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I. Introduction

1. Background
1.1 Dielectric bamrier discharge and plasma generation

Dielectric barrier discharge is one of the electrical discharge technique[l, 2]. It is also
known as DBD (abbreviation) or silent discharge. Figure 1 is schematic of typical
configurations about dielectric barrier discharge. Most distinguishing feature of dielectric
barrier discharge is insulation material barrier between electrodes. Normally, insulation
material is disturb electrical discharge but electron can be passed through the insulation
material or dielectric barrier when discharge voltage is higher enough. When discharge
voltage is also higher enough against gas and dielectric barrier between electrodes, electrical
discharges will be occurred. It called electrical breakdown and causes plasma generation
because electrons are collided with gas molecules. Especially, massive micro-discharges are
generated by dielectric barrier discharge.

Dielectric barrier discharge was first reported by Ernst Werner von Siemens in mid-19th
century. He invented dielectric barrier discharge to convert oxygen into ozone. After
dielectric barrier discharge was invented, it was used and studied to generate ozone for a
long time. In early 1930s, electrical engineer K. Buss found out breakdown of dielectric
barrier discharge in atmospheric pressure. He was reported that large number of tiny
short-lived current filaments are generated between planar parallel electrodes which was
covered by dielectric barrier. After 10 years later, T. C. Manley was proposed about
determination method of dissipated power by dielectric barrier discharge[3].

The studies about dielectric barrier discharge was originally focused on ozone generation.
However, lot of possibilities and potentials of dielectric barrier discharge are discovered
during the study for ozone generation. As a result, dielectric barrier discharge is studied for
many fields such as chemistry for environment or energy conversion, agriculture for

sterilization, aerospace engineering for flow control and industry for surface treatment or

-1 -
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pollutant control or chemical applications. Especially, utilization for chemical industry is
very interesting field in today. People expect that some characteristics of DBD plasma can
improved performance of many chemical processes[4-10].

The DBD plasma have a fast responsibility and low power consumption characteristic. It
can be also used at atmospheric pressure and temperature. Moreover, DBD plasma is
non-thermal plasma which is not in thermodynamic equilibrium. It indicates that DBD
plasma is not increase temperature of discharge media extremely because its ion and
electron temperature is different. Therefore, people expect that DBD plasma can be
improving the industrial applications like a hydrocarbon reforming process due to the fast
start time, low pre-heating requirements, low electrical power consumption, and inability to

be poisoned or deactivated[11-15].

1.2 DBD plasma assisted catalyst process

Many DBD plasma for chemical process is used with catalyst. This combined operation
of DBD plasma and catalyst is called in many different ways such as hybrid catalytic-DBD
plasma, DBD plasma assisted catalyst process or etc. The advantage of this combined
operation is performance improvement on chemical process. Many studies has reported
conversion improvement or specific selectivity improvement[11, 16-34]. However, it is not
always contribute positively with some catalysts or some processes. Moreover, performance
of some catalysts are decreased under DBD plasma assisted condition. Therefore, using
DBD plasma with proper catalyst and proper chemical process is very important parameter
to make positive effect.

The DBD plasma assisted catalyst process is actively discussed and studied for chemical
energy conversion processes such as hydrocarbon reforming or hydrogen production.
Especially, hydrocarbon reforming like a methane to higher hydrocarbon and hydrogen
production from hydrogen carrier such as methane, methanol is received attention because it

can be used on fuel-cell application or feedstocks.
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However, DBD plasma assisted catalyst process have a many arguments[35]. One of the
actively discussed argument is presence of synergy effect between DBD plasma and
catalyst. This argument is also carried over into its mechanism and source of performance
enhancement from DBD plasma assisted catalyst process. However, aforementioned
performance enhancement and synergy effect is not clearly identified yet. Especially,
dielectric heating can be generated from DBD plasma in higher discharge frequency and
many studies are used higher discharge frequency because they want to maximize
performance enhancement in plasma discharge condition. In higher discharge frequency and
higher dielectric heating condition, contribution of dielectric heating on catalytic
enhancement is may be higher than expected. Actually, dielectric heating is not a negative
or undesirable characteristic on chemical conversion or reforming process because catalytic
performance can be increased by temperature. However, only using dielectric heating is
completely ineffective than thermal plasma because thermal plasma can provide much
higher thermal energy in short time. Except the efficiency, reaction product of DBD plasma
assisted catalyst process is not same as pure catalytic process. Therefore, DBD plasma

assisted catalyst process is still makes lot of arguments and discussions.

1.3 DBD plasma and C; chemistry

The C: chemistry is refers to the specific chemical compounds what contains single
carbon atom in molecule and its related conversion processes. This C; chemistry is one of
the important interest in today because it is very closely connected with modern life of
human. Fossil fuels such as gasoline, diesel and natural gas contains carbon and
dependence of fossil fuels are still higher than another fuels. In 2014, global market share
of fossil fuel is still over an 80 percent. Therefore, fossil fuel what include carbon is very
important on human life and modern economy system[36].

However, it is not always good for human life because carbon dioxide is emitted by

fossil fuel combustion. This carbon dioxide is well-known as greenhouse gas and it has
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high global warming potential. Therefore, this carbon dioxide emission is very sensitive
issue on environment[37, 38].

DBD plasma assisted catalyst for C; chemistry is widely studied in today. For example,
alternative fuel productions and synthesize fuels from hydrocarbons such as hydrogen
production and hydrocarbon reforming or upgrading are studied with DBD plasma assisted
catalyst process. Methanol decomposition is a good example of alternative fuel production.
The methanol is well-known hydrogen carrier because one mole of methanol contain 4
hydrogen atoms and one of carbon and oxygen (Chemical Formula of methanol : CH3;OH).
Copper-based catalysts are usually used for methanol decomposition or reforming reaction.
This methanol decomposition is the one of the famous low temperature shift (LTS)
reaction.

In the other study, about fuel synthesis is mainly studied with methane. The methane
has a simple structure which is consisted of one carbon atom and four hydrogen atoms
(Chemical Formula of methane : CHi). It is main component of natural gas and far
cheaper than oil and especially with the recent discovery and development of shale deposits
in the United States and elsewhere. The methane can convert into hydrocarbon fuel by
using upgrading or reforming process. Dry reforming, steam reforming and gas-to-liquid
(GTL) 1is typical processes about methane to synthetic fuel. Therefore, upgrading or
reforming of methane to higher hydrocarbon have a great potential in today. Those
hydrocarbons related C; chemistry is closely connected with economical and economical
side.

On the contrary, DBD plasma assisted catalyst process on oxidized carbon is mainly
studied for environment applications. For example, carbon monoxide 1is studied on
plasma-assisted catalytic partial oxidation and carbon monoxide is studied on plasma
assisted catalytic decomposition. The partial oxidation of carbon monoxide can be decrease
harmful oxide gases such as NOy (nitrogen oxides), and decomposition such as carbon

dioxide into carbon monoxide or carbon and oxygen can contribute removal or decrease of
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carbon dioxide concentrations.

Other oxidized carbon, carbon dioxide is also widely studied in many fields, including
DBD plasma assisted catalyst process. It related fossil fuels what composed mainly
hydrocarbons and produce carbon dioxide via combustion process. Modern human life is
based on fossil fuel infrastructure and is closely connected with our economic system. For
example, generation of heat, electrical power or mechanical or other forms of energy is
usually achieved by combustion of fossil fuel. Alternative energy source such as renewable
energy or hydrogen energy is still difficult to replace most of the fossil fuel applications.
For these reasons, carbon dioxide emission is very sensitive issue in today. Major reason to
worry about carbon dioxide emission is related to climate change and global warming
because carbon dioxide traps heat in atmosphere. The Kyoto Protocol (1997) and Paris
Agreement (2016) is good examples what attentions and concerns about carbon dioxide

emission. Therefore, carbon dioxide removal or decomposition is actively studied in today.

1.4 Recent research on DBD plasma assisted catalyst process

The DBD plasma assisted catalyst process have been studied for chemical conversion
process. Many chemical processes are already studied with DBD plasma assisted catalyst
process. Especially, pollutant removal such as NOy decomposition or hydrocarbon
conversion such as CHs reforming/conversion with DBD plasma assisted catalyst process is
actively studied in today[16-34]. Also, researches on positive or synergy effect mechanism
is also performed with many analysis methods. Some people was used Fourier-Transform
Infrared Spectroscopy (FT-IR) and some people was used Optical Emission Spectroscopy

(OES) to reveal its mechanism. However, it is still not clearly identified yet.

1.5 Recent research on C; chemistry

The C; chemistry is play an important role in energy supply and many products. At the
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same time, it is also related with environmental issues such as global warming and climate
change. In energy supply, methane is widely studied for conversion and reforming process.
This methane is rich in natural gas and can coverted into higher hydrocarbons such as
propane, butane or diesel. It also can be convert into petrochemical products such as
asphalt, plastics and polyethylene. Except case of methane, methanol is also widely studied
for fuel, hydrogen production and conversion into synthesis gas or chemical industry. As
above examples, hydrocarbon related C; chemistry is closely connected with modern human
life and modern industry and economy[39].

In environmental case, oxidized C; chemistry like a carbon dioxide is also important
because it causes greenhouse effect and climate change. This carbon dioxide related studies
are mainly conducted to decompose or deoxygenation of carbon dioxide. However, carbon
dioxide is too stable and its bonding energy is quite strong. It means that decomposition or
deoxygenation of carbon dioxide is required high energy supply. Even if using novel
catalyst, this decomposition of carbon dioxide is required over a 1,000°C high
temperature[40, 41]. Therefore, many researches are still investigated to reduce energy
consumption for decomposition or increase decomposition efficiency.

The researches what can simultaneously achieve aforementioned both objectives are also
existed. The carbon dioxide and hydrogen can be synthesized to methane and water. This
methane synthesis reaction is well-known as Sabatier reaction. One of famous case of
Sabatier reaction is carbon dioxide removal and water generation system of NASA which
has tested from 2010[42, 43]. Of course, methane is also greenhouse gas but it can be
used as gas fuel or converted into higher hydrocarbon. Generally, Sabatier reaction is
conducted with the platinum-group metal catalyst such as ruthenium, rhodium, palladium,
osmium, iridium, and platinum. In the background of this research, we can found out
reason from the renewable energy. The growth of renewable energy is kept accelerated in
today due to the growing concern regarding issues such as environment and rise of global

oil price. The renewable energy generates electric power and its growth means available
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electricity will be increased. However, it also causes oversupply of electricity and
dissipation of energy when available electricity is too much. Power to Gas (P2G) is one of
the idea what utilizing those surplus electricity and convert into storable form such as
hydrogen or methane gas.

Since, Tohoku University and Hitachi Zosen demonstrates their prototype and pilot plant,
challenges about test and commercial plant are actively conducted in many European
countries and United States and Japan. Above all, Germany is leading country in
Power-to-Gas researches and commercializations. The German automaker Audi had started
project about industrial scale CO, methanation based Power-to-Gas facility in 2013, and
250kW class research plant is started in Stuttgart and many places around the same time.
They also participate “STORE & GO Project” what 27 partner organizations and companies
from all over Europe collaborated project to integrate Power-to-Gas technology into the
future European energy system since 2015. The “STORE & GO Project” is focus on
methanation technologies and will be implemented and tested by established private

enterprises on three demonstration sites in Germany, Switzerland and Italy[44-46].

2. Research overview
2.1 Motivation of research

Many advantages of DBD plasma has been already reported from many researchers.
They also expect that advantages are result of synergy effect between catalyst and DBD
plasma. However, this synergy effect is not always occurred in some processes and
enhancement mechanism of DBD plasma assisted catalytic technology is not clearly
identified yet. Therefore, DBD plasma assisted process is still controversial what DBD
plasma makes synergy effect on catalyst or not. Moreover, many studies used high
discharge frequencies to generate DBD plasma. It means that dielectric heating effect is

higher enough than their expected. Actually, dielectric heating effect of DBD plasma is not
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a negative effect on catalyst because catalyst will be well activated and its performance
will be increased by dielectric heating effect. However, if most of the contribution from
DBD plasma is heating effect, role of DBD plasma is same as electric heater or other
heating device, and it is not a synergy effect. Moreover, using the dielectric heating
characteristic of DBD plasma for chemical process is quite inefficient because it is
classified as non-equilibrium or non-thermal plasma not like a thermal plasma.

Except above dielectric heating issue, enhancement mechanism of DBD plasma assisted
catalytic technology have been focused on catalytic performance. For example, people who
have a skeptical response on DBD plasma assisted process contend dielectric heating related
issue. On the contrary, people who have a favorable response contend DBD plasma can
enhance catalytic performance of catalyst. Aforementioned dielectric heating issue is also
focused on catalytic performance.

Therefore, we decide to study about synergy effect mechanism of the DBD plasma
assisted catalytic technology and effects between DBD plasma and catalyst. The motivation
for this research is to identify synergy effect of DBD plasma assisted process and its

mechanism.

2.2 Objective of research

The aim of my research is investigation of DBD plasma assisted catalytic process in
low-temperature and atmosphere pressure condition. The major reason of aimed temperature
and pressure condition is related with energy consumption, endurance and environment. In
higher temperature and pressure, catalytic performance can increased and it is a well-known
scientific fact. However, higher temperature and pressure condition is required more energy
to maintain the condition and is unfavorable to endurance on catalyst and reactor. For this
reason, we have aimed operating condition of DBD plasma assisted catalytic process in
near an atmosphere temperature and pressure condition, if possible.

The primary objective of my research is investigation about synergy effect mechanism of
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the DBD plasma assisted catalytic process in low-temperature and atmosphere pressure.
There have been studies what already investigated its synergy effect mechanism. However,
most of the studies are focused on catalysis of catalyst and it is still not clearly identified
yet. Therefore, we set the primary objective of my research as above.

The secondary objective is investigation about utilization of synergy effect mechanism in
suitable process or application and verify its effectiveness. The reason for this is related
with verification my theory to derived through conducting above primary objective.
Moreover, investigation on drawback characteristic and its countermeasure is also included

in this research.

2.3 Experimental method and application overview

The experiments for investigation on DBD plasma assisted catalytic process is performed
with methanol and methane what is well-known compounds in C; chemistry. After
methanol and methane experiments, target Ci; chemistry is change to carbon dioxide. The
fundamental characteristic of DBD plasma assisted catalytic process is investigated with
methanol. Based on this result, parameter study of DBD plasma assisted catalytic process is
conducted with methane and modified asymmetric DBD plasma actuator and optical
emission spectroscopy. Subsequently, investigation of application experiments are conducted
with removal of deposit carbon in H» rich gas flow. Finally, DBD plasma assisted catalytic
carbon dioxide to methane experiment is conducted to verify its applicability.

