prepared aqueous solutions of the Mo base were stirred for 3 h at 353 K and that of W were
stirred for 2 days at 353 K. Next, in order to isolate heteropolyacids as solids, the above
mentioned aqueous solutions were added into [CH3(CH;);]4NBr (TBA, Kanto Chemical Inc.)
and a heteropolyacid crystal was collected by the suction type filter equipment. After washing

the heteropolyacid crystal with distilled water and ethanol, Keggin-type heteropolyacids of
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TBA (Tetra butyl ammonium-polyoxomethalate, TBA-POM) as cations were obtained by
drying all over night in oven at 393 K. TBA-POMs in this reports were denotes as
TBA-PMo0,4xVxO49, TBA-PW54xVO40 (x = 0-2).

Keggin-type TBA-HPAs supported on CeO, (JRC-CEO-1) catalysts were prepared by
impregnation with acetone as the impregnation solvent. The loading amount of TBA-HPAs
was 40 wt%. First, acetone (30 mL) and CeO; (0.6 g) were added to a 300 mL eggplant flask
and were stirred for 2 h using a rotary evaporator. Subsequently, TBA-HPAs (0.4 g) dissolved
into acetone (10 mL) were added to the flask and were stirred for 2 h again. The resulting
suspension was dried. Then the resulting solid was dried overnight at 393 K. [11]

WO3/CeO, catalyst containing 11.9 wt% W was prepared using impregnation with water
as the impregnation solvent, as described in a previous report. [8] An ammonium
metatungstate hydrate ((NH4)sHoW 12049-H20, Kanto Chemical Inc.) was used as a precursor.
After impregnation, the resulting suspension was dried. Next, the obtained solid was dried at
393 K all of them overnight, followed by calcination for 3 h in air at 773 K under a ramping
rate of 0.5 K min™".

A Cey(WQO4)3/Ce0; catalyst containing 11.9 wt% W was prepared by impregnating CeO;
with an aqueous solution of ammonium metatungstate hydrate using a similar method to that
for WO3/Ce0,, except that the calcination temperature was 1173 K. Unsupported Ce,(WO4)3
was prepared using a complex method combining EDTA (ethylenediaminetetracetic acid,
Kanto Chemical Inc.) and citrate acids, as described in previous reports. (as shown in Figure
4-2-2) [9,12] The pH was controlled by adding a water solution of ammonia. The obtained
solution was stirred by the gel composition at 353K. The gel composition was dried at 393 K
overnight, followed by calcination for 5 h in air at 1273 K under a ramping rate of 5 K min™.

The mole ratio for EDTA, citric acid and all metal ions was prepared as 1:1.5:1.
4.2.2.2 Activation tests

Catalytic activity tests were conducted with a fixed bed flow-type reactor equipped with a
quartz tube (4.0 mm 1i.d.). The catalyst particle size was arranged as 355-500 pm. The
charged amount of the catalyst was 100 mg. The flow rate of raw gas was set up as CH4:O;:Ar
= 25:15:60, with a total flow rate of 100 mL min™ insofar as there is no particular remark
stating otherwise. The effect of the residence time (W/Fcpns) was investigated by changing the
total flow rate. The standard W/Fcps was 1.6 g, h mol™!. For the reaction in the electric field,
two stainless steel electrodes (2.0 mm o.d.) were inserted contiguously into the catalyst bed in

the reactor. The electric field was controlled using a constant current (3, 5, or 7 mA) with a
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DC power supply. The imposed voltage depended on the electric properties of the catalyst.
Current and voltage profiles were measured using an oscilloscope (TDS 3052B; Tektronix
Inc.). The reactor temperature was set to 423 K to avoid the condensation of water produced
by the reactions, except for reactions that used no electric field. Product gases after passing a
cold trap were analyzed using GC-FID (GC-14B; Shimadzu Corp.) with a Porapak N packed
column and methanizer (Ru/Al,Os catalyst), and using a GC-TCD (GC-2014; Shimadzu
Corp.) with a molecular sieve SA packed column. The respective calculation formulae for
conversion, C, yield, C, selectivity, and Faradaic number in this study are shown below (from

eq. 2-1 to eq. 2-5).

Carbon moles of (CO, CO,, C,Hy, CoHg and CoH»)

CH,4 Conversion (%) = Catbon moles of nput methams %100 eq. 2-1
0O, Conversion (%) = Corll:r;pi?;gzlozzlzz 92 %100 eq. 2-2
C, Yield (%, C-based) = C"C"lefl(czf“;ifthd 2 100 eq. 2-3
C, Selectivity (%, C-based) = SYdd 100 eq. 2-4

CHy Conversion

. Carbon moles of reacted methane
Faradaic number = - eq. 2-5
Moles of input electron

A periodic operation test was conducted to elucidate surface active species on the catalyst
in the following steps. In the first step, oxygen and Ar were supplied to the reactor with an
electric field for 10 min for oxidation of the catalyst surface. For the second step, residual
oxygen in the gas phase of the reactor was removed with Ar purge for 5 min. For the third
step, methane and Ar were supplied to the reactor with an electric field for 12 min to evaluate
the oxidation catalysis of the surface oxygen species on the catalyst. As the final step, an Ar
purge was conducted for 20 min to remove all residual gases. The steps described above were
repeated for three cycles. Product gases were analyzed at 5 min after the oxygen—+Ar supply,
and at 2 min or 12 min after the methane+Ar supply (COx and desorbed CH,4 were detected at
5 min after the oxygen+Ar supply and no products were detected at 12 min after the
methane+Ar supply). The gas flow rate was O, : Ar =1 : 10, the total flow rate was 55 mL
min™ (for oxidation of the catalyst surface) and CHy : Ar=1: 10 or 1 : 2, the total flow rate
was 55 or 75 mL min™ (for oxidation of supplied methane by surface oxygen species). The

reactor temperature was fixed at 473 K. The imposed current was set at 3.0 or 7.0 mA.
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4.2.2.3 Characterization

In order to investigate Keggin-type heteropolyacid catalysts supported on CeO, and the
catalyst structure after the reaction, FT-IR (Fourier transform infrared spectrometer;
FT-IR/6100, Jasco Corp.) measurement was conducted. The measuring range for FT-IR was
500-4000 cm™'. The measurement sample was prepared by the KBr pellet method: the sample
was held by two KBr plates and shaped as a 5 mme disk by a press-forming container.

In order to investigate the catalyst structure before/during/after the reaction, ex-situ and
in-situ Raman measurements in the electric field were conducted using a Raman spectrometer.
(NRS-1000; Jasco Corp.; 532 nm) /n-situ measurement was conducted with a hand-made
glass reactor and gold wire electrodes. The reactant feed gases were supplied with canned
standard gases (CH4(0.995%)+Ar and/or 0,(99.9%)). The electric field was imposed using a
constant current at 6.0 mA. Raman spectra for catalyst heated at the reaction temperature
(603—703 K) without an electric field were also observed to elucidate the effect of Joule
heating on the catalyst structure. A Ni-Cr wire was inserted into the sample for heating by
resistance heating.

In order to investigate the catalyst structure before/after the reaction, XRD measurement
(RINT-Ultima III; Rigaku Corp. or Smart Lab; Rigaku Corp.) was conducted. The XRD
patterns were measured using Cu-Ka radiation. Anode voltage and anode current values were,
respectively, 40 kV and 40 mA. Diffractograms were taken at 26 angles for 5-80° with steps
of 10 ° min™. The crystal structure from XRD patterns was assigned by an online database
(http://crystdb.nims.go.jp/), provided by Atom Work in National Institute for Materials
Science (NIMS), and previous reports. [13]

X-ray absorption fine structure (XAFS) spectra of Mo-K, V-K, W-L; and Ce-K edges were
recorded in the transmission method on BL14B2 in SPring-8 (Hyogo, Japan). Catalysts
treated in the reaction condition were ground into powder and were pressed into pellets. Then,
pellets were packed into gas-barrier bags. The pellets were diluted with BN in a dry condition
and pulverized by a planetary ball mill (P-6; FRITSCH Corp.) with the rotation rate of 200
rpm for 10 min twice and to adjust for XAFS measurement. EXAFS analysis and curve fitting
were performed using software (Athena ver. 0.8.056; Artemis ver. 0.8.012). The Ce-K edge of
in-situ XAFS on a Cey(WO,)3/CeO; catalyst were conducted in the same way: an imposed
current at 6.0 mA, a reaction temperature at 423 K, the reactant gas composition of O, as 12.8
mL min"' and N, as 58.4 mL min™".

DRIFTS measurements on a Cey(WO,);/CeO, catalyst were conducted using FT-IR
(FT-IR/ 6100; Jasco Corp.) with an MCT detector and a diffuse reflectance infrared fourier
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transform spectroscopy reactor cell (DR-600A1; Jasco Corp.) with ZnSe windows for 50 times
with a resolution of 4.0 cm™ at 450-4000 cm™. The flow rate of the reactant gas was

CH4:0,:Ar =2:1:57, the total flow of 60 mL min-1, and the imposed current was 2.0—6.0 mA.
4.2.3 Results and discussion
4.2.3.1 OCM reaction in the electric field over TBA-PMo/CeO, catalysts