Basically, conversion experiments of methanol and methane and carbon dioxide into
methane is conducted with quartz-glass tube reactor, and it can placed packed catalyst in
middle of the area. Two electrodes are installed on this reactor to generate DBD plasma
which has used alternating current input. This input is real-time monitored and analyzed by
digital oscilloscope and V-Q Lissajous method. The input gas is always controlled by mass
flow controller (MFC) and output gas is analyzed by gas chromatography.

The catalyst which is used for experiment has prepared by incipient wetness

-9 .
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impregnation method. This impregnation method is most famous catalyst preparation method
because it is easy to control and maintain uniformity and loading of catalyst. If there is no
particular reason, packed catalyst has always used fresh catalyst and only used single time
at each experiments. More detailed information and changes of experiment and application

is described in each subject chapter.
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Figure 5. Plasma generation of dielectric bamrier discharge
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II. Methanol Conversion
1. Overview of methanol

The methanol or methyl alcohol is the simplest alcohol and useful energy carrier in
today. It consists of single carbon and oxygen atom and four hydrogen atoms (Chemical
formula : CH3;OH). This methanol is important feedstock for many applications including
fuels and petrochemical products. For example, foams, resins, plastics, paints, polyester and
a variety of health and pharmaceutical products can produced by using methanol.

Moreover, methanol is also used to fuel on internal combustion engine or fuel-cells such
as DMFC (Direct-methanol fuel cell) and RMFC (Reformed-methanol fuel cell). In case of
internal combustion engine, pure methanol fuel (M100) is often used in car racing and
small applications such as radio-controlled aircraft, and blended methanol fuel like a
methanol/gasoline and methanol/diesel fuel is also studied to increase energy density.

In fuel cell applications, pure methanol is used to fuel of DMFC and RMFC. The
hydrogen which is contained in methanol can released by decomposition or conversion
process, and used to fuel of hydrogen fuel cells such as PEMFC (Proton exchange
membrane fuel cell or polymer electrolyte membrane fuel cell). Methanol to fuel is also
achieved by higher hydrocarbon upgrading process such as conversion and reforming
process.

For above-mentioned reasons, methanol is very attractive alternative fuel source in today.
Typically, it is easily converted with thermal conversion process or copper-based catalyst at
low temperature condition. Therefore, we decided to study DBD plasma assisted process in
methanol conversion reaction. In my research, methanol conversion was investigated to
produce hydrogen and upgrade into higher hydrocarbon by using DBD plasma assisted
process, and a matter of primary concern was focused on understanding principle

characteristics of DBD plasma assisted process.
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2. Experimental

2.1 Catalyst preparation

The catalyst on methanol experiment was used copper-based catalyst and was prepared
by using incipient wetness impregnation method[47-49]. This copper-based catalyst was
impregnated on gamma-phase alumina support. The alumina which has pellet-shaped and
sphere-shaped was tested in initial stage of the methanol experiment but this paper was
based and wrote experiments what had performed with sphere-shaped alumina only. The
reasons of using sphere-shaped alumina instead of pellet-shaped alumina is related with
repeatability and reliability because generation of DBD plasma was not uniformly and
discharge power and streamer generation is very unstable in some cases which has use
pellet-shaped alumina support. The unstable DBD plasma generation is also causes unstable
conversion activity of methanol. It is also affected on conversion performance of methanol
even without using catalyst. The pellet-shaped alumina was also caused spatial interference
in internal space of the reactor. This interference is frequently causes surface or structural
damage on catalyst in preparation phase and it also directly affected on conversion
performance of methanol.

Besides, contents of the catalyst was also tested in initial stage of the methanol
experiment. The pure copper or copper-zinc what is about various mix ratio is tested and
finally 3:7 of copper-zinc mix ratio was chosen by reason of reliability. The none or low
mix-ratio of zinc on copper-zinc catalyst was shown fast deactivation during the
experiment. On the contrary, higher zinc mix ratio of copper-zinc catalyst was shown better
reliability within experimental range. Therefore, only experiments which has conducted with
sphere-shaped and 3:7 mix ratio of copper-zinc catalyst will be mentioned in this paper.

The preparation of precursor solution was used copper (II) nitrate trihydrate (Cu(NO3), *
3H,O, 77.0~80.0%, Samchun Pure Chemical) and zinc nitrate hexahydrate (Zn(NO3), *

3H,O, 98.0%, Samchun Pure Chemical), and molar ratio of copper-zinc mixture was
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adjusted 3 and 7. The precursor mixture was dissolved in the water what is minimum
quantity to dissolve, and then precursor solution was diluted 3 times by acetone (99.98%,
Burdick & Jackson). y-AlL,Os; support was impregnated with a prepared precursor solution.
After impregnation the support was dried at room condition overnight and calcined at

300°C for 1 hour. Finally, 27.11wt.% loading of Cus3Zns/y-Al,Os catalyst was obtained.

2.2 Catalyst-DBD plasma hybrid reactor

The reactor for DBD plasma assisted catalytic process on methanol conversion reaction
is considered to use catalyst and DBD plasma. Figure 14 shows the schematics of
catalyst-DBD plasma hybrid reactor for methanol conversion. Quartz glass and SUS (Steel
Use Stainless) material pipe fitting were used for catalyst-DBD plasma hybrid reactor. The
quartz glass tube that has co-axial shaped and 12.9 x 10.8 x 400.0 mm (outer diameter x
inner diameter x length) dimensions was used. The quartz glass tube is also played a role
like a dielectric barrier for DBD plasma discharge. The quartz glass tube is also has a 2.1
mm wall thickness.

The SUS rod and aluminum film were installed on catalyst-DBD plasma hybrid reactor
for DBD plasma discharge. SUS material rod which was used inner electrode has a 3.15
mm diameter and installed center of the reactor. Aluminum thin film has wrapped around
outside wall of the reactor and it used to outer electrode. The overlapped length of both
electrodes is 50.0 mm and DBD plasma has generated within this overlapped area.

The SUS material pipe fittings were connected on both end of quartz glass for methanol
and carrier gas feeding and transfer product gas into the analysis device. Especially, supply
tube of the methanol was connected into the inside of reactor and vaporized into gas phase
at the end of the supply tube.

In initial stage, thermocouple was installed to measure catalyst temperature but electrical
surge was occurred by thermocouple. This electrical surge was caused unstable generation

of DBD plasma. It was also caused interruption and electrical damage into data acquisition
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systems. Therefore, thermocouple was removed from the reactor and temperature was

measured by using infrared thermometer.

2.3 Experimental apparatus

The experiments were conducted by using various experimental apparatus. The apparatus
are consists of the reactor, gas/methanol supply, temperature control, plasma generation and
gas analysis device. The gas and methanol supply device was used mass flow controller
and programmable syringe pump (KDS-100). Mass flow controller (Bronkhorst EL-FLOW)
was controlled and maintained nitrogen flow into the reactor, and programmable syringe
pump was used to supply liquid-state methanol into the reactor. The supplied nitrogen and
methanol was passed through the reactor which was vertically placed inside of digital
programmable furnace.

The reactor is also connected with plasma generation device and function generator
(Agilent 33220A) with high voltage amplifier (Trek Model 20/20C) was used to supply
high voltage. This high voltage caused DBD plasma generation and was monitored by
using digital storage oscilloscope (LeCroy WaveSurfer 424), high-voltage probe (Tektronix
P6015A) and 1024 pF capacitors. It also used to measure dissipated power which has
known as discharge power between the electrodes by V-Q Lissajous method.

The after passed catalyst-DBD plasma area, product gas is move to outlet of the reactor.
Electric band heater was used to maintain temperature of the product above 120°C and
prevent condensation of product at outlet which has exposed outside of the furnace.
Therefore, the gas-phase product was move to the dehydration chamber and then it was

move into the inlet of gas chromatography device (YL6100GC).

2.4 Experimental condition and parameters

Experimental condition was considered to clarify the DBD plasma effect on methanol
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reforming. The reaction temperature and feed rate of methanol and carrier gas are greatly
influenced to methanol reforming[50, 51]. Therefore, we performed fundamental experiments
before fixing the experimental condition and parameters.

Synthesized CusZn;/y-Al,Os catalyst (C3Z;A) showed 80% conversion of methanol when
feed of methanol was 0.1 mL/min and N, carrier gas was 10.0 mL/min and reaction
temperature is 220°C. Based on this result, experimental condition was fixed at 220°C and
methanol feed is 0.1 mL/min and N, feed is 10.0 mL/min.

The experimental parameter like a catalyst and DBD plasma was considered. The
parameters were defined to verify the interaction between catalyst and DBD plasma.
Especially, effect of DBD plasma for methanol reforming can be verified by parameter for
DBD plasma discharge. Also, performance improvement source can be clarified by
parameter for catalysts. Experimental parameter was consists of catalyst, DBD plasma
discharge and discharge location. The definition of conversion and selectivity is presented

as below equation (1) to (6) and detailed parameter is presented in Table 1.

) Mass of converted product from CH3;OH
Conversion of CH;0H (%) = - x 100 (1)
Mass of introduced CH3;OH

Mole of produced H,
2 x Moles of converted CH;0H

X

Selectivity of H, (%) = 100 (2)

o Mole of produced CO
Selectivity of CO (%) = x 100 3)
Moles of converted CH;0H

Mole of produced CO,

Selectivity of CO; (%) = x 100 4)
Moles of converted CH;OH
o Mole of produced CH,4
Selectivity of CH4 (%) = x 100 (5)
Moles of converted CH3;OH
. Mole of produced CiHy
Selectivity of C\Hy (%) = x 100 (6)

x X Moles of converted CH;0H
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3. Results and discussions

3.1 Methanol conversion and DBD plasma

Figure 17and Table 2 shows methanol conversion increment and discharge power for
DBD plasma discharge. Basically, copper-zinc shows the best methanol conversion when
DBD plasma discharge was not used. Also, methanol conversion of none of catalyst and y
-AlLOs shows nearly zero conversion when DBD plasma was not used. However, methanol
conversion of none of catalyst and y-Al,O3 was increased by DBD plasma discharge. About
12.18% of conversion was increased by pure DBD plasma discharge. The y-AlLO; and
CuszZns/y-Al,O; catalyst shows 12.35% and 14.63% conversion increment, respectively. On
the contrary, conversion increment was not detected when DBD plasma was not discharged
on CusZns/y-ALLOs catalyst.

The DBD plasma discharged CusZns/y-Al,O; catalyst shows the best conversion and
conversion increment for DBD plasma discharge. It shows extra higher conversion
increment (2.45%) than summation of individually conversion between CuszZns/y-ALOs3
catalyst and DBD plasma. Even if it was simultaneous using, conversion was not increased
by DBD plasma discharge when DBD plasma discharge area was not overlaid on CusZns/y
-ALLO; catalyst.

In conversion increment result, the conversion increment was not detected when y-AlO;
used for catalyst. However, simultaneous use of y-AlLO; or CusZns/y-AlLOs; catalyst with
DBD plasma has a different discharge volume from individually use. Figure 18 is different
DBD plasma volume for catalyst. None of catalyst condition can be used a full internal
volume of reactor for DBD plasma discharge. Internal volume for DBD plasma discharge
was decreased when reactor was filled with catalysts. Generally, void fraction of random
packing sphere is 0.35 to 0.45 and nothing is 1.0[52, 53]. In other words, void fraction of
reactor is 0.35 to 0.45 and 1.0 when it was not filled with any catalyst and filled with y

-ALLOs, respectively. Meaning of these two cases indicates different volume of internal gas
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media for DBD plasma discharge.

The pure DBD plasma discharge and simultaneous use with y-Al,O3 shows almost same
power consumption and conversion increment for DBD plasma discharge. Consequentially,
conversion increment per unit gas media volume was not same at both DBD plasma
discharge condition. Furthermore, it was required overlay of DBD plasma discharge area
and catalyst layer. Therefore, methanol conversion increment for DBD plasma discharge

could be caused by interaction between catalyst and DBD plasma.

3.2 Selectivity in DBD plasma assisted condition

The efficiency or conversion for methanol conversion was only increased when DBD
plasma discharge area was overlaid with catalyst. This conversion increment could be
occurred from catalytic reaction or DBD plasma. Therefore, selectivity for DBD plasma
discharge was compared to clarify the source of conversion increment. Table 3 describes
selectivity comparison for DBD plasma discharge.

The increase of monoxide compound (CO) and hydrocarbon compounds (CH4 and C,Hg)
were verified from pure DBD plasma discharge result. This can be assumed as result of
DBD plasma effect for methanol reforming. On the contrary, H, and CO, were increased
in typical methanol reforming process for catalyst. However, selectivity result of y-AlO;
and CusZn7/y-ALOs catalyst also showed similar tendency for DBD plasma discharge. This
tendency of CO, CHs and C,Hs increment was also shown when DBD plasma discharge
area was not overlaid with Cu3Zns/y-Al,Os3 catalyst.

In general, high-voltage or high-powered plasma discharge causes dielectric heating[54,
55]. Even, DBD plasma what we called ‘non-thermal plasma’ also generate the dielectric
heating. It also affected conversion increment because the catalytic activity can be increased
by dielectric heating. This dielectric heating was shown maximum increment at room
temperature (about +30°C) as Figure 19. On the contrary, it can negligible for experimental

condition for 220°C.

- 20 -

Collection @ chosun



Even dramatic increment of H, and CO, was not detected on CusZns/y-Al,O3 catalyst
when it used with DBD plasma discharge simultaneously or non-overlaid with CusZns/y
-AL,Os. Therefore, we expect that DBD plasma may affected by catalyst, and also affected

on methanol conversion.

3.3 V-Q Lissajous method and discharge power

The tendency of interaction between catalyst and DBD plasma was also detected in V-Q
Lissajous diagrams. Figure 20 shows consecutive 5 cycles of V-Q Lissajous diagram with
comparison for catalyst. Tendency of V-Q Lissajous diagram can be classified as Figure 5
(a), (d) and (b), (c). Sharp-parallelogram shaped V-Q Lissajous diagram (a and d) was
shown when DBD plasma discharge area was not overlaid with catalyst. On the contrary,
diagonally sharp-elliptical shaped V-Q Lissajous diagram (b and c¢) was shown when DBD
plasma discharge area was overlaid with Cu3;Zn;/y-Al,Os3 catalyst or y-Al,Os support.