To discover suitable catalysts in OCM reaction in the electric field over POM catalysts, the
screening tests for TBA-PMo;,.,Vy/CeO; (x = 0-2) catalysts were conducted. First, to confirm
the synthesis of TBA-PMo,V; and 40 wt%TBA-PMo;(V,/CeO,, FT-IR was conducted as
shown in Figure 4-2-3. Consequently, the synthesis of these oxides was accomplished. Then,
various supported amounts of TBA-PMo;oV;, on CeO; catalysts were investigated to assess
their catalytic activities for the OCM reaction in the electric field with an imposed power at
7.0 mA and at room temperature (as shown in Figure 4-2-4). Consequently, we inferred that a
40wt% TBA- PMo;(V,/CeO; catalyst was the most appropriate catalyst among these oxides
for OCM in the electric field. In order to decide the appropriate O, pressure, tests for
changing the partial pressure of O, over a 40wt% TBA-PMo;(V,/CeO, catalyst were
conducted; the CH, flow was fixed to 0.25 atm, and the imposed current was 7.0 mA. (as
shown in Figure 4-2-5) As a result, the electric field was not applied stably and the most
appropriate O, partial pressure was decided to be 0.15 atm. Next, Table 4-2-1 shows the
results of tests for 40 wt% TBA-PMo;,4Vy/CeO, (x = 0-2) catalysts on 5.0 mA at 423 K. As
a result, although the OCM reaction did not proceed (C, selectivity: 0.2%, CO, selectivity:
98.5 %) and complete combustion proceeded over the CeO, catalyst, and the OCM reaction
proceeded over TBA-PMo,,<V/CeO; catalysts thanks to the unique surface structure. Next,
to investigate the unique surface structure after the imposed electric field, the OCM reaction
in the conventional -catalytic system, when not applying the electric field, over
TBA-PMo,,4Vx/CeO, catalysts was conducted at 473-873 K. (as shown in Figure 4-2-6)
Figure 4-2-6 also indicates results of tests in the electric field (imposed current: 3.0 mA, at
423 K.) As a result, the OCM reaction did not proceed even at 873 K, when the electric field
was not imposed. Therefore, the synergistic effect on TBA-PMo;,.4V/CeO, catalysts and the
electric field played an important role in producing the OCM reaction.

In order to elucidate the formation of active oxygen species on the catalyst surface in the
electric field, periodic tests of CH4 and O, were conducted; the imposed current was 3.0 mA
over a 40 wt%TBA-PMo,(V,/CeO, catalyst (as shown in Figure 4-2-7) and over a CeO,

167



catalyst (as shown in Figure 4-2-8.) From the results in Figure 4-2-7, high C, selectivity
(above 90%) was obtained over a 40 wt%TBA-PMo;(V,/CeO, catalyst even after the second
or third cycles of the tests. Low C, selectivity was shown after the first cycle of the test
probably due to combustion of hydrocarbons. On the other hand, from the results in Figure
4-2-8, C, hydrocarbons were not produced in periodic tests over a CeO, catalyst. Therefore,
active oxygen for proceeding highly selective OCM reaction on a TBA-PMo;(V,/CeO,
catalyst were supposed to be formed on the surface.

In order to elucidate the catalytic surface before/after OCM reaction in the electric field,
FT-IR measurement was conducted on a 40wt%TBA-PMo;(V,/CeO, catalyst. Figure 4-2-9
indicates the results of the spectrum before/after the reaction and Figure 4-2-10 indicates
those of the periodic tests of CH4 and O,. From the result of Figure 4-2-9, the peak assigned
to heteropolyacid at 700—1200 cm™ disappeared after the reaction in the electric field. From
the result of Figure 4-2-10, the heteropolyacid structure collapsed in the OCM reaction (CHy
and O,) by the imposed electric field, as well as because the heteropolyacid structure already
collapsed after the first cycle of the test. In order to investigate the effect of CH4 on the
heteropolyacid structure in the electric field, FT-IR measurements were conducted in only
CHy flow in the electric fields at 473 K (as shown in Figure 4-2-11) and 673 K (Figure
4-2-12). From the results of Figure 4-2-11, the heteropolyacid structure did not collapse by
the imposed electric field because the structure was stable even after the reaction at 473 K in
the electric field. On the other hand, from the results of Figure 4-2-11, the heteropolyacid
structure collapsed in the electric field at 673 K. Therefore, a higher reaction temperature was
a major factor for the collapsed heteropolyacid structure. Additionally, Raman (Figure
4-2-13), XRD (Figure 4-2-14), XAFS (Figure 4-2-15-Figure 4-2-17) measurements were
conducted for evaluating the catalyst structure before/after the reaction in the electric field. As
a result of various characterizations, the heteropolyacid structure collapsed after the reaction,
and MoO; and mixed oxides of Mo and Ce were generated. Therefore, the new structure
derived from the 40wt%TBA-PMo;(V, on CeO, oxide in the electric field possibly played an
important role in progressing OCM reaction.