Basically, inter-electrode material can be affected on DBD plasma discharge because it
has an electrical property like a resistance, dielectric constant, or etc[56-60]. This
characteristic can be found in V-Q Lissajous results. In comparison with Figure 20 (a), (d)
and (b), (c), state of electric charge was different for phase change of alternate current. It
also indicates that DBD plasma discharge was not same for different catalyst condition.

V-Q Lissajous diagram also indicate power consumption for DBD plasma discharge. The
power comparison of DBD plasma discharge is already presented in Table 2. The power
consumption of DBD plasma discharge was changed by catalyst and discharge condition.
Methanol conversion was not proportional to power consumption for DBD plasma

discharge.

3.4 Carbon deposition on catalyst

SEM/EDS (Scanning Electron Microscopy/ Energy Dispersive X-ray Spectroscopy) result
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about surface carbon deposition of CuszZns/y-AlOs; catalyst is shown in Figure 21 and
Table 4. After methanol reforming was performed, conifer needle shaped carbon nano-rod
bundle was detected on SEM images.

The two types of carbon nano-rod bundle was detected on (b), (c), (d). The growth of
carbon nanorod bundle was bigger and larger when DBD plasma discharge was not
overlaid or occurred with catalyst. On the contrary, carbon nanorod bundle was smaller and
dispersed when DBD plasma discharge area was overlaid on catalyst. The content of
surface carbon was not significantly different from relative location between DBD plasma

discharge and catalyst.

4. Conclusion of methanol conversion

The conversion of methanol was increased by DBD plasma discharge and DBD
plasma-assisted catalyst process. Conversion increment or efficiency increment was only
occurred when catalyst and DBD plasma was used simultaneously. The evidence of
catalytic improvement like a dielectric heating or dramatic increment of H2 and CO2
selectivity was not detected on Cus-Zns/y-Al,O; catalyst when it used with DBD plasma
discharge simultaneously or non-overlaid with Cus-Zn;/y-AlLOs. At the same time, selectivity
of CO and hydrocarbon which compound was increased by DBD plasma discharge.
Moreover, tendency of V-Q Lissajous diagram and surface carbon nanorod deposition

pattern was changed by relative location between DBD plasma discharge and catalyst.
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Table 1. Experimental parameters of methanol experiment

No Catalyst DBD plasma discharge DBD plasma overlaid with catalyst
N/A N/A
(1) N/A (Blank)
1 kHz, 7 kV, DBD 0)
N/A N/A
(2) Y-Ale}
1 kHz, 7 kV, DBD 0)
N/A N/A
3) CsZ,A 1 kHz, 7 kV, DBD (a) O
1 kHz, 7 kV, DBD (b) X

Table 2. Conversion increment for DBD plasma assisted condition and discharge power

(DBD : 1 kHz, 7 kV)

1 0
Methanol Conversion (%) Discharge Power
Catalyst W

Plasma Off (1) Plasma On (2) Increment (2)-(1) (W)

None 0.65 12.83 +12.18 1.93
v-AlLO3 0.81 13.16 +12.35 1.94
CsZ7A(a) 81.32 95.95 +14.63 1.71
CsZ;A(b) 77.34 77.85 +0.51 1.70
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Table 3. Selectivity comparison for catalytic conversion and DBD plasma assisted

conversion of methanol (DBD : 1 kHz, 7 kV)

None v-ALO3 CsZ7A(a) CsZ7A(b)
DBD DBD DBD DBD DBD DBD DBD DBD
off on off on off on off on

H, 0.00 39.87 47.68 31.20 43.14 42.07 41.30 43.75
CH4 0.00 14.59 0.56 24.67 0.29 1.84 0.34 2.76
CO 3.93 59.93 4.70 43.46 51.27 54.98 50.29 50.52
CO; 38.82 1.30 3545 2.73 13.43 11.04 14.34 12.28
C,Hs 0.00 1.48 0.00 2.63 0.00 0.03 0.01 0.14

Table 4. EDS analysis result of CusZn;/y-ALO; catalyst for each different conditions.

(a) fresh catalyst, (b) after using catalytic conversion, (¢) after using DBD

plasma-assisted conversion, (d) after individual using of DBD plasma and catalyst

o Al 0] Cu 7n C
Conditions
(Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%)
(a) 21.08 47.62 11.82 11.98 7.50
(b) 20.45 47.02 9.53 9.71 13.29
(c) 18.92 43.79 12.00 12.48 12.81
(d) 25.88 48.13 5.72 9.14 11.13
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Figure 11. Operating principle of the direct methanol fuel cell

Figure 13. Shape comparison of gamma-alumina sphere and pellet
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Figure 14. CusZn;/v-ALO; catalyst after finished impregnation
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Figure 15. schematics of catalyst-DBD plasma hybrid reactor for methanol

experiment
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Figure 16. Schematics of experimental apparatus for methanol experiment
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Figure 17. Relative position of DBD plasma and catalyst in methanol experiment :
(a) DBD plasma discharged over catalyst, (b) DBD plasma discharged in front of

catalyst
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Figure 18. Catalytic and DBD plasma assisted methanol conversion at 220°C
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Figure 20. Dielectric heating over copper-zinc catalyst at room temperature

(c) o id) T

Figure 21. V-Q diagrams of DBD plasma generation for (a) empty reactor,
(b) y-ALLOs support, (¢) CusZns/y-Al,Os catalyst, (d) forward area of
CwzZn;/y-ALOs catalyst
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III. Methane Conversion
1. Overview of Methane

The methane is main component of natural gas and maintain gas state at room
temperature. It is consists of one carbon atom and four hydrogen atoms, and can express
CH; in chemical formula.

Major use of methane is combustion fuel and feedstock for syngas production or
upgrading[61]. The methane is also contained four hydrogen atoms for single molecule as
methanol but this hydrogen atoms are hard to separate directly. Therefore, oxygen contained
compounds such as carbon dioxide or steam is usually used to separate hydrogen from the
methane. For example, steam reforming of methane is produced carbon monoxide and

hydrogen, and dry reforming is produced carbon monoxide and hydrogen.

CH; + H,0 — CO + 3H, (7)
CO, + CH; — 2H, + 2CO (8)

This conventional catalytic conversion is generally conducted at high temperature such as
over 800°C with nickel-based catalyst[62-64]. In high temperature condition such as over
800°C, catalyst is encountered critical issues on its endurance what related with sintering,
oxidation, carbon deposition and deactivation[65]. Therefore, many studies for decrease
reaction temperature has been studied and many new catalysts and processes are developed
in today. Non-thermal plasma or its assisted catalytic process is also studied to decrease
reaction temperature because the ionized or excited atoms and molecules, and radicals can
generated by plasma[66-70].

The plasma which has studied for methane conversion process can classified two types
such as thermal plasma and non-thermal plasma. The thermal plasma has usually used

alone or pre/post-treatment and has shown good performance in various processes because it
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can extremely high temperature (over 1,000°C) in a short time. On the contrary, heat
generation and power consumption of non-thermal plasma is much lower than thermal
plasma. For these reasons, non-thermal plasma is easy to apply on previous process.
Therefore, non-thermal plasma such as dielectric barrier discharge (DBD) plasma has been

studied for low-temperature methane conversion process.

2. Experimental

2.1 Catalyst Preparation

The methane experiment was conducted with copper-zinc oxide based catalyst. It is one
of the famous catalyst in chemical industry and often used for low temperature shift
reaction. However, nickel based catalyst had used to methane conversion process with high
temperature. This means copper-zinc catalyst is not suitable catalyst in this process. There
are several reasons to use copper-zinc catalyst in this study. First of all, this study is
focused on plasma-assisted process at low-temperature like a below 300°C because we want
to investigate and utilize non-thermal plasma interaction with catalyst. Moreover, the
catalyst will be exposed on electrical discharge for DBD plasma generation, and we had
expected that surface material of catalyst makes interaction to DBD plasma. For this
reason, loading of catalyst was aimed higher loading as possible in this experiment. Also,
we already confirmed negative effect of impregnated nickel catalyst on DBD plasma
generation in preceding study and copper or copper-zinc material has a better electrical
conductivity than nickel. Therefore, we used copper-zinc oxide based catalyst and mixed
10% promoter materials on copper-zinc oxide catalyst to investigate its effect and
interaction on plasma assisted condition.

The 10% promoter mixed copper-zinc catalysts were prepared to verify the effect of
catalyst materials for interaction. The 6 different materials like a cobalt (Co), iron (Fe),

magnesium (Mg), manganese (Mn), nickel (Ni), titanium (Ti) was selected for promoter
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materials because it has easy to obtain and cheaper than novel metal like a platinum (Pt).
Especially, nickel was selected to investigate interaction between catalytic activity and DBD
plasma. Mole ratio of copper-zinc-promoter material was controlled by 3 : 6 : 1.

Promoter mixed copper-zinc catalysts were prepared by incipient wetness impregnation
method. The copper, zinc and promoter material was dissolved in minimum required water
and diluted with acetone solution. These prepared precursor solutions were poured on
sphere shaped v-Al,O; support which has 1.1 mm diameter. It was dried on room
temperature for 48 hours and then calcined at 300°C for 1 hour. More detailed information

of these catalysts is summarized in Table 5.

2.2 Non-catalytic materials

The non-catalytic material and its interaction with DBD plasma was also investigated to
identify source of synergy effect. Most of previous studies about DBD plasma assisted
process are used catalyst, and they discussed on catalytic activity enhancement. The inverse
case like a conversion increase from plasma activity enhancement by catalyst or material is
not considered. However, we confirmed this inverse case related performance increase in
methanol experiment. The DBD plasma assisted y-AlbO; was shown better methanol
conversion than pure DBD plasma discharge. Therefore, non-catalytic material verification
experiment was planned in methane experiment.

The spherical shaped glass bead and y-AlbO; was used for experiment. The glass bead
has a 3 mm diameter and y-Al,O3 has a 2.5 mm and 3.15 mm diameter. This glass bead
and y-Al,O; was prepared to verify the interaction between DBD plasma and non-catalytic
material. The glass bead and y-AlbO; has no catalytic activity for methane conversion.
Therefore, it is suitable to verify aforementioned inverse case related performance increase
and part of the mechanism on DBD plasma assisted catalyst process. Moreover, y-Al,O;
was also used as support material for aforementioned promoter mixed copper-zinc catalyst

and has occupied over a half of mass contents of catalyst. This means that DBD plasma
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interaction can be affected by y-AlLOs support. This is the another reason to investigate
effect of y-ALLO; on DBD plasma discharge even it is a non-catalytic material on methane

conversion.

2.3 Catalyst-DBD plasma hybrid reactor

In methane experiment, we used catalyst-DBD plasma hybrid reactor again but there are
minor changes of configuration to used on methane experiment. For example, outer
electrode was changed from thin aluminum film to helical iron wire. Also, injection tube
line for methanol was removed from the reactor. The inlet and outlet components of
reactor was simplified because methane experiment is gas-phase reaction.

The dimension of quartz glass tube and internal electrode is same as previous methanol
experiment. This quartz glass has a 402 mm X 13 mm x 10.9 mm (length X outer
diameter x inner diameter) dimensions and diameter of internal electrode is 3.15 mm.
Simplified stainless steel tube components were connected on both ends of quartz glass
tube which was used for gas inlet and outlet. The reactor was also installed inside of
programmable furnace and vertically for ground.

The plasma was generated between overlapped area of electrodes. These electrodes were
consists of stainless steel rod and helical-shaped steel wire. The stainless steel rod was
installed inside of reactor and was overlapped with center axis of reactor. The steel wire
was installed outside wall of reactor. It had a 30 mm length overlapping area between
anode and cathode for DBD plasma generation. Same as methanol experiment, catalyst was
always filled in this 30 mm length overlapping area. Figure 25 shows picture and

schematic of catalyst-DBD plasma hybrid reactor.

2.4 Experimental setup

Experimental apparatus were consists of reactor, plasma generation device, gas supply
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and analysis device. Syringe pump and electric band heater what was used in methanol
experiment was excluded in methane experiment, and gas supply device was changed.
Figure 26 shows overall setup of experimental apparatus. The high-voltage was applied for
DBD plasma generation and was supplied by function generator (Agilent 33220A) and high
voltage amplifier (Trek Model 20/20C). The electrical discharge characteristics like a
discharge voltage and gap capacitance between electrodes were measured and analyzed by
1024pF capacitor, high-voltage probe (Tektronix P6015A), digital oscilloscope (LeCroy
WaveSurfer 424). Discharge power of DBD plasma generation was calculated by V-Q
Lissajous method.

Mass flow controller (MKP TSC-210) and control unit (Sehwa KRO-4001) was used to
control and maintain the gas supply rate of input gases. Basically, every experiment used
nitrogen (N2, 99.999%) and methane (CH4, 99.999%). The nitrogen gas was used as
carrier gas and DBD plasma discharge media. The methane gas was used for reforming
gas. After input gases were passed through the reactor, output gases were passed through

dehydration chamber before it moved into gas chromatography device (YL6100GC).

2.5 Experimental parameters

Table 6 shows two different experimental conditions and parameters. The experiments
were planned for interaction verification and comparison of DBD plasma. Therefore, major
experimental parameter was focused on material which was placed between inter-electrodes.
These inter-electrodes material was consisted of non-catalytic material and catalytic material.
In experiment (A), non-catalytic materials like a glass bead and y-AlLO; was selected to
verify the correlation and requirement of catalytic synergistic effect from DBD plasma. On
the contrary, promoter mixed copper-zinc catalysts were selected for experiment (B) which
was compared synergistic efficiency between metal oxide catalysts and DBD plasma.

Except aforementioned inter-electrode material like a catalyst, experimental condition like

a surrounding temperature of reactor, electrical input for DBD plasma discharge, flow rate
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of nitrogen and methane was set up differently for an experiment (A) and (B). Supply rate
of N, and CH4 gases was controlled 50 mL/min (N;) and 25 mL/min (CH,) for an
experiment (A). At the same time, 1 kHz and 7 kV sinusoidal alternating current electrical
input was supplied for DBD plasma discharge. In experiment (B), supply rate of N, and
CH4 gases was changed for 45 mL/min (N;) and 5 mL/min (CHs). Electrical input was
also changed for 1 kHz and 8 kV for DBD plasma discharge.

Every experiment was used same amount of catalyst which was matched with DBD
plasma discharge volume. The DBD plasma was always discharged on catalyst location
when DBD plasma was used. Before an experiment, hydrogen treatment was performed for
removal of residual oxygen in reactor and reduction of catalyst. It was performed at 250°C

for 2 hours. The environment temperature of hybrid reactor was always maintained 250°C.

2.6 Conversion, selectivity and discharge power

Methane conversion, selectivity of hydrogen and C, and C; hydrocarbon product was
analyzed from measured value. The methane conversion was calculated by mass ratio
between introduced methane and converted product from methane which was detected on
gas chromatography device. Selectivity of hydrogen and hydrocarbons like a C, and C;

products were also measured and calculated. It is defined as below equation (9) - (13).

Mass of converted product from CHy
Mass of introduced CH,4

Conversion of CHs (%) = x 100 9)

Mole of produced H,
2 x Moles of converted CHy

Selectivity of H, (%) = x 100 (10)

.. Mole of
Selectivity of CO (%) = Moi)e: (())f (I:);?liiflelﬁtee((ii %%4 x 100 (11)

Mole of produced CO
Moles of converted CHy4

Selectivity of CO» (%) = x 100 (12)

Mole of produced CiH,
x X Moles of converted CHs

Selectivity of CiHy (%) = x 100 (13)
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The discharge power of DBD plasma was also measured to clearly identify DBD plasma

phenomenon. It can be calculated by using V-Q Lissajous method like as equation (14).

-

In this equation, f is frequency of input electricity, C, and Cq is air gap and dielectric
capacitance, Vo and V. is the breakdown voltage, and maximum voltage. Discharge power

is also calculated by measuring the enclosed area of V-Q Lissajous diagram[3].

3. Results and discussions

3.1 Catalytic conversion of CH4

General catalytic methane reforming or decomposition process is performed over 700 ~
1,000°C with Ni catalyst. Below 500°C temperature, it is hard to expect good methane
conversion. The result of experiment (A) and (B) was also has a poor catalytic methane
conversion. The experiment was performed at 250°C and it was not used DBD plasma
discharged. In other words, the result is indicates performance of catalytic methane
conversion.

Figure 27 is an example of catalytic conversion of CHs which was performed with
empty reactor, glass bead and y-Al,Os. In 250°C condition, catalytic conversion was shown
nearly zero conversion. Promoter mixed copper-zinc catalyst result was also shown similar
result and it is shown in Figure 28.

Every result has a nearly zero methane conversion when DBD plasma was not
discharged at 250°C. Especially, nickel mixed copper-zinc catalyst (CusZneNi;) was also has

a nearly zero conversion. There are no significant differences of methane conversion
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between non-catalytic material and promoter mixed copper-zinc catalyst. It also means that

catalytic methane conversion was not occurred within experimental range and negligible.

3.2 Plasma-assisted conversion of non-catalytic material

The methane conversion was increased for DBD plasma discharge even it was worked
with non-catalytic material like a glass bead and y-Al,Os. Figure 29 shows methane
conversion for empty reactor, glass bead and y-Al,O;. Before DBD plasma discharge, the
methane conversion was zero. On the contrary, it was increased to 1.35% when DBD
plasma was discharged on empty reactor. The conversion increment was also confirmed on
glass bead and y-Al,Os; when DBD plasma was discharged. The methane conversion was
increased to 1.79% and 1.44% for glass bead and y-Al,Os, respectively.

Comparison with empty reactor and non-catalytic material, effect of DBD plasma was
increased by non-catalytic material. Especially, it was hard to expect from enhancement of
catalytic activity because glass bead and y-ALOs does not have any catalytic activity for
methane. The evidence of interaction was also detected in discharge power result. It was
also has a different discharge power for material which was placed in discharge gap.
Specific energy density (SED) and its CH4 conversion efficiency comparison were shown in
Figure 30. The glass bead has the best conversion and higher discharge power for DBD
plasma discharge. However, discharge power was not always match with conversion result
like a y-AlLOs result. The empty reactor has a higher conversion increment for DBD
plasma, whereas y-Al,O; was used more discharge power than empty reactor. Furthermore,
different diameter was not affected on conversion and discharge power for y-Al,Os result.
Only material was played role like a variable parameter for DBD plasma discharge.
Therefore, we expect that different result was occurred from interaction between DBD

plasma and non-catalytic material.
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3.3 Promoter and DBD plasma-assisted conversion

The interaction between DBD plasma and material which was placed between
inter-electrodes was also verified from promoter mixed copper-zinc catalyst result.
Aforementioned, promoter mixed copper-zinc catalyst has no catalytic methane conversion
without DBD plasma discharge for experimental temperature. However, methane conversion
of promoter mixed copper-zinc catalyst was increased when DBD plasma was discharged
on catalyst layer. Figure 31 shows methane conversion increment for DBD plasma
discharge.

The different interaction for DBD plasma was also confirmed on experimental result.
The pure DBD plasma has a 6.987% conversion increment under same experimental
condition. Simultaneously work of DBD plasma and vy-Al,Os3 or other promoter mixed
copper-zinc catalysts was shown higher conversion result. Even y-Al,O3; has a 4.5% higher
conversion increment than pure DBD plasma discharge result. Magnesium and manganese
mixed copper-zinc catalyst (CuzZnsMgi, CusZnsMni) has the best conversion increment for
DBD plasma discharge. The conversion was increased 33.607% for magnesium mixed
copper-zinc catalyst (CuzZnsMg;) and manganese was 44.940%. On the contrary, the worst
result within promoter mixed copper-zinc catalyst was confirmed on Cu3ZngNi; for DBD
plasma discharge.

These results may be caused from enhancement of catalytic activity or pure DBD
plasma effect. For example, catalytic activity can be enhanced by dielectric heating or
radical generation of DBD plasma. However, nickel has the worst conversion increment
within experimental cases. This means that conversion increment was not caused from
catalytic enhancement and dielectric heating of DBD plasma was not increased gas
temperature over 500°C because nickel used as catalyst for general catalytic methane
reforming process.

The conversion increment also can be affected by catalyst loading. For example, catalyst

loading can be increased catalytic activity at same condition. Therefore, we considered
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effect of catalyst loading for conversion increment. In terms of the catalyst loading,
CusZneMg;, CusZngNi; and CusZns, CusZngFe;, CuszZneTi; has a similar loading,
respectively. The former catalyst has a 33.310%, 9.626% conversion increment, while the
latter has a 12.131%, 17.580%, 14.952%. Relation between catalyst loading and conversion
increment was not identified in most of the experiment result. Even CuzZnesMg;, CusZneNi;
and CusZns, CusZngFe;, CusZneTi; have a similar loading, different conversion increment

was confirmed on result.

3.4 Discharge power and efficiency

The methane conversion was increased by DBD plasma discharge. The conversion was
differently increased over every result. Each experiment was differently consumed electrical
power for DBD plasma discharge whereas electrical input was same as 1 kHz, 8 kV and
sine waveforms. The conversion increment and discharge power is compared in Table 7.
The CusZnsCo: catalyst has used minimum discharge power and CusZne¢Ti; catalyst has
used maximum discharge power within experimental range. It is inconsistent with those of
previous conversion result. Compare to similar discharge power results, discharge power of
v-AlLOs, CusZnegMg;, CuzZngMn; and CusZngNi; was shown similar result, whereas
conversion increment of methane is not. The correlation between conversion increment and
discharge power of DBD plasma is summarized in Figure 32. The result shows relation
with methane conversion increment for unit discharge power. Comparison with similar
discharge power as pure DBD plasma and pure copper-zinc catalyst, CusZngMn; has 4~6
times higher methane conversion for same discharge power. Most of the sample has a
higher methane conversion than pure DBD plasma when it was worked with DBD plasma
discharge.

Both experiments have a different inter-electrode gap condition like a Figure 33. The
glass bead, y-AlbO; and promoter mixed copper-zinc catalyst has a lesser free-internal

volume for gas media. It means that discharge volume of DBD plasma also has decreased.
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If strength or effectiveness of DBD plasma was not changed for unit volume, discharge
power and methane conversion will be varied in direct proportion to discharge volume.
However, glass bead, y-AlO; and promoter mixed copper-zinc catalyst have a higher
conversion with DBD plasma discharge. At the same time, methane conversion and
discharge power have not risen proportionately. Each promoter mixed copper-zinc catalyst
has a different discharge power and methane conversion increment. It is indicates that
strength or effectiveness of DBD plasma can be changed by inter-electrode material like a

10% promoter materials which were mixed on copper-zinc catalyst.

3.5 Hydrocarbon and H, selectivity

The methane can be converted C, and C; hydrocarbon. It is required high temperature
in common catalytic process or pyrolysis. On the contrary, plasma discharge can achieve
hydrocarbon conversion at atmosphere condition or low temperature. It also confirmed from
our experiment result. We compared C,H,, C;His, CoHs and CsHs selectivity for DBD
plasma discharge. Before DBD plasma applied, C, and C; hydrocarbon was not detected at
experimental condition. Hydrocarbon product was only detected in DBD plasma discharged
condition. The comparison about hydrocarbon selectivity under different catalyst is
summarized in Table 8. Difference of hydrocarbon selectivity among the catalyst was not
confirmed for DBD plasma discharge. The same hydrocarbon product has a similar
selectivity for catalyst and DBD plasma discharge. On the contrary, different hydrocarbon
product has a different selectivity. The C,Hs has the highest selectivity then C;Hg is second
highest result. C;H> and C,Hs have shown similar and least selectivity.

The methane can be directly converted to C, or C; hydrocarbon. The overall reaction is

described below Equation (15) to (18):

2CH4 I C2H2 + 3H2 AH
2CH4 I C2H4 + 2H2 AH

377.18 kJ/mol (15)
202.21 kJ/mol (16)
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2CH4 - C2H6 + H2 AH
3CH4 - C3Hg + 2H2 AH

65.85 klJ/mol (17)
82.225 kJ/mol (18)

The reaction is endothermic reaction, and enthalpy change is related with hydrocarbon
selectivity. It also indicates that lower AH required hydrocarbon like a C,Hg and C;Hg can
be easily converted from methane at same temperature condition. The experimental result
about hydrocarbon selectivity has some correlation for those theoretical AH requirements.
Inverse proportion between AH and hydrocarbon selectivity was confirmed. The lower AH
required hydrocarbon product has a shown selectivity.

On the contrary, hydrogen selectivity under DBD plasma discharge was significantly
increased and varied for different catalyst condition. It has a similar tendency for methane
conversion result. The hydrogen selectivity was maximized by using CuzZnsMgi, CuzZnsMn,
catalyst with DBD plasma. Correlation between hydrogen selectivity and methane conversion
was corresponded within experimental range. Figure 34 shows the selectivity increment of
hydrogen for DBD plasma discharge. The Cu3;ZnsMg;, CuzZnsMn; has also shown higher
hydrogen selectivity with DBD plasma discharge. Especially, hydrogen selectivity of
CusZn¢Mn; was increased from 5.921 to 73.971% with DBD plasma discharge. The
selectivity increment of hydrogen was also confirmed on other experimental result. It
indicates that methane cracking activity was increased by DBD plasma discharge.

The environmental temperature of reactor was always maintained by electrical furnace
during experiment. At the same time, lower input electrical frequency and voltage was
applied to decrease the dielectric heating effect. We also measured dielectric heating
temperature by using infra-red thermometer. The measurement result was indicated about
300°C. The temperature of catalyst layer was increased about 50°C and was similar for
every promoter mixed copper-zinc catalyst.

We expect that it was occurred from catalyst-assisted DBD plasma. Aforementioned our
experimental results, methane conversion and discharge efficiency of DBD plasma was

increased by interaction with promoter material mixed copper-zinc catalyst. It was also
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influenced to methane cracking activity of DBD plasma. Methane was decomposed to
carbon and hydrogen or hydrocarbon radicals. The conversion and hydrogen selectivity
result is explained these methane cracking activity. The methane conversion and hydrogen
selectivity was increased when DBD plasma was discharged. At the same time, it was also
confirmed in carbon balance comparison. Figure 35 is comparison result of carbon balance.
The carbon balance was decreased for DBD plasma discharged result. It is also indicates
increment of methane cracking activity. On the contrary, C, and Cs; hydrocarbon formation
from radical or carbon and hydrogen were influenced by temperature or dielectric heating.
The temperature of catalyst layer was always shown similar result, and hydrocarbon
formation was not shown different result for different catalyst. Only, relation between AH

and hydrocarbon selectivity was confirmed for same catalyst condition.

3.6 CO/CO; formation

The experiments were performed with primary discharge media N> and reaction target
CHs. However, CO and CO, what contains oxygen were detected during the experiments. It
was only detected in plasma assisted y-Al,O; and Cu-Zn based catalysts experiments and
not detected in absence of catalyst or plasma discharge condition. Figure 36 and Figure 37
is CO and CO, selectivity comparison for different catalysts and plasma discharge
conditions. The 7-AlOs; and Mg, Mn and Ti mixed Cu-Zn catalyst shows better CO
selectivity and CO, selectivity was shown similar tendency to CHs conversion. The
manganese mixed copper-zinc catalyst shown better CO/CO, selectivity with plasma-assisted
condition.

Basically, hydrogen treatment for surface oxygen removal was always performed before
experiments and oxygen was not supplied to reactor during the experiments. Nevertheless,
the oxygen contained species like a CO and CO, was only detected with plasma assisted y
-Al,Os; and Cu-Zn based catalysts. It indicates that oxygen may be originated from y-AlO;

and Cu-Zn based catalysts and influenced by plasma. In order to investigate source of
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oxygen, EDS analysis was performed for y-Al:O;. Table 9 is comparison of surface
contents variation for plasma discharge. The plasma discharge makes increase of oxygen
contents on the y-Al,O; surface. Based on this result, we assumed that absorbed oxygens
are detached from the internal layer or deep inside area of the porous structure, and then
flow out to the surface. After flow out, it can be bonded with decomposed carbon or
absorbed on surface because that oxygen is exposure on electron collisions what can
provide excitation or ionization. Thus, the CO and CO, are produced and oxygen contents
of the surface are increased. However, exact source of oxygen and mechanism is need to

further investigation.

3.7 Optical emission spectroscopy

Excited atoms and molecules are emits photons when they are restored to the low and
ground states[71]. The optical emission spectroscopy 1is used this photon emission
characteristic to investigate state of plasma. The OES experiments were performed with
pure DBD plasma and plasma-assisted y-Al,O; support and Mn and Ni mixed Cu-Zn
catalyst what shows best and worst performance in direct methane conversion experiments.
DBD plasma was generated with 1 kHz and 9 kV and only 45 mL/min of CH; was
supplied into reactor.