In order to elucidate the effect of Mo or V on the 40 wt%TBA-PMo;,V,/CeO, catalyst,
catalytic activity tests over Mo or V supported on CeO, catalysts were conducted, as shown in
Table 4-2-2. The amounts of Mo or V were prepared in the same way as those of 40
wt%TBA- PMo0;yV,040/CeO,. As a result, Mo or V supported on CeO, catalysts indicated
OCM activity in the electric field but the activities were lower than that over the 40
wt%TBA-PMo,(V,/CeO, catalyst. Therefore, Mo and/or V oxides, and mixed oxides of Ce

were the active sites in the OCM reaction and the heteropolyacids functioned as precursors for
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highly dispersing the active sites.
4.2.3.2 OCM reaction in the electric field over TBA-PW/CeQO; catalysts

In our submitted papers [11], we reported that the 40 wt%TBA-PW,,/CeQO, catalyst
indicated high OCM activity at 423 K (CH4 conversion: 14.9%, C; selectivity: 43.4%, C,
yield: 6.4%, 3mA) in the electric field, and a synergetic effect between the Cey(WOa4)3
structure and electric field created the active oxygen species for selective oxidation of
methane. In further studies, the activity tests over a 40 wt%TBA-PW,/CeQO, catalyst were
conducted in the conventional reaction at 573—1073 K as an external temperature without the
imposing electric field, as shown in Figure 4-2-18. On the other hand, lower OCM activity
was indicated even at 1073 K: CHy conversion: 14.9% and C; selectivity: 43.4%. Therefore,
the synergistic effect on a TBA-PW,/CeO; catalyst and the electric field played an important
role in producing the OCM reaction. Next, in order to elucidate the formation of active
oxygen species on the catalyst surface in the electric field, periodic tests of CH4 and O, were
conducted over a TBA-PW,/CeO, catalyst with an imposed 7.0 mA current at 473 K, as
shown in Figure 4-2-19. As a result, high C, selectivity exceeding 55% was stably indicated
even after 8 cycles of the periodic tests. Therefore, active oxygen for proceeding highly
selective OCM reaction on a TBA-PW,/CeQ; catalyst possibly formed on the surface. On the
other hand, C, products were not generated over a CeO, catalyst in the same periodic test.
Thus, the heteropolyacid supported on CeO, possibly generated the reactive oxygen species
for producing the selective OCM reaction in the electric field.

In order to evaluate the catalyst structure before/after the reaction in the electric field,
Raman (Figure 4-2-20), XRD (Figure 4-2-21), XPS (Figure 4-2-22) and XAFS (Figure
4-2-23) measurements were conducted on the TBA-PW,/CeO, catalyst. From the result of
Raman and XRD measurements, the heteropolyacid structures were collapsed, and CeO,,
WO; and Ce(WO4); were generated after the reaction in the electric field. As shown in
Figure 4-2-22, only Ce*" peaks were observed on the catalyst before the reaction but Ce’
peaks were also observed after the reaction. Additionally, as shown in Figure 4-2-23, the
peaks derived from the W—O—W of the heteropolyacid structure at 3—4 A in the EXAFS range
were observed on the catalyst before the reaction. On the other hand, the peaks derived from
the W-O-W of the heteropolyacid structure disappeared and new peaks possibly derived
from tungsten oxide and mixed oxides of Ce and W at 1-2 A were observed on the catalyst

after the reaction. Therefore, the Ce,(WO4); structure was generated after the reaction.
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4.2.3.3 OCM reaction in the electric field over Cey(WQ4)3/CeO; catalyst

In our submitted papers [11], we reported that the Cey(WQy); structure was the reactive
site for OCM reaction in the electric field. Additionally, in order to elucidate the catalytic
activity over a WOs unit, the activity tests over the WOj5 catalyst was conducted at 673 K in
the electric field, as shown in Table 4-2-3. As a result, the WO; catalyst did not indicate OCM
activity at 673 K and the reactive oxygen species for proceeding selective OCM reaction were
not produced over the WOj; catalyst in the electric field.