Figure 39 is comparisons of optical emission spectra from DBD plasma for different
catalyst conditions. Noticeable differences are occurred for presence or absence of
intermediate material like a y-Al,O; support or catalysts. This difference is significantly
detected within 170 to 520 nm wavelength range. The emission pattern of the DBD plasma
was completely changed when y-AlLOs; support or catalysts were placed between electrodes.
It indicates that intermediate material like a y-Al,O; support or catalyst can change plasma
generation characteristics and it influences on generated species like an excited molecules
and radicals.

The difference of emission spectra was also detected in Cu3ZngMn; and Cu3ZngNij
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catalyst. It was shown similar emission spectra for y-AlOs; support but it is not a
completely matched within experimental range. Emission intensity of Cu3ZnsMn; and
CusZneNi; catalyst was weaker than y-AlL,Os support. The y-AlLOs; support has shown
stronger emission intensity and additional emission bands. However, this higher intensity on
v-AlbOs; support is not related with CHs conversions. The y-AlLO; support was shown
relatively good CO selectivity and C, or Cs selectivity. On the contrary, emission intensity
of DBD plasma was significantly reduced with Cu3ZngNi; catalyst. It indicates that activity
of DBD plasma is suppressed or degraded on Ni mixture. We expect this result can
explain why CusZngNi; catalyst was shown poor performance on plasma assisted condition.
Actually, CHs conversion and most of the selectivities are shown the worst result with
Cus3ZngNi; catalyst.

The difference between Cu3ZnsMn; and Cu3ZngNi; catalyst was also confirmed near 430
nm wavelengths what can observe C-H bands. Figure 40 is shown emission spectra near
430 nm with different intermediate conditions. The intensity of y-AlLOs support, CuzZnsMni
and Cu3ZngNi; catalyst near 430 nm is shown inverse proportion for CH4 conversion. The
emission intensity was significantly reduced with Cus;ZnsMn; catalyst but it was shown best
CHs; conversion. On the contrary, emission intensity of y-ALOs; support and CusZngNi;
catalyst was higher than CuszZn¢Mn; catalyst but CH; conversion was shown the worst
result. Based on photon emission mechanism as mentioned earlier, the higher C-H intensity
indicates that excited hydrocarbon species like a CHs are restored to the low and ground
states. It also indicates decomposition or conversion of hydrocarbon is not detected as C-H
bands. Actually, H> and CO, selectivity with CuzZneMn,; catalyst was significantly higher
than y-ALOs support and Cu3ZngNi; catalyst.

Based on above results, we expect interaction of DBD plasma and intermediate material
as below. The intermediate material which has placed between electrodes is influenced on
plasma generations. Especially, plasma generation was affected by impregnated catalysts on

v-AlOs support, and as a result CHs conversion and selectivity was shown completely
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different result.

4. Conclusions of methane conversion

The interaction between DBD plasma and promoter mixed copper-zinc catalyst was
investigated for plasma-assisted methane conversion process. The promoter such as cobalt,
iron, magnesium, manganese, nickel and titanium mixed copper-zinc catalyst was shown
zero catalytic methane conversion at 250°C. On the contrary, methane conversion activity
was confirmed in DBD plasma assisted condition. The plasma assisted methane conversion
was also confirmed on non-catalytic material such as glass bead, y-Al,Os support and pure
DBD plasma discharge condition. In case of catalyst, Mn promoter was shown the best
methane conversion as 44.94% and Ni promoter was worst as 9.98% but non-catalytic
material like a y-Al,Os support was shown 11.85% at 250°C. The performance of plasma
assisted methane conversion was shown different results for a promoter material.

The OES analysis was performed with pure DBD plasma, y-AlOs support, Mn and Ni
promoter. We confirmed that intermediate material which has placed between electrodes is
influenced on plasma generations such as ionized species. The intensity about excited or
ionized hydrogen species was much significantly detected in Mn promoter than Ni
promoter. At the same time, intensity about C-H excitation was nearly zero in Mn
promoter. Based on this result, we assumed that role of Mn promoter provides highly
reactive hydrogen species and increases methane decomposition activity.

In plasma assisted condition, most of the methane was decomposed or converted into
hydrogen and carbon monoxide/dioxide at low temperature. The source of oxygen for
CO/CO, formation was also investigated with EDS analysis. We confirmed that plasma
discharge makes increase of oxygen contents on the v-Al,Os; surface. Therefore, we
assumed that absorbed oxygens are detached from the internal layer or deep inside area of
the porous structure, and then flow out to the surface. However, this controvertible oxygen

source need to further study.
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Table 5. Detailed information of prepared catalysts (Support : y-AlQOs)

Catalyst Shape / Diameter Loading (wt.%)

CusZns Spherical / 1.1 mm 24.74
CusZneCo: Spherical / 1.1 mm 34.39
CusZneFe Spherical / 1.1 mm 25.22
CuzZnsMg Spherical / 1.1 mm 27.23
CuzZnsMn, Spherical / 1.1 mm 43.83
CusZngNi; Spherical / 1.1 mm 28.34
Cu3Zn6Til Spherical / 1.1 mm 24.33

Table 6. Experimental conditions and parameters about DBD plasma-assisted

non-catalytic and catalytic materials

Catalyst Gas Feed Dglijscﬁall?;?a
Experiment ‘ N CH.

Name Shape Dl(ammrger (mL)/min (mL/min Fr%c(lﬁezr;cy Vai{%ge

Empty N/A N/A 50 25 1 7

Glass Sphere 3 50 25 1 7

= v-ALO; Sphere 2.5 50 25 1 7

v-ALO; Sphere 3.15 50 25 1 7

Empty N/A N/A 45 5 1 8

v-ALO; Sphere 1.1 45 5 1 8

CuszZns Sphere 1.1 45 5 1 8

CuzZn¢Co;  Sphere 1.1 45 5 1 8

(B) CusZngFe;  Sphere 1.1 45 5 1 8

Cu3ZnsMg;  Sphere 1.1 45 5 1 8

CuzZngMn;  Sphere 1.1 45 5 1 8

Cu3ZngNi;  Sphere 1.1 45 5 1 8

CuszZneTi, Sphere 1.1 45 5 1 8
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Table 7. CHs conversion and discharge power for DBD plasma assisted condition

CHs Conversion (%) Discharge Power

Catalyst DBD Off DBD On Increment (W)
(D 2) (2)-(1)

DBD Only 0.312 7.299 6.987 2.20
y-ALO; 0.292 11.850 11.558 224
CusZn 0.327 12.458 12.131 2.51

CusZngCoy 0.320 15.758 15.438 1.93

CusZngFe, 0.322 17.902 17.580 1.96

CusZneMg; 0.297 33.607 33310 2.25

CusZneMn, 0.328 44.940 44.612 226

CusZngNiy 0.352 9.978 9.626 221

CusZngTiy 0.300 15.252 14.952 232

Table 8. Selectivity of C; and C; hydrocarbons for different promoter under DBD plasma

assisted condition

Selectivity (%)

Catalyst CoHy C>Hse CH, CsHg
DBD Only 1.70 14.03 2.10 3.84
v-AlL O3 1.88 15.25 2.22 3.56
CusZng 0.93 13.62 0.81 2.78
CuzZneCo 0.74 14.97 0.88 2.92
CuszZn¢Fe, 0.89 11.09 0.77 3.52
CuzZneMg; 0.34 11.89 0.35 242
CuzZnsMn, 0.43 14.41 0.47 3.15
CuzZneNiy 0.99 13.96 0.42 2.18
CusZneTi; 1.95 15.68 1.59 5.15
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Table 9. Surface contents variation of y-ALOs after exposed DBD plasma discharge

Weight percent (wt.%)

Exposed after Exposed after

Element
Fresh 1 kHz DBD 3 kHz DBD
Plasma Plasma
Al 37.50 35.31 34.04
0] 62.50 64.69 65.96
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Figure 22. 3D structure of methane molecule and state in atmospheric condition

C, Products

Figure 23. Example of methane conversion for various feedstocks and products
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Figure 24. Preparation of 10% promoter mixed copper-zinc catalysts

Figure 25. After calcined 10% promoter mixed copper-zinc catalysts
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Figure 26. Picture and schematic of catalyst-DBD plasma hybrid reactor for methane

experiment
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Figure 27. Schematic diagram of apparatus for methane experiment
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Figure 28. Thermal/catalytic CH; conversion with non-catalytic materials at 250°C
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Figure 29. Thermal/catalytic CH; conversion with promoter mixed catalyst at 250°C
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Figure 30. DBD plasma-assisted methane conversion of non-catalytic materials at 250°C
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Figure 31. Specific energy density and conversion of DBD plasma assisted CH,

conversion with non-catalytic materials at 250°C
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Figure 32. Methane conversion of promoter mixed copper-zinc catalyst and y-Al,O; for

DBD plasma assisted condition at 250°C
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Figure 33. CH4 conversion efficiency of promoter mixed copper-zinc catalyst and

v-Al,O; on DBD plasma assisted condition at 250°C

- 54 -

Collection @ chosun



CHOSUN UNIVERSITY

Catalyst

DBD Plasma

(a) (b)

Figure 34. Different internal gap conditions for packed catalyst between electrodes
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Figure 35. H, selectivity on promoter mixed copper-zinc catalyst and y-Al,O; for DBD

plasma assisted condition at 250°C
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Figure 36. Comparison of carbon balance before and after DBD plasma discharge
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Figure 37. CO selectivity of promoter mixed copper-zinc catalyst and y-Al,O; for

DBD plasma assisted condition at 250°C
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Figure 38. CO, selectivity of promoter mixed copper-zinc catalyst and y-Al,O; on

DBD plasma assisted condition at 250°C
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Figure 39. Photon emission mechanism from the atom
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Figure 40. Optical emission spectra of pure DBD plasma and DBD plasma assisted

v-ALLbO; and Mn, Ni promoter mixed copper-zinc catalyst (150 groove)
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Figure 41. Optical emission spectra of pure DBD plasma and DBD plasma

assisted y-ALbO; and Mn, Ni promoter mixed copper-zinc catalyst (1200 groove)
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IV. Interaction Visualization
1. Overview of visualization

In previous chapter, different performance of DBD plasma assisted catalyst process was
investigated and confirmed by using small-amount promoter material. The conversion,
selectivity and discharge efficiency were shown different result for promoter material.
Moreover, surface material such as impregnated catalyst was also affected on DBD plasma
assisted catalyst process. Especially, effect on plasma activity by catalyst material was
confirmed by optical emission spectroscopy.

Based on these results, we expect what DBD plasma assisted catalyst process has
interdependent characteristic like a DBD plasma-assisted catalytic enhancement and
catalyst-assisted DBD plasma activity enhancement. For example, catalyst and its catalytic
performance can affected by active species (excited atoms and molecules, and radicals) and
dielectric heating what is generated by DBD plasma. On the contrary, DBD plasma
generation and its effect can changed by catalyst what is play a role like a additional
dielectric barrier because it is located between electrodes.

The DBD plasma-assisted catalytic enhancement like a dielectric heating effect and active
species generation is also confirmed in previous chapters. Therefore, we planned
visualization experiment to verify and secure a solid proof of catalyst-assisted DBD plasma

activity enhancement.

2. Experimental

The experiments were performed with asymmetric DBD plasma actuator. The body plate
what is also used as dielectric barrier was prepared by using acrylic plate and copper film
was placed both side to used as electrode. The upper side of actuator plate, hemispheric
and semi-recessed hole was drilled to place catalyst between the electrode. Figure 41 and

42 shows asymmetric DBD plasma actuator what is used in this experiment.
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Experimental apparatus was consists of actuator, dark room and plasma generation
device. The high-voltage was applied for DBD plasma generation and was supplied by
function generator (Agilent 33220A) and high voltage amplifier (Trek Model 20/20C). The
electrical discharge characteristics like a discharge voltage and gap capacitance between
electrodes were measured and analyzed by 1024pF capacitor, high-voltage probe (Tektronix
P6015A), digital oscilloscope (LeCroy WaveSurfer 424). It is same as previous chapters.

The dark room has a cube shape and was built by using black plastic plates. Plasma
generation device used same devices what is mentioned previous chapters. The picture of
generated plasma on the actuator was taken by using commercial digital camera. Figure 43
is schematic of visualization experiment.

The shutter speed and exposure time was adjusted to photograph more clear image.
After a picture was taken, post-processing was performed to remove noise and get more
clear image.

The materials what was placed between electrodes like a 1) different angle of copper
film, 2) y-ALOs;, MgO/y-AlLO;, TiO/y-ALOs;, ZnO/y-Al,Os, 3) oxidation states of CusZne/y
-AlbO; was used in visualization experiment. Also, experiments were performed at room

temperature and DBD plasma actuator was surrounded by room air.

3. Results and discussions
3.1 Electrical induction and transfer

First visualization experiment was performed with copper film what is same as
electrodes. The copper film was placed parallel, orthogonal and diagonal between the
electrodes. Copper has a good electrically conductive and is already well-known as well.
Therefore, visualization experiment was performed by using copper first.

Normally, DBD plasma was generated between electrodes horizontal gap in this actuator

configuration. However, between the placed copper film and upper electrode, concentrated
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streamer filaments and micro-discharge filaments were coexisted and micro-discharge
filaments was also existed near a placed copper film.

The placed copper film was played role like a extended electrode. It means that
electrons which was emitted from the upper electrode was transferred to placed copper film
and was re-emitted from placed copper film. In the other word, electrical induction and
transfer was caused by placed copper film and electrical conductivity of catalyst may

affected on discharge and generation of plasma.

3.2 Streamer extension and development

Second visualization experiment was performed with impregnated metal oxide catalysts.
The y-ALOs;, MgO/y-Al,O3, TiO/y-AlLOs;, ZnO/y-Al,O; was placed between the electrodes
and bottom of half was buried under semi-recessed hole because catalyst can be blown
away by induced flow of generated plasma.

The streamer generation and development on rear-side of catalyst was shown big
different for catalyst materials. Especially, y-Al,O3 was shown the worst result and MgO/y
-ALO;, TiO/y-Al,Os, was shown good result for streamer extension and development. DBD
plasma streamer generation on rear-side of y-AlL,Os; which was used catalyst support was
partially vanished but away from vanished region was covered by diffused streamers from
nearby. On the contrary, streamer generation was extended and well-developed at rear-side
of MgO/y-ALO;, TiO/y-AlLOs catalyst. Especially, MgO/y-Al,O; was shown the longest
streamer extension and development at its rear-side area.