Next, we also reported that the Ce,(WO4)3/CeO; structure indicated high OCM activity in
the electric field and low OCM activity in the conventional catalytic reaction without the
electric field. In order to elucidate a Ce,(WQOy4); supported effect on CeO,, tests for changing
the amounts of supported W species were conducted at 423 K with an imposing 3.0 mA
current, as shown in Table 4-2-4. As a result, increasing the amount of supported W species
resulted in increasing C, selectivity but decreasing CH4 conversion because the active sites of
the Cey(WQ,); structure increased while the surface site of CeO, decreased. Additionally, in
order to clucidate Ce and W effects on the Cer(WO,); structure in the electric field, XAFS
measurements were conducted, as shown in Figure 4-2-24—Figure 4-2-27. Figure 4-2-24 and
Figure 4-2-25 indicated the Ce-K edge of in-situ and ex-situ XAFS results on
Cer(WO04)3/Ce0; in the electric field. From the result of XANES spectra, the electron state of
Ce did not change before/after the reaction possibly because the peak for CeO, support was
dominant in the catalyst. From the result of XAFS spectra, the peak for Ce decreased after the
reaction in the electric field possibly due to the Debye-Waller factors of Joule heat from the
electric field. Figure 4-2-26 showed the Ce-K edge of ex-situ XAFS results on CeO, and
Cez(W0Oy4)3/Ce0,. From the result of XANES, the peak on Cey(WO4)3/CeO, was difficult for
distinguishing that on CeO, because the white line on Cey(WO4)3/CeO, was different from
that on CeOs.

In order to elucidate the absorbed species on the Cey(WO4)3/CeO; catalyst, we conducted
in-situ DRIFT measurement in the electric field (imposed current: 2.0-6.0mA) at 423 K, as
shown in Figure 4-2-28. From the results, the peaks for CH; were observed in the
conventional reaction, and the peaks for CH4, CO; and the reactive oxygen species such as
superoxide (O,") and peroxide (O,°") were observed in the electric field. Additionally, the
peak for the reactive oxygen species disappeared without the electric field. Therefore, the
imposed electric field on Ce(WO4)3/CeO; catalyst played an important role in producing the
OCM reaction.

In order to investigate the W—O behaviour in the Cey(WO4)3/CeO; catalyst, we conducted
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in-situ Raman measurement in the electric field (imposed current: 6.0 mA) at room
temperature, as shown in Figure 4-2-29. As a result, the peak for W-O in the
Cez(W0O4)3/Ce0; catalyst decreased in the CH4 flow possibly because CHy4 reacted with the
active oxygen species derived from W-O in the Cey(WQ,)3/CeO; structure. Additionally, the
peak for W—-O in the catalyst changed depending on the time in CH4 and O, flow possibly
because cycles of consumption and regeneration for oxygen species on a Ce,(WO,); catalyst
were repeated by redox mechanism and the bond of W-O in the catalyst lengthened by the
imposed electric field because the peak for W—-O in the catalyst shifted to a lower wave
number with the electric field. It was assumed that the bond of W—-O in the catalyst
lengthened, the bond of Ce—O in the Ce—O—W unit shrank, the electron of Ce atom was

transferred to an O atom and the reactive oxygen for OCM was generated.
4.2.4 Conclusion

Oxidative coupling of methane over various polyoxomethalate supported on CeO, catalysts
were conducted in the electric field. In the 40 wt%TBA-PMo,;(V,/CeO; catalyst, Mo oxides
and a mixed oxide with Mo and Ce were generated by the imposing electric field for
producing high OCM activity. In the 40 wt%TBA-PW,,/CeO, catalyst, the Cex(WO4);
structure played an important role as an active site in producing a selective OCM reaction in
the electric field. These oxides possibly formed the reactive oxygen species suitable for OCM
reaction such as superoxide (0,") and peroxide (O,>") by applying the electric field on the
catalytic surface. In order to elucidate a Cey(WQ4)3/CeO, structure by various
characterizations, it was assumed that cycles of consumption and regeneration for oxygen
species on Cey(WOy4); catalyst were repeated by a redox mechanism, the bond of W-O in the
catalyst lengthened by the imposed electric field, the bond of Ce—O in Ce—O—W unit shrank,
the electron of Ce atom was transferred to an O atom and the reactive oxygen for OCM

reaction was generated.
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0.5 M Na,MoQO, 5 mL or
1.0 M Na,WO, 10 mL

1.0 M V,04/1.5 M NaOH
0,0.5,2.0 mL

0.5M HCl 4.2 mL

1.0 M NaH,PO, 0.5 mL

100 mL solution

Mo: Stirring for 3 h, 353 K
W:353 K, 2 days in water bath

[CH3(CH,);]4,NBr

filtration

Washing with distilled water
(50 mL) and ethanol (20 mL)

Dried at 393 K overnight

TBA-POM

Figure 4-2-1 Preparation for the TBA-POM catalysts.
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EDTA2.884 ¢ Ce(NO5);-6H,0 1.697 g

<— 28~30% NH,OH 28 mL

<— Distilled water 10 mL

Solution 1

Solution 2

Agitation and heating (313 K)

Agitation and heating (313 K) <]

WO0,1373 ¢

pH adjustment (pH=10) «—

Citric acid 3.094 g

Agitation and heating (353 K)

Gel

Pre-calcination (503 K, 3 h, 5 K min'!)

Powder primer

Calcination (1273 K, 5 h, 5 K min™!)

Ce)(WO,);

Figure 4-2-2 Preparation for Cex(WO,); using EDTA-citrate complexing method.
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Figure 4-2-3 FT-IR spectra for TBA-PMo;yV,04 and 40 wt%TBA-PMo;oV,040/CeO,

catalysts.
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Figure 4-2-4 The effect of loading amount of TBA-PMo;(V,04 to catalytic activity in the
electric field; 7.0 mA; at room temperature; CH4:0,:Ar = 25:5:50; the total flow rate was 80

mL min™.
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Figure 4-2-5 Oxygen pressure dependence on catalytic activities over 40 wt%TBA-

PMo19V>040/CeO> in the electric field; 7.0 mA; 423 K; CHy flow rate, 25 mL min™'.
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Figure 4-2-6 Temperature dependence on catalytic activity over 40 wt%TBA-PMo;oV204
/CeO, with and without the electric field; from 423 K to 873 K.
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Figure 4-2-7 Results of periodic operation test (after 2 min from CH4 flow) over 40
wt%TBA-PMo;oV,049/CeO; in the electric field; 3.0 mA; 473 K; CH4:Ar = 25:50, the total

flow rate was 75 mL min']; O,:Ar = 5:50, the total flow rate was 55 mL min™,
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Figure 4-2-8 Results of periodic operation test (after 2 min from CHy4 flow) over CeO; in the
electric field; 3.0 mA; 473 K; CH4:Ar = 25:50, the total flow rate was 75 mL min'l; O,:Ar =

5:50, the total flow rate was 55 mL min™".
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Figure 4-2-9 FT-IR spectra for various states of 40 wt%TBA-PMo;(V,04¢/CeO, in as-made
catalyst and the catalyst after catalytic activity tests with the electric field.
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Figure 4-2-10 FT-IR spectra for various states of 40 wt%TBA-PMo;¢yV,04¢/CeO; in as-made

catalyst and the catalyst after periodic operation tests with the electric field.
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Figure 4-2-11 FT-IR spectra for various states of 40 wt%TBA-PMo;¢yV,04¢/CeO; in as-made
catalyst and the catalyst after CH4 supply with the electric field at 473 K; CH4:Ar = 25:50, the

total flow rate was 75 mL min’'.
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Figure 4-2-12 FT-IR spectra for various states of 40 wt%TBA-PMo;¢V,04¢/CeO, in as-made
catalyst and the catalyst after CH4 supply with the electric field at 673 K; CH4:Ar = 25:50, the

total flow rate was 75 mL min’'.
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Figure 4-2-13 Raman spectra for various states of 40 wt%TBA-PMooV204¢/CeOs.
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Figure 4-2-14 XRD patterns for various states of 40 wt%TBA-PMo;yV,040/CeO,.
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Figure 4-2-15 XANES spectra at Mo-K edge for MgMoO, as referred oxide and various
states of 40 wt%TBA-PMo19V204¢/Ce0s.
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Figure 4-2-16 EXAFS spectra at Mo-K edge for MgMoO; as referred oxide and various states
of 40 wt%TBA-PMo1¢V>040/CeOs.
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Figure 4-2-17 XANES spectra at V-K edge for V,0s as referred oxide and various states of
40 wt%TBA-PMo01cV204¢/CeO,.
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Figure 4-2-18 Catalytic activity over 40 wt%TBA-PW,040/CeO, catalyst in various
temperatures without the electric field; from 573 K to 1073 K..
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Figure 4-2-19 Results of periodic operation test (after 2 min from CH4 supply) over 40
wt%TBA-PW,040/CeO; in the electric field; 7.0 mA; 473 K; CHs:Ar = 25:50, total flow

rate : 75 mL min'l;Oz:Ar = 5:50, total flow rate: 55 mL min™".
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Figure 4-2-20 Raman spectra for various states of 40 wt%TBA-PW,04¢/CeO:s.
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Figure 4-2-21 XRD patterns for various states of 40 wt%TBA-PW,04¢/CeO..
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Figure 4-2-22 XPS spectra at Ce 3ds; in various states of 40 wt%TBA-PW ,040/CeOs.
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Figure 4-2-23 XANES (Left) and EXAFS (Right) spectra at W-L3 edge in various states of 40
W'[%TBA—PW12040/C602.
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Figure 4-2-24 XANES and EXAFS spectra at Ce-K edge in various states of Ce,(WO4,)3/CeO,
with and without electric field:6.0 mA; from 6.0 kV to 7.0 kV.
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Figure 4-2-25 XANES and EXAFS spectra at Ce-K edge in various states of
Cez(WO4)3/CeOz.
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Figure 4-2-26 XANES and EXAFS spectra at Ce-K edge in CeO, and various states of
Cez(WO4)3.
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Figure 4-2-27 XANES and EXAFS spectra at W-L; edge in various states of
CGQ(WO4)3/C€OQ and WO3/C602.
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Figure 4-2-28 DRIFT spectra of various state of Cey(WQO4)3/CeO, with and without electric
field (423 K, CH4:05:Ar = 2:1:57, total flow rate: 60 mL min™); (a) inert; (b) without EF; (c)
6.0 mA 430 V; (d) 5.0 mA, 460 V; (e) 4.0 mA, 660 V; (f) 3.0 mA, 660 V; (g) 2.0 mA, 760 V;