Above rear-side streamer generation was also shown similar trend for methane direct
conversion results which was conducted by research team of KRICT (Korea Research
Institute of Chemical Technology)[72]. The MgO/y-Al,O; was shown the best methane
direct conversion performance (16.2%) and TiO/y-AlLO; was second best (14.1%). Except
this two catalyst, conversion of methane with y-Al,O; and pure DBD plasma was 10.5%

and 7%, respectively. The result of y-AlLO; and pure DBD plasma for methane direct
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conversion was shown ¢y-Al,Os3 was better but rear-side streamer extension was shown
similar result. However, discharge power consumption of each condition were 3.61W for
MgO/y-Al,03, 3.68W for TiO/y-Al,Os, 3.86W for pure DBD plasma discharge and 4.15W
for y-Al,Os. Only v-Al,Os; used more discharge power in experiment of KRICT team and
this parameter makes difference. Also, discharge power for DBD plasma is same as
dissipation of energy between electrodes and if it is higher, that means more energies are
required to make discharge for same condition. Therefore, vanished region of streamers was
occurred at rear-side of y-Al,Os; because same energy was supplied in this visualization

experiment.

3.3 Oxidation and streamer development

The catalyst is easily exposed in oxygen or hydrogen for room or working temperature.
Also, oxidation or reduction condition of catalyst is changed during the pre-treatment or
experiment. For example, oxygen in oxidized catalyst and its surface oxygen is removed in
hydrogen pre-treatment or reduction process. On the contrary, catalyst is easily oxidized
when it used on oxygen contained process. The oxidation state or adsorption of oxygen is
affected on catalytic performance of the catalyst. This oxidation or adsorption of oxygen is
also changed electrical properties of catalyst. For example, copper can turned into copper(I)
oxide (CuO), copper(Il) oxide (Cu2O) and copper peroxide (CuO,) but each copper oxide
has a different electrical property because crystal structure and band gap is changed.
Therefore, visualization experiment about oxidation/reduction condition of catalyst was
performed with copper-zinc catalyst (CuszZns/y-Al,O3) because it is easily oxidized and
reduced.

Figure 49 shows result of oxidation and reduction state for streamer generation. The
result was shown difference streamer development at rear-side of catalyst. The oxidized
copper-zinc catalyst which was exposed oxygen rich flow at 300°C for 2 hours was shown

streamer development at the rear-side. At the same time, concentrated streamer filaments
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was occurred between front-side of catalyst and upper-electrode of DBD plasma actuator.
On the contrary, reduced copper-zinc catalyst which was treated in hydrogen rich flow for
2 hours was shown vanished streamer region at rear-side of the catalyst. Concentrated

streamer filaments was not observed in reduced copper-zinc catalyst experiment.

4. Conclusions of visualization

The evidence of catalyst assisted DBD plasma generation was confirmed in visualization
experiment. The streamer generation characteristics near the catalyst was investigated by
using asymmetric DBD plasma actuator, and result shown different rear-side streamer
development characteristics for material of catalysts. The streamer development on y-Al,Os,
MgO/y-Al,03, TiO/y-Al,O3, ZnO/y-Al,Os was shown similar trend for its DBD plasma
assisted catalytic chemical conversion process. Also, oxidation state of catalyst and its
effect on streamer development was investigated.

Summarized with previous results, the material or element what consist of catalyst is
also very important parameter for DBD plasma assisted catalyst process. In other word, the
conventional catalyst what has a good catalytic performance is not always good solutions
for DBD plasma assisted catalyst process. Therefore, we propose new requirement about
catalyst for DBD plasma assisted catalyst process. New parameter is related performance of
catalyst-assisted DBD plasma and its streamer development characteristic. It means that
catalyst-assisted DBD plasma generation characteristic is also important and must be

considered on DBD plasma assisted catalyst process.
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Figure 42. Picture of asymmetric DBD plasma actuator for visualization experiment
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Figure 43. Cross-section of asymmetric DBD plasma actuator for visualization experiment
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Figure 44. Schematic of experimental apparatus for visualization experiment

Figure 45. Copper film placed on inter-electrode area of the actuator

- 65 -

{“ICollection @ chosun



Contrast & Color Enhanced + Level Adjusted

Figure 46. Visualization of streamer generation characteristics of copper

film what placed on inter-electrode area
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Figure 47. Extended streamer generation and development on rear-side of catalyst
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Figure 48. Comparison of rear streamer extension for different catalysts
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Figure 49. Methane direct conversion data of KRICT research team for same catalyst
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Figure 50. Oxidation and reduction state of catalyst and rear-side streamer generation

characteristics
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V. CO, Methanation

1. Overview of CO; methanation

The characteristics of DBD plasma assisted catalyst process is discussed in previous
chapters. Now we know that DBD plasma and catalyst have an interaction like a DBD
‘DBD plasma-assisted catalytic performance’ and ‘catalyst-assisted DBD plasma generation’.
The plasma-assisted catalytic enhancement is related with dissociation of molecular or active
species generation by electron collision and dielectric heating effect from DBD plasma. The
other one, catalyst-assisted DBD plasma generation enhancement is related with increased
energy of emitted electron and electrical induction and transfer. This means that catalyst
and DBD plasma is an interdependent relation in DBD plasma assisted catalyst process.
Based on above-mentioned characteristics, we determined to use DBD plasma assisted
process for improvement of CO, methanation process. The final goal of my research is
achieved atmospheric CO, methanation process by using interaction of DBD plasma and
catalyst.

The methanation of carbon dioxide (CO;) is one of the important challenges, recently.
There are two reasons why the CO, methanation is important; the first one is CO,-related
environmental issues and the second one is a potential of “Power to Gas (P2G)” process
[44-46]. Since the industrial revolution, atmospheric concentration of CO, has kept
increasing; as a result, the increased CO, concentration causes climate change and global
warming issues [37, 38].

The major source of CO, emissions is from the combustion of fossil fuels like an
internal combustion engine. However, human beings cannot stop using the fossil fuels to
prevent CO, emissions because the modern human life highly depends on the fossil
fuel-based economy system. For this reason, reasonable and alternative solutions about

prevent CO, emission is a recycling or utilizing the emitted CO,.
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Either recycling or utilizing the CO, can be achieved by Sabatier reaction. The Sabatier
reaction is a well-known process to convert the CO, into a useful product like methane

(CHs) and water as Equation (19):

CO, + 4H, — CH, + 2H,0 AH = -165.0 kJ/mol (19)

The CO, methanation process has a great potential in environmental, industrial and
economical aspects, because fuels or fuel sources can be regenerated from the CO, that is
a waste gas. Based on the renewable energy growth, the CO, methanation can be used for
“Power to Gas” process that converts the electrical power to a gas fuel. It means that the
excess power can be utilized and stored in a form of storable gas state such as the CHs.

For this reason, the CO, methanation process has been widely studied in the literature.
Typically, the CO, methanation has been achieved on the group VIII base-metal catalysts
such as Ni and Ru[73-77]. However, the catalytic methanation process using the Sabatier
reaction is usually activated over 300°C and 20 bar[78-80]. This temperature and pressure
requirement makes the process complex because the heater, pressurization device, and
pressurized reactor are required. It means that the system has the limitation for
miniaturization and simplification, which makes it hard to be applied to various industrial
applications. Therefore, the alternative approach to lower the temperature and pressure to
activate the CO, methanation process is required.

The non-thermal plasma has many advantages in various chemical processes. A few
groups have reported the study on CO and CO, hydrogenation using the non-thermal
plasma [31-34]. Therefore, the non-thermal plasma-assisted CO, methanation process was
investigated in this study. Among non-thermal plasma techniques, dielectric barrier discharge
(DBD) was used to generate the plasma on the catalyst. The activation and enhancement of
the CO, methanation under the plasma in atmospheric condition and its mechanism between

the plasma and catalyst will be discussed in this chapter.
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2. Experimental

2.1 Catalyst preparation

The cobalt, iron, iron-manganese, nickel, rhodium and ruthenium catalyst was tested for
DBD plasma-assisted CO, methanation process. These elements are often used as catalyst
for many chemical conversion process including Fischer-Tropsch synthesis and the catalytic
CO; methanation process[81-83]. The incipient wetness impregnation method was used to
prepare catalyst and 1/16 inch diameter spheric y-AlbO; was used as catalyst support.

Each precursor powders were dissolved in distilled water and then the solution was
added to the y-AlLO; support. The impregnated catalyst was dried at room temperature for
24 hours. After dried, the catalyst was calcined at 350°C for 2 hours; as a result, the Ru/y
-ALLOs catalyst was obtained.

In the plasma catalysis, the catalyst is exposed to the plasma streamer. It means that the
catalyst can influence the generation and propagation of the plasma streamer. When the
streamer is generated, it first would be contacted with the surface layer of the catalyst. Not
enough the catalyst loading, the probability of the interaction between the streamer and the
catalyst are reduced. The loading fraction of Ru in the Ru/y-ALOs; catalyst was 5.369
wt.%, which is enough for the catalyst to be loaded in the interior of the catalyst when

impregnated.

2.2 Catalyst-DBD plasma hybrid reactor

Overall configuration and layout of reactor is also similar to previous reactors but inside
bumps what was used to fix the inner electrode were removed and fix method of inner
electrode was changed. In this reactor configuration, we used quartz wool to support
catalyst and bottom component of tube fitting was used to fix center location of inner
electrode. Figure 51 shows reactor for CO, methanation experiment. The reactor consists of

the quartz glass tube, and two electrodes. The quartz glass had an axis-symmetrical shape

- 71 -

Collection @ chosun



with 402 mm x 13 mm x 10.9 mm (length X outer diameter % inner diameter) in
dimension. Stainless steel fittings were connected on both ends of direction, which was
used for the gas supply.

The reactor has two electrodes; one is the stainless steel rod and the other is the
helix-shaped steel wire. The stainless steel rod was installed inside the reactor as being
aligned with the center axis of the reactor. On the other hand, the steel wire was installed
around the outside of the reactor. These electrodes were 45 mm which was the length
overlapped in the axial direction of quartz tube. Thus, the plasma was generated in the
overlapped area between two electrodes. The prepared catalysts were filled in this
overlapped area which was matched with the plasma discharge area. It means that the
plasma was generated in the identical volume in which the catalysts were packed and its
average weight is 3g. The glass wool was used to fix the catalysts in the predetermined
location. The reactor was installed vertically to the ground to remove water gravitationally
from the plasma discharge area and catalyst bed, and the gas down flow configuration was

used.

2.3 Experimental apparatus

The schematic diagrams of the experimental apparatus are shown in Figure 53 including
the plasma reactor setup to perform the CO. methanation under the plasma generation
(Figure 53 (a)), and the optical emission spectroscopy (OES) to analyze the plasma
characteristics during the plasma-catalytic reaction (Figure 53 (b)). The identical reactor was
used for the CO, methanation and OES analysis under the plasma generation.

The high-voltage was applied to generate the DBD plasma on the catalyst. Waveform of
electrical input was generated from function generator (Agilent 33220A), and applied
voltage was amplified through the high-voltage amplifier (Trek Model 20/20C). The
electrical discharge characteristics such as the onset voltage and frequency of the discharge

were measured by the high-voltage probe (Tektronix P6015A), digital oscilloscope (LeCroy
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WaveSurfer 424). The capacitor of 1,024 pF was connected with the gap capacitance
between electrodes in series to analyze the discharge power. Discharge power of DBD
plasma was calculated by V-Q Lissajous method. Figure 54 is typical V-Q Lissajous
diagram of DBD plasma assisted condition with Ru/y-Al,O; catalyst. From the preliminary
tests, it was confirmed that the onset voltage of the discharge was 9 kV and at the
discharge voltage higher than 9 kV, the arc transition had taken place as the discharge
frequency increased higher than 2 kHz. In addition, the change of the discharge frequency
was more dominant factor to determine the performance than the discharge voltage.
Therefore, the discharge voltage was fixed to 9 kV for all experiments.

The mass flow controller (MKP TSC-210) and control unit (Sehwa KRO-4001) were
used to adjust and maintain the gas supply rates. The ultrahigh purity (99.999%) gases
including N,, H,, CO,, and Ar were used for all experiments. N, gas was used as a
carrier gas and played a role of a major discharge media, and space velocity based on the
unit weight of the catalyst was 18,625 ml-h'l-gcm,'1 in case of the total flow rate of 50
mL/min without Ar addition, whereas it was 29,800 ml-h'l-gcat,'1 in case of 80 mL/min
with Ar addition.

The moisture in product gases was filtered through a dehydration chamber before
supplied into a gas chromatography (YL6100GC). The composition of the product gas was
analyzed by the gas chromatography that can detect the hydrogen, nitrogen, oxygen, carbon
monoxide, carbon dioxide, methane, acetylene, ethylene, ethane, and propane. Average
values of experiments three times conducted are presented and the deviation of all values
was less than =+1.5%. Also, definition of conversion and selectivity are expressed in
Equation (20) to (22).

The OES system consists of monochromator (Dongwoo Optron Monora 5001) and optical
CCD detectors (Andor iDus DV420A-OE). It is connected with PC and its software (Andor

Solis) to acquire a diagnosed data of DBD plasma.
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Mass of converted product from CO,

Conversion of CO; (%) = Mass of introduced CO,

x 100 (20)
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3. Results and discussions

3.1 Catalyst screening

The prepared catalysts for DBD plasma-assisted CO, methanation were selected by
investigation of existing researches and publications. It means that prepared catalysts was
not verified suitability for DBD plasma-assisted condition. We already mentioned relation
about catalyst-assisted DBD plasma generation and DBD plasma-assisted catalytic
performance in previous chapters. Therefore, catalyst screening was performed to investigate
suitability for DBD plasma-assisted condition.

First screening test was performed with 1 kHz and 9 kV discharge condition and gas
supply was controlled at 30 mL/min for N,, 15 mL/min for H, and 5 mL/min for CO..
Figure 55 shows test result and it was performed at atmospheric condition. The CO,
conversion and selectivity for CH4 what is related with CO, methanation activity was
shown interesting result. In DBD plasma-assisted condition, cobalt and nickel catalyst was
shown better CO, conversion and ruthenium was shown similar performance as pure DBD
plasma but ruthenium and pure DBD plasma was shown better CHy4 selectivity. Therefore,
iron and iron-manganese catalyst was excluded and second screening test was performed
with cobalt, nickel and ruthenium catalyst.

Figure 56 shows second screening test result. The discharge condition was 3 kHz and 9
kV, and gas supply and another experimental condition was same as first screening test. In

second test, performance of ruthenium catalyst was significantly better than cobalt and
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nickel catalyst. Basically, catalytic CO; conversion and methanation was zero at atmospheric
condition. However, CO, conversion and CHj selectivity which was related with CO;
methanation activity was significantly increased on DBD plasma assisted ruthenium catalyst
with 3 kHz. For these reasons, we decide to use ruthenium catalyst for further

investigations.