(h) after reaction with electric field.
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Figure 4-2-29 Raman spectra of Ce(WQ4)3/CeO, with and without electric field. (a) inert at

room temperature, (b) without EF in air at 603-703 K, (¢) 6.0 mA in air (0.69 kV), (d) 6.0 mA
in CHy (0.73 kV), (e) 6.0 mA in CH4+O, (0.67 kV), (f) without EF after ().
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Table 4-2-1 Result of activity tests over TBA-PMo;,.4xVx04¢/CeO; in the electric field (x =
0~2); Feed gas CH4:0;:Ar = 25:15:60, total flow of 100 mL min’; imposed current: 5.0 mA;

catalyst weight, 100 mg; furnace temperature, 423 K.

Voltage CHjconv. O,conv. C,sel. C,yield Field intensi

Catalysts v /% /% /% o /V mm N
TBA-PMo;,/CeO, 700 16.1 249 24.8 4.0 106
TBA-PMo,,V,/CeO, 800 20.6 26.3 30.0 6.2 129
TBA-PMo;,V,/CeO, 1100 204 27.4 27.5 5.6 159
CeO, 100 28.2 100 0.2 0.1 20

Selectivity / C-%

Catalysts CO €O, GH, GHy, GCH
TBA-PMo;,/CeO, 68.3 6.9 7.1 4.5 13.2
TBA-PMo,,V,/CeO, 62.3 7.8 7.2 3.7 19.1
TBA-PMo,,V,/CeO, 64.0 8.5 10.3 7.4 9.7
CeO, 1.3 98.5 0.0 0.2 0.0

Table 4-2-2 Result of activity tests over Mo and/or V supported catalysts in the electric field;
Feed gas CH4:0,:Ar = 25:15:60, total flow of 100 mL min'l; imposed current: 3.0 mA;

catalyst weight, 100 mg; furnace temperature, 423 K.

Catalysts Voltage CHyconv. Ojconv. C;sel. C,yield Field intensity
/V / % / % ! % / % /V mm’
24.1 wt%Mo/CeO, 700 7.1 10.4 28.3 2.0 149
3.3 wt%V/CeO, 700 11.2 18.2 23.2 2.6 159
23.5 wt%Mo-2.49 wt%V/CeO, 800 8.4 12.2 322 2.7 160
TBA-PMo,(V,/CeO, 1400 13.6 19.9 33.1 4.5 203
Selectivity / C-%
Catalysts CO €O, CH, GCH, GCH

24.1 wt%Mo/CeO, 64.3 7.4 10.8 6.2 11.3

3.3 wt%V/CeO, 52.1 24.8 8.5 4.7 9.9

23.5 wt%Mo-2.49 wt%V/CeO, 61.0 6.8 12.1 6.6 13.5

TBA-PMo;,V,/Ce0O, 56.9 10.0 11.5 7.5 14.1
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Table 4-2-3 Results of activity test over WO3 in the electric field; Feed gas CH4:0,:Ar =

25:15:60, total flow of 100 mL min'l; imposed current: 3.0—7.0 mA; catalyst weight, 100 mg;
furnace temperature, 673 K.

Current  Voltage CHyconv. O,conv. C,sel. C,yield Field intensity
/ mA /V / % / % / % / % /V mm’
3.0 0 0.0 12.9 0.0 0.0 0
5.0 100 0.0 154 0.0 0.0 29
7.0 100 0.0 15.5 0.0 0.0 29
Current Selectivity / C-%
/ mA CO CO, CH, GCHs GCH,
3.0 0.0 0.0 0.0 0.0 0.0
5.0 0.0 0.0 0.0 0.0 0.0
7.0 100 0.0 0.0 0.0 0.0

Table 4-2-4 Dependence of W loading amount over Cey(WQ4)3/CeO, in the electric field;
Feed gas CH4:O,:Ar = 25:15:60, total flow of 100 mL min™; imposed current: 3.0 mA;
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catalyst weight, 100 mg; furnace temperature, 423 K.

W loading amount

Voltage CHgconv. O,conv. C,sel. C,yield Field intensity
/ Wt% /V /% / % /% / % /V mm’
11.9 900 13.7 17.5 37.8 52 225
28.6 800 10.7 12.6 47.1 5.0 186
W loading amount Selectivity / C-%
/ wt% CcO CO, CH,; GCH¢ GCH,
11.9 55.8 6.5 10.2 5.5 22.1
28.6 48.8 4.1 18.3 11.6 17.2

203



Chapter 5 General conclusion

In this research, oxidative coupling of methane using carbon dioxide (CO,-OCM) and dry
reforming of methane (DRM) were conducted in an electric field for activating stable CHy4
and CO,. Catalytic reaction in the electric field has been anticipated for producing these
reactions which do not proceed in the conventional catalytic reaction without the imposed
electric field, at lower temperature, solving various issues derived from the high reaction
temperature such as carbon deposition and catalyst sintering, and improving energy efficiency
for various catalytic processes.

In Chapter 2, CO,-OCM reaction was conducted in an electric field. Results of the
screening tests show that Laj;Cag3A105.5 (LCAO) catalyst was the most appropriate catalyst
in this reaction system, and it shows high activity even at 423 K with imposed 3 mA current.
To show the same catalytic activity by heating the catalyst, very high temperature was
required, even at 1323 K in the conventional catalytic CO,-OCM. The reaction rate depended
on the CO, partial pressure by 0.7 order. CO, adsorbent and La,0,COj; are important for the
progress of CO,-OCM in the electric field by in-situ IR measurement. Ca-doped effect of
LCAO is that by which a Ca atom was incorporated into the LaAlOs perovskite structure and
generation of C, hydrocarbons was promoted.

In Chapter 3, DRM reaction was conducted in an electric field. Results of the screening
tests show that 1wt%Ni/10 mol%La-ZrO, (Ni/La-ZrO;) catalyst was the most appropriate
catalyst in this reaction system. Results also show high activity, even at 423 K (external
temperature), at which temperature no DRM reaction proceeds in conventional catalytic
systems. Additionally, high DRM selectivity, a high H,/CO ratio, and low amounts of carbon
deposition, even in conditions of high CH4 conversion, were attributable to the low reaction
temperature for suppressing CO disproportionation which occurred at exceeding 623 K. The
imposed electric power was correlated with the catalytic activities in the electric field. The
DRM reaction rate in the electric field depended on the CO, partial pressure by 0.22 order for
"CO from CH4", 0.30 order for "CO from CO,", and 0.34 order for "H,". Imposing the
electric field presumably activated CH4 and formate species, and also promoted the surface
reaction. Electron efficiency was 88—252 mol.cpa co2/mol.. and highly efficient, compared to
electrochemical reaction (electron efficiency is 1). Syngas became producible at low external
temperatures, even at 423 K with high energy efficiency and without coke formation.

In Chapter 4, CO,-OCM reaction was conducted in an electric field over various metal
doped ZrO, catalysts. Upon investigating the residence time dependence in the CO,-OCM

reaction over the 10 mol%La-ZrO, catalyst, the most appropriate reaction condition for the
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reaction in the electric field was in an imposed 3 mA current and a high residence time: the C,
yield was 4.0%. In order to investigate the effect of CO, degradation on the CO,-OCM
reaction in the electric field, O, derived from the CO, decomposition was possibly reacted
with CHy4 to form C, hydrocarbons. In the same section, OCM reaction over various
polyoxomethalate supported on CeO; catalysts were conducted in the electric field. In a 40
wt%TBA-PMo,,V,/CeO, catalyst, Mo oxides and a mixed oxide with Mo and Ce were
generated by the imposing electric field for producing high OCM activity. In a 40
wt%TBA-PW,/CeO; catalyst, the Ce;(WQy4); structure played an important role as an active
site in producing a selective OCM reaction in the electric field. It was assumed that cycles of
consumption and regeneration for oxygen species on the Ce,(WO,); catalyst were repeated by
a redox mechanism, the bond of W—-O in the catalyst lengthened by the imposed electric field,
the bond of Ce—0O in the Ce—O—W unit shrank, the electron of Ce atom was transferred to an
O atom and the reactive oxygen for the OCM reaction was generated. Challenge for the
future is to reveal the effects of the W—O bond expansion and the electron value change of Ce
from Ce®" to Ce*" on activating CH, by collaboration with a computational chemistry.
Elucidation for the effect of the imposed electric field on the reaction of CH4 and CO, such
as CO,-OCM and DRM reactions will make a substantial contribution and knowledge to
further improvements of energy efficiency and expanding the availability for these reactions.
Additionally, these works will become knowledge for applying an electric field to other

catalytic reactions using CH4 and CO,.
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