3.2 CO; methanation of DBD plasma assisted Ru Catalyst

The DBD plasma-assisted CO, methanation was performed under atmospheric temperature
and pressure conditions. The discharge voltage and frequency were 9 kV and 3 kHz. The
CO, conversion and CH; selectivity when the plasma was applied only in the empty
reactor, the catalyst was used only without the plasma, and both the plasma and catalyst
were used simultaneously are shown in Figure 57 and Table 10. Basically, the CO,
conversion, and CH4 and CO selectivity were zero in the absence of the plasma. The Ru/y
-AL,Os3 catalyst also had no reactivity in the absence of the plasma. On the contrary, the
CO; conversion of 8.21% and CO selectivity of 43.84% were obtained by using the plasma
only but the CHj selectivity was much low by 1.42%. However, the CO, conversion and
CH4 selectivity were 12.80% and 73.30%, respectively, while the CO selectivity decreased,
when the DBD plasma was applied on the Ru/y-ALLO; catalyst.

The CO; conversion and CO selectivity was high when the plasma was applied only but
the CH; selectivity was low. On the contrary, the CO, conversion was nearly zero when
the Ru/y-Al,Os catalyst was used only because the catalyst was not activated at the
atmospheric temperature. The CO, conversion and CH, selectivity were both high when the
plasma and the catalyst were used simultaneously but the CO selectivity significantly
decreased. The results indicated that plasma leads to the increase of the deoxygenation of
CO; and thereby it enhances the activity of methanation through the interaction with the

Ru/y-Al O3 catalyst.
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3.3 Discharge frequency and methanation

The effect of the discharge frequency on the CO, conversion and CHs selectivity is
shown in Figure 58. The discharge frequency increased in the increment of 0.5 kHz, while
the discharge voltage was maintained into 9 kV because it was higher than the onset
voltage of discharge. At 1 kHz, the small amount of CO, was converted into CHs even
though the DBD plasma was generated on the Ru/y-Al,O; catalyst. However, the CO,
conversion and CHj selectivity gradually increased with the increase of the discharge
frequency.

The CO, conversion and CH, selectivity were directly proportional to the discharge
frequency. Especially, CHs selectivity suddenly increased at the increase of the discharge
frequency from 2.5 to 3.0 kHz. The discharge frequency is a determining factor of the
energy deposition to activate the methanation. The specific energy density (SED) as a
function of the discharge frequency is shown in Figure 59. SED shows the similar
tendency for CHs selectivity, the SED increased rapidly after the discharge frequency of 2.0
kHz was applied. It was indicated that the CO, methanation was enhanced when the
sufficient discharge energy was applied to the catalyst. If either the discharge energy was
lack or the catalyst was absent, the CO, deoxygenation was dominant, which leads to the
increase of the CO selectivity.

It also means that the minimum discharge frequency is required to activate the Ru/y
-ALbO; catalyst and to make it interact with the DBD plasma. The discharge frequency is
one of the important parameters because ionization, excitation and radical generation can be
influenced by the discharge frequency[84-86]. It might be also related with the
aforementioned activation condition between the plasma and catalyst because the higher
discharge frequency can provide more abundant ionized radicals and excited species. It was
also confirmed that the CO, deoxygenation was improved by using the plasma only as
summarized in Table 10. It means that the methanation was not just activated by using the

plasma only. Moreover, this result shows the possibility of plasma assisted catalytic
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methanation process when the plasma was applied on the catalyst and the discharge

condition was satisfied as well.

3.4 Mixture ratio of H, and CO,

The effect of the H»/CO, mixture ratio on the CO, conversion and CH, selectivity is
shown in Figure 60. The N,, which is a primary discharge media, was supplied 30 mL/min
and the H,/CO, mixture ratio was varied by adjusting the H, and CO, flow rates under the
constant total flow rate that was 50 mL/min. The CO, conversion and CHj selectivity
increased the increase of the H,/CO, mixture ratio. In particular, the CO, conversion
increased from 12.80% to 23.20% when the H,/CO, mixture ratio increased from 3 to 7.
In the same condition, the CHs selectivity and carbon balance increased from 73.30% to
95.02%, and from 78.93% to 97.38%, respectively. On the other hand, the CO selectivity
was decreased as the increase of the H,/CO, mixture ratio.

This result can be explained from the relation of deoxygenation and methanation in the
H, rich condition that is the high H,/CO, mixture ratio. The carbon balance and CHy
selectivity decreased but the CO selectivity increased at the low H,/CO, mixture ratio. On
the contrary, the carbon balance and CHj selectivity increased at the high H,/CO, mixture
ratio. The increase of carbon balance and CH, selectivity was because more carbon atoms
were bonded with either 4 hydrogen atoms or 2 hydrogen molecules. Basically, the H> and
CO; can turn into the dissociation, ionization or excitation by electron collision from the
plasma. Therefore, at the high H,/CO, mixture ratio, the hydrogen can be ionized and
excited by the plasma so that the ionized hydrogen atoms and excited hydrogen molecules
can be actively reacted with the CO, and CO, which leads to the increase of the carbon
balance and CH, selectivity. The CO, can be dissociated into the carbon, CO, O, and O,
by the electron collision[87, 88]. At the H»/CO, mixture ratio, the carbon and O, were
generated from the CO, dissociation but some carbon was deposited on the catalyst surface

because there was no enough chance to be bonded with ionized hydrogen atoms and
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excited hydrogen molecules. On the other hand, the plasma can generate abundantly ionized
hydrogen atoms and excited hydrogen molecules, which can provide more chance to be

bonded with the decomposed carbons.

3.5 Ar-N; discharge

The Ar has been widely used in various plasma applications because it is relatively easy
to be ionized. It has been widely used as a primary or secondary gas with N, because the
electric discharge of the Ny/Ar mixture can increase the concentration of plasma active
species through Penning effect[89, 90]. In addition, the Ar can be recycled after the
methanation process because it is inert, not participated in the reaction, and is simply
separated from product gases using either the membrane or pressure swing adsorption
process. Therefore, the N»/Ar mixture was supplied in the reactor and the plasma discharge
was performed to verify the effect of the Ar addition on the CO, methanation. The Ar
was added in the flow rate of 30 mL/min without the change of the other flow rates (the
flow rates of N,, H, and CO, were fixed at 30, 15 and 5 mL/min) because the N, is a
primary discharge media and CO, methanation can be affected by different gas mixture
ratios. It means that the total flow rates were different between with and without the Ar
addition; the total flow rate was 1.6 times higher when the Ar was added. The discharge
condition was identical with the other experimental cases as 9 kV and 3 kHz.

The CO; conversion and CH4 selectivity when the N, was used only was compared with
those when the Ar was added with the N, are shown in Figure 61. Basically, the CO,
conversion is inversely proportional to the total flow rate. However, CO, conversion in case
of the N»-Ar discharge was higher even though the total flow rate was 60% higher in
comparison to the case of N, discharge. The CO, conversion increased 1.68% higher, while
the CH4 selectivity increased 11.60% in the N,-Ar discharge condition. On the other hand,
the CO selectivity increased 1.72% higher, which means that the methanation and

deoxygenation were enhanced simultaneously when the Ar was added.
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As aforementioned, the discharge can increase the concentration of plasma active species,
which leads to the increase of the electron collision frequency. As a result, it induced the
active CO, dissociation and also generated more active carbons with ionized and excited
hydrogens. The increased active carbon and hydrogen ions can influence both the CO,
methanation and deoxygenation because the increased electron collisions with the CO,
species can lead to the increase of the deoxygenation. In addition, the increased electron
collisions also induce ionization, excitation and radical generation which can provide more

chance for carbon to be bonded with hydrogen.

3.6 Optical emission spectroscopy

The OES is one of the powerful non-contact diagnostic methods to monitor the excited
and ionized species for plasma application. When the excited atoms and molecules are
restored to the low and ground states, photons are released from the excited atoms and
molecules; thereby, the optical emission can be detected by the OES. The type of elements
as well as excitation and ionization state are determined based on the optical emission
spectra of plasma[89, 91, 92]. For these reasons, the in-situ OES analysis was performed
during the CO, methanation process on the Ru/y-AlO; catalyst under the plasma.

The optical emission spectra of y-AlLOs and Ru/y-AlLO; catalysts were measured to
investigate the effect of the presence of Ru under the plasma in the condition that the H2
and CO, flow rates are 15 mL/min and 5 mL/min as shown in Figure 62. The different
emission peak and intensity were observed in both spectra, and discharge condition was 9
kV and 3 kHz. Intensity increase of emission bands and additional peaks were observed in
the y-Al,Os. On the contrary, several emission bands were suppressed and disappeared in
the Ru/y-AlLO; catalyst. It means that discharge characteristics of the DBD plasma was
changed by v-ALOs, thereby generating excited species with the different excitation state. In
addition, it was kwon that the presence of the Ru influenced the discharge characteristics.

However, the effect of the change in the discharge characteristics on the enhancement of
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CO; methanation is not clearly identified. Therefore, additional OES analysis was performed
at the different gas conditions.

The optical emission spectra at the different gas conditions are shown in Figure 63; one
is the case that the H, and CO, mixture are supplied, which is the condition of
methanation and the other is the case that H, was supplied only. The Ru/y-Al,Os catalyst
was used for both cases. The similar spectra were observed in both cases, which indicated
that the hydrogen was mainly ionized and returned to the lower or ground state when the
plasma was applied on the catalyst in the condition of methanation. At the same time, the
emission bands for Balmer series including H, (656.5 nm), Hg (486.1 nm), Hs (410.2 nm),
H:; (388.9 nm), and H, (383.5 nm) as well as Paschen series of H (820 nm) were also
identically detected in condition of methanation. It is indicated that hydrogen radicals with
the different excitation states existed in the reaction because these emission series and
bands are emitted from excited hydrogen atoms[93-96].

Based on the above result, it was suggested that the DBD plasma provides two
enhancements to the CO, methanation; one is the dielectric heating and the other one is
the excitation and ionization by electron collisions. When the plasma was applied to the
catalyst, the local heating was induced by the dielectric heating so that the reaction
temperature could be sustained without the additional heating such as an electric heater.

Actually, it was confirmed by an infrared thermography that the reaction temperature
was maintained into 250°C when the electric discharge was applied to the Ru/y-Al,Os
catalyst at 9 kV and 3 kHz. Figure 65 shows infrared thermography result for dielectric
heating effect. However, the dielectric heating was not a major contribution to the
improvement of the CO, methanation. Figure 66 is verification result of different between
DBD plasma-catalyst interaction and dielectric heating effect. In order to prove the above,
the CO, methanation was performed at the same temperature (250°C) using the Ru/y-ALOs;
catalyst only without the plasma but the CO, conversion (3.06%) and CHj selectivity

(34.95%) were 4 times and 2 times lower than those with the plasma, respectively.
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Therefore, in addition to the dielectric heating, the electron collision is a major contribution
to the improvement of the CO, methanation because the plasma provides electron collision
to generate highly reactive plasma species such as an excited and ionized hydrogen species

or dissociation of oxygen from the COs,.

4. Conclusions of CO; methanation

The DBD plasma was used to activate the Ru/y-Al,Os catalyst for the CO, methanation
at the atmospheric condition and the effect of the interaction between plasma and catalyst
on the conversion and selectivity was investigated in the present study. It was confirmed
that the CO, conversion increased with the DBD plasma regardless of the presence of the
catalyst under the atmospheric condition. However, when the DBD plasma was used alone,
most of the CO, conversion was induced by the CO, deoxygenation because CO;
molecules were exposed to electron collisions and decomposed into CO. On the other hand,
the Ru/y-AlO; catalyst was not activated without the DBD plasma. The CO, methanation
was activated when the DBD plasma was applied on the Ru/y-ALOs catalyst. The CO,
conversion and CHy selectivity increased with the increase of the discharge frequency and
H,/CO, ratio, and with the addition of Ar. CO, conversion and CHs selectivity was 23.20%
and 97.38% in maximum when the discharge condition was 9 kV and 3 kHz, and the
H>/CO; ratio was 7.

The CO, methanation was activated by the interaction between the DBD plasma and Ru/
v-AlbOs catalyst. Also, another famous elements were also investigated and confirmed its
tendency as Figure 67. The interaction between the DBD plasma and Ru/y-AlLOs catalyst
was confirmed by OES results that the presence of the catalyst in the plasma can influence
the characteristics of the plasma discharge, thereby generating highly reactive plasma
species such as the excited and ionized hydrogen species. In addition, the DBD plasma can
induce the dielectric heating of the catalyst, resulting in the increase of catalytic activity

when enough heating is provided. Therefore, it is expected that the enhancement of CO;
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methanation is occurred by the electron collision and the dielectric heating from the DBD
plasma. However, it was confirmed that the electron collision was major contributions
because the DBD plasma can provide electron collisions to generate highly reactive plasma
species such as ionized and excited hydrogens, and the dissociation of carbon and oxygen

from CO..

-8 -

Collection @ chosun



Table 10. Effect of presence of Ru/y-ALO; catalyst and 3 kHz and 9 kV DBD

plasma for CO, methanation

CO; Conversion (%) CH, Selectivity (%) CO Selectivity (%)
No No No
Catalyst Ru/y-ALO; Catalyst Ru/y-Al:05 Catalyst Ru/y-ALOs
DBD Off 0.03 0.01 0.15 0.10 0.13 0.01
DBD On 8.21 12.80 1.42 73.30 43.84 5.12
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Figure 56. Result of first catalyst screening for DBD plasma assisted CO, methanation
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Figure 57. Result of second catalyst screening for DBD plasma assisted CO, methanation
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Figure 63. Optical emission spectra of y-Al;O; and Ru/y-ALO; catalyst for 3 kHz and 9

kV DBD condition at (a) 150 to 550 nm and (b) 450 to 850 nm (1 atm, 25°C)
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Figure 65. Effect of electron collision activity for CO, methanation process

- 9] -

{Z/Collection @ chosun



Figure 66. Infrared thermography of dielectric heating for 3 kHz, 9 kV DBD on

Ru/y-ALO; catalyst for atmospheric condition
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Figure 67. Verification result of different between DBD plasma-catalyst interaction and
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V. Interaction and Issues

1. Overview

In previous chapters, we discussed advantages of DBD plasma-catalyst interactions and
its mechanisms. In my research, this interaction was only occurred when DBD plasma was
discharged over catalyst area. It means catalyst should be exposed to electron collisions
under the electric field. In plasma, radicals and excited species are also participated like a
Figure 68. Therefore, the catalyst is influenced by the plasma species, thereby negative
effects such as the performance degradation due to the surface damage is not negligible.

Except above direct effect from DBD plasma, indirect effect from DBD plasma is also
affected on catalyst. Typical example is a carbon deposition on the surface of the catalyst
when DBD plasma-assisted catalyst process is used for carbon-related process. The carbon
is well-known electrical conductor and it may affect on discharge between electrodes and
catalyst.

The performance enhancement or synergy effect of DBD plasma-assisted catalyst process
is highlighted in many researches. We also focused on performance enhancement and its
mechanism in previous chapters. However, practicality is also important to actual process
because endurance is closely connected with economical side such as operating cost.
Therefore, further investigation for endurance related characteristics of DBD plasma-assisted

catalyst process was conducted and it will be discussed in this chapter.

2. Experimental
2.1 Catalysts

The promoter mixed catalysts and ruthenium catalyst what is used in previous methane
conversion and CO, methanation chapters were used for experiment. The Mn and Ni

promoter mixed impregnated catalyst (CusZnsMn; and CusZngNi;) was selected because the
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performance degradation was detected at both catalysts but the CHs conversion was
completely different under the DBD plasma. It was used to investigate a direct effect from
DBD plasma and its related performance degradation issues.

On the contrary, ruthenium catalyst was selected to investigate carbon deposition what is
related by dissociation and recombination of carbon. The methane direct conversion reaction
and CO, methanation by using ruthenium catalyst was investigated because both reactions
are related with carbon and methane. The methane can converted into C, and C;
hydrocarbons or decomposed into carbon and hydrogens in methane direct conversion
process. It means methane will be decreased by passing the ionized methane through the
catalyst and carbon what decomposed from methane will be increased. On the contrary,
carbon dioxide can decomposed into carbon and oxygens by passing the catalyst but
decomposed carbon can exposed hydrogen rich condition in CO, methanation process. As a
result, both cases have a different chance about recombination or bond with other species.
We expect this different reaction characteristics are influenced on carbon deposition and
endurance. Therefore, different carbon-related reaction process and carbon deposition was

investigated with ruthenium catalyst.

2.2 Experiments

The Mn and Ni promoter mixed impregnated catalysts were exposed to the DBD plasma
condition at 1 kHz and 9 kV for 4 hours. The applied discharge voltage was higher than
the onset voltage of discharge because the breakdown voltage changed by the surface
modification due to the damage. The reaction temperature was fixed to 250°C and supplied
gas was controled 45 mL/min for N, and 5 mL/min for CHa.

On the contrary, Ru catalyst was exposed on methane direct conversion and CO,
methanation process. The discharge voltage and frequency was fixed at 3 kHz and 9 kV
for DBD plasma-assisted condition, and supplied gas was controlled like a Table 11. The

ruthenium catalyst was also exposed experimental condition for 4 hours.
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3. Results and discussions
3.1 Performance degradation

The performance degradation of CusZnsMn; and CuszZngNi; are shown in Figure 69. The
CHs conversion was increased after the DBD plasma discharged on both catalysts. In the
Cu3ZneMn, catalyst, the CH4 conversion was increased to 56.8% for 90 minutes but after
then, it was decreased to 41.26% within 120 minutes. On the contrary, in the CuszZneNi
catalyst, the CH4 conversion was increased to 10.88% for 30 minutes and then decreased to
6.52% for 90 minutes. The average decrements in CHs conversion of CusZneMn; and
CusZngNi; were -023% and -0.45% per minute, and the total decrements in CHy
conversion from the maximum conversion was -27.3% and -40.4%, respectively.

Generally, Ni has been widely used as a catalyst for the CHs conversion process.
However, Ni had the worst performance and endurance under the DBD plasma condition.
The poor performance of CuszZnegNi; might be because the temperature at which experiments
were performed was too low to activate the catalyst, but the CusZnsMn: showed the better
performance than CusZngNi; at the same temperature. In addition, the poor endurance is
still not explained by the hypothesis that the temperature is too low to activate the catalyst.

Aforementioned, the catalyst is always exposed to electron collisions under the electric
field and covered by numerous radicals and excited species during the DBD plasma
reaction. Therefore, this difference of degradation and endurance may be related with the

surface condition of catalyst.

3.2 Surface layer damage under DBD plasma

SEM images of CusZnsMn; and Cus3ZngNi; catalysts before and after exposed to the
DBD plasma are shown in Figure 70. Noticeable difference appeared between Figure 70 (b)
and Figure 70 (d). The loss of impregnated particles on the surface was observed in both

catalysts after the exposure to the DBD plasma but this surface loss was significantly
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higher in CusZneNi; catalyst than CuzZneMn;.

After exposed the DBD plasma, most of impregnated catalyst particles were disappeared
from the surface of CuszZneNi; catalyst. This can explain why the CusZngNi; catalyst
showed the similar performance with the y-Al,Os; support. On the contrary, the surface
particles of Cu3ZnsMn,; catalyst were resistible well to the DBD plasma condition. Thus,
impregnated nanoparticles of CuzZneMn,; catalyst were sufficiently remained on the surface.
This result might be explained as a relation between the performance and endurance
because the Cu3zZnsMn,; catalyst had enough nanoparticles to be involved in CH4 conversion
reaction with the DBD plasma.

Under the DBD plasma condition, the surface of impregnated catalyst is consistently
suffered from electron collisions, radicals and excited species which can cause the
breakaway of impregnated catalyst particles from the surface of catalyst. As a result, the
overall performance and endurance can be significantly decreased under the DBD plasma
condition. However, the small amount of material such as Mn can prevent the catalyst
surface from breakaway of impregnated catalyst particles. This result indicates that the
breakaway of impregnated nanoparticles under the DBD plasma condition must be

considered before using impregnated catalysts for the DBD plasma assisted process.

3.3 Carbon deposition on surface

Figure 71 shows SEM images of Ru/y-Al,O; catalyst surface at 800 times magnification
after exposed at different reactions. Surface damage was clearly appeared in order of (d) >
() > (a) = (b) = (¢).

This surface damage pattern was occurred by a surface cracking and peeling. This was
detected after exposed at the methane direct conversion reaction and at the DBD plasma
assisted methane direct conversion reaction in Figure 71 (d). Especially, surface damage
such as surface peeling and cracking was dominant at the DBD plasma discharge in the

methane direct conversion reaction. On the contrary, damage on the Ru/y-Al,Os3 surface was
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not clearly appeared after exposed to the CO, methanation.

SEM of Ru/y-AL,Os catalyst surface after exposed to the DBD plasma assisted methane
direct conversion reaction is shown in Figure 72. Micro-cracking was detected on the
catalyst surface but not detected on the support structure. Especially, this micro-cracking
was formed with wrinkle shape at the entire surface.

EDS analysis on the catalyst surface was performed to reveal the reason of the surface
damage. The weight ratio of elements on the catalyst surface is presented in Table 12.
Carbon was only detected on the catalyst surface at the case of DBD plasma assisted

methane direct conversion reaction.

3.4 Plausible mechanism of carbon related surface damage

Several things that cause the surface damage such as a peeling and cracking were
confirmed. The damage was detected on the DBD plasma assisted methane direct
conversion but not detected on the CO2 methanation reaction. At the same time, surface
carbon deposition was also detected at the case of DBD plasma assisted methane direct
conversion reaction. Moreover, average carbon balance of CO, methanation was greater than
90, nearly 100%. On the contrary, methane direct conversion was from 70 to 80% in the
average carbon balance.

Based this result, we propose plausible mechanism of surface modification which can
caused negative effect under DBD plasma assisted condition as shown in Figure 73.

After the DBD plasma is discharged on the catalyst, the local streamer is generated
between Ru/y-Al,O; catalysts. The streamer causes methane decomposition to be enhanced
because it has an increased electron energy and local temperature. This enhancement makes
it increased the deposition of surface carbon which has a high electric conductivity. The
surface carbon enhances local streamer, through which electrical current also increased. The
enhanced streamer increases dielectric heating locally, which leads to the thermal expansion

of catalyst surface layers. As a result, catalyst surface layers are destroyed or damaged by
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the thermal stress as the catalyst surface layer is expanded because the thermal expansion
rate of Ru-impregnated catalyst surface layer is different with that of internal alumina
support.

This thermal expansion of catalyst surface layer is highly related with endurance and
stability of catalysts. Performance degradation of the catalyst under the DBD plasma
discharge is also related in Figure 69 what is mentioned previous discussion. Methane
conversion under plasma assisted CusZnsMn; catalyst was increased rapidly but 90 minutes
after the DBD plasma discharged, performance and carbon balance was gradually decreased
because the discharging of DBD plasma caused methane decomposition increased, which
lead to the increase of surface carbon and surface local temperature. Eventually, the thermal
expansion damage was applied on the catalyst surface by the DBD plasma as the plasma
discharge time elapsed after 90 minutes. Therefore, the conversion was decreased gradually

due to the loss of surface catalysts.

4. Conclusions of interaction and issues

The performance and degradation what related with surface modification from interaction
of catalyst and DBD plasma was investigated to achieve more stable DBD plasma-assisted
catalyst process. The relation of performance degradation with the surface damage on the
impregnated catalysts was confirmed by SEM analysis. The CusZngNi; catalyst had a higher
loss from the surface of the impregnated catalyst under the DBD plasma assisted condition.
On the other hand, the surface particles of CusZn¢Mn,; catalyst were more robust under the
DBD plasma assisted condition and thereby the performance and endurance of the
CusZn¢Mn, catalyst were higher than the Cus3ZngNi; catalyst.

Moreover, reaction process what can be related with carbon deposition is also important
parameter for endurance of DBD plasma-assisted catalyst process. The carbon deposition on
catalyst surface can generate concentrated streamer generation and it can causes thermal

stress on impregnated layer of the catalyst.

- 99 -

Collection @ chosun



For this reason, parameters what related with surface damage on the impregnated
catalysts under the DBD plasma must be considered for the DBD plasma assisted

impregnated catalyst process.
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V1. Conclusions

The characteristics and mechanism of DBD plasma assisted catalyst process on CI
chemistry was investigated in my research. The experiments about DBD plasma-assisted
methanol, methane direct conversion, visualization was performed to investigate
characteristics and mechanism of DBD plasma assisted catalyst process. Unlike the
expression, DBD plasma and catalyst in DBD plasma assisted catalyst process is not a
unilateral dependence relation. In other word, catalyst what have a good catalytic
performance is not always make a good result with DBD plasma assisted condition. Of
course, DBD plasma can provide useful things for catalysis such as dielectric heating,
dissociation and active species generation (excited atoms and molecules, and radicals) but
problem is that DBD plasma generation is also affected by element or material
characteristic of catalyst when it placed between the electrodes. Therefore, material
characteristics of catalyst on DBD plasma generation is also considered achieving the better
DBD plasma-assisted catalyst process.

A close look at the DBD plasma and catalyst, the catalyst can provide more effective
generation of DBD plasma and DBD plasma can provide electron emission and its collision
related activity to catalyst. We investigated suitable application to utilize interaction
characteristics of DBD plasma-assisted catalyst process. The DBD plasma-assisted CO,
methnation process was selected and investigated because we expect that dissociation of
CO; and active species generation by electron collision, catalysis activation by dielectric
heating is suitable for CO, methanation process. We achieved atmospheric CO, methanation
process by using DBD plasma assisted catalyst process and it has a 23.20% for CO,
conversion and 97.38% CHs selectivity with impregnated ruthenium catalyst within
experimental range. Dielectric heating effect is also investigated but interaction of DBD
plasma and catalyst was shown 8 times better performance than catalytic methanation for
same temperature as dielectric heating. Based on this result, we proposed DBD

plasma-assisted CO, methanation for one of the ‘Power-to-Gas’ technology.
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However, DBD plasma assisted catalyst process have a drawback and it must be
understood to better utilization. The electron emission and collision from DBD plasma can
give a many advantages. The advantages are already mentioned above but problem is that
electron emission and collision can give physical damage to the catalyst. Dissociation
activity of DBD plasma what is related with carbon deposition is also confirmed during the
research. Therefore, physical stability of catalyst under DBD plasma and carbon deposition
related issues from the application is must be considered to achieve better endurance.

In conclusion, the DBD plasma-assisted catalyst process is very attractive technology for
many applications. It is not always perfect solution but it can give a new possibilities and
improvements for many applications including chemical process. Therefore, understanding
the interaction characteristics and mechanism of DBD plasma-assisted catalyst process is
very important. Therefore, we have been studied this research since 2012, and we hope this

work will be helpful to DBD plasma-assisted catalyst process and Power-to-Gas technology.
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Table 11. Different carbon related conditions of ruthenium catalyst

. Gas Supply )
Reaction . Reactor Heating DBD plasma
(mL/min)
300°C
(a) N»:30 No
CO, (Heater)
X H»:15 S
Methanation 300°C .
(b) CO:5 ) ) ) Discharged
(Dielectric Heating)
300°C
(c) CH4 No
. N2:45 (Heater)
Direct S
(d) C i CHaS 3007 Discharged
onversion (Dielectric Heating)
(e) No No No No

Table 12. The result of EDS analysis for weight ratio of catalyst surface layer

Experimental case

Element
(@) (b) (© (d) ©)
C - - - 19.06 -
@) 43.02 52.12 50.93 32.37 51.52
Al 47.20 44 85 43.12 35.86 42.04
Ru 9.78 3.03 5.96 12.70 6.44
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Figure 71. SEM images of (a) fresh CusZnsMn, catalyst, (b) 4 hours DBD plasma
exposed CwZnsMn; catalyst, (c) fresh Cu;ZngNi; catalyst, (d) 4 hours DBD plasma

exposed CuzZngNi; catalyst
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Figure 72. SEM images of Ru/y-AL,O; catalyst surface after exposed (a) catalytic
methanation, (b) DBD plasma assisted methanation, (c) catalytic methane direct

conversion, (d) DBD plasma assisted methane direct conversion and (e) fresh catalyst.

Figure 73. SEM images of surface damage on Ru/y-Al,O; catalyst after exposed at
DBD plasma assisted methane direct conversion reaction: (a) 2,000, (b) 4,000, (c)

20,000 and (d) 50,000 times magnification.
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(a) DBD Plasma Applied (b) Local Streamer Generation

Alumina Support

\

Catalyst Layer (Surface)
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(e and ® Surface Layer Destruction
Thermal Expension of Surface Layer (by Thermal Stress)

Figure 74. Plausible mechanism of surface modification and destruction of the catalyst layer

under DBD plasma assisted condition
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