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ABSTRACT

Driven by the need to process natural gas economically in remote areas, 

homogeneous one-step partial oxidation of methane is being investigated actively by 

many researchers. The present work focuses on the direct homogeneous oxidative 

conversion of methane to organic oxygenates (methanol, formaldehyde, methyl 

formate, and formic acid) using a dielectric barrier discharge (DBD) reactor. The 

DBD reactor (also known as a silent electric discharge reactor) for this work is 

annular, consisting o f  two metal electrodes separated by a gas gap and a glass 

dielectric covering the outer surface of the inner electrode. The reactor operates at 

kilovolt voltage and 26 to 178 W o f AC power. The frequency ranges from 100 to 

264 Hz.

This work shows that when changing from a pure methane feed to a 3:1 

methane-oxygen feed, the methane conversion rate increased by a factor of three. 

This is because active oxygen species activate methane, which results in the methane 

reaction rate being enhanced. In addition, oxygen cannot be replaced with carbon 

monoxide or carbon dioxide and still have organic oxygenate production. However, 

the addition of carbon dioxide to a methane-oxygen feed results in carbon dioxide 

further inhibiting production o f carbon dioxide.

The effects o f temperature on product selectivity were studied through the use 

of a water jacket. Lowering the temperature o f water within the water jacket from
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75 °C to 28 °C resulted in a 54% increase in organic oxygenate selectivity and a 56 % 

decrease in C0% selectivity. This is because lowering the system temperature reduced 

the organic oxygenates’ vapor pressures to that of their equilibrium partial pressures, 

resulting in in situ removal o f these products from the reaction zone via condensation. 

Thus, over oxidation of these products was prevented. This work also confirms, 

through water-carbon monoxide and hydrogen-carbon dioxide feed experiments, that 

the water-gas shift and reverse water-gas shift reactions take place during the partial 

oxidation of methane in a DBD reactor. Finally, this work shows that in carbon 

dioxide reforming of methane, the partial pressures of carbon dioxide and helium in 

the feed affect product selectivities and methane and carbon dioxide conversions.

In regards to the system’s energy usage, methane conversion as a function o f 

energy consumption was investigated. Increases in methane conversion resulted in 

increases in the system’s energy consumption due to limited partial pressures o f 

oxygen within the reaction zone. Experimentally simulating reactors in series with 

intermediate oxygen addition showed that a high methane conversion (59%) could be 

obtained without as great an increase in energy usage as a single pass reactor uses for 

a similar methane conversion. In addition, using a recycle with a low per pass 

residence time (2 .2  seconds), in which organic oxygenates were removed after each 

pass via a condenser, enhanced the organic oxygenate liquid selectivity by preventing 

over-oxidation o f these products.
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The effects of changing the electrical properties within a methane-oxygen 

DBD system were also investigated. Increasing the gas gap from 4.0 mm to 12.0 mm 

caused the reduced electric field to decrease from 30 volts/cm/torr to 18 volts/cm/torr, 

which resulted in a shift in the product distribution from organic oxygenate liquids to 

ethane, ethylene, and acetylene. This is because the energy deposition directed 

toward oxygen dissociation was decreasing and the energy deposition directed toward 

methane and oxygen excitation was increasing. Through experiments at different 

pressures, this work shows that the methane reaction rate could be enhanced when 

increasing the pressure from one atmosphere to two atmospheres, while still 

maintaining 46% selectivity in organic liquid oxygenates. This is as a result o f 

operating at a reduced electric field strength with a significant amount o f energy 

directed toward oxygen dissociation. Finally, this work shows, through residence 

time studies, that methane and oxygen react to form methanol, which further reacts to 

form formaldehyde, methyl formate, and formic acid.
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The Partial Oxidation of Methane to Organic Oiygenate Liquids using a 

Dielectric Barrier Discharge Reactor 

CHAPTER ONE: Introduction and Literature Review

1.1 General Introduction

The real push to discover new sources o f energy came in the 1970s, when this 

country faced an oil crisis. The crisis effectively demonstrated that the world’s oil 

reserves are not infinite and are being gradually depleted. Due to the fact that there 

is still a strong public resistance to nuclear energy, natural gas appears to be a very 

desirable energy source. One reason for this, is because o f the vast reserves o f natural 

gas around the world, which are estimated to total lO’ million tons. Natural gas is 

also a clean burning fuel. It gives more energy per CO2 molecule created than can 

oil. It can, therefore, potentially help reduce the problem of global warming.'^

Natural gas is primarily composed of methane. Methane, by volume %, 

represents 80 to 95% of the composition of the gas. As much as 10% of the gas could 

be composed of ethane, propane, and butane. Some natural gases, such as Lacq, have 

a carbon dioxide content greater than 10%.'

Presently, natural gas is being used as a combustion fuel in industrialized 

areas close to large natural gas reserves. However, there is a considerable amount o f



natural gas in remote places around the world. To transport adequate amounts o f the 

gas from remote places to industrial processing facilities requires that the gas be 

compressed to 80 bars or liquefied via refrigeration. Thus, considerable amounts of 

natural gas reserves are not utilized due to these high transport costs. Potentially, this 

problem can be solved if natural gas at remote locations can be processed into an 

organic oxygenate liquid, such as methanol, which does not need refrigeration or 

compression for transport.' Methanol is currently being used as a feed stock, mostly 

to manufacture formaldehyde and until recently methyl tert-butyl ether. This market, 

however, needs only 24 million tons per year of methanol, which is far less than the 

estimated 10  ̂ million tons o f natural gas reserves. For this reason, many industrial 

groups are doing research on targeting methanol produced from remote natural gas as 

a transportation fuel or boiler fuel. The current industrial methanol synthesis process 

is steam reforming to synthesis gas, which then further reacts to form methanol 

(detailed discussion given is section 1.2). However, this multi-step energy intensive 

process is too expensive to implement in remote places.’

One technique that could prove to be favorable is the direct partial oxidation 

o f methane to methanol. This one-step partial oxidation process might substantially 

cut down the process operating costs enough to effectively utilize these gas reserves." 

However, currently there is no one-step partial oxidation process to methanol that is 

economically feasible. A potential solution for this problem is using a dielectric 

barrier discharge (DBD) reactor (also called a silent electric discharge reactor) for the



direct partial oxidation o f methane to organic oxygenates such as methanol 

(methanol, formaldehyde, methyl formate, and formic acid). Unlike the current 

industrial methanol synthesis process, this one-step process allows useful chemistry at 

room temperature and atmospheric pressure as well as pressures higher than 

atmospheric (electrons in the discharge initiate the reactions because their kinetic 

energies are significantly greater than the kinetic energies o f ions and neutral 

species). In addition, because a significant amount o f the products are in liquid phase 

at room temperature and atmospheric pressure, the transportation costs due to 

compression could be reduced.

1.2 Industrial Methanol Synthesis Process

Methanol, until the early 1900s, was produced by destructive wood 

distillation. In 1923, BASF came up with a synthetic methanol synthesis process in 

which synthesis gas flowed over a Zn/CriO: catalyst (300-400 °C and aroimd 300 

atm). In 1966, ICI came up with a more reactive catalyst, Cu/ZnO/AhOs. This new 

catalyst allowed the methanol synthesis process to have a lower operating 

temperature range (220-300 °C) and a lower operating pressure range (50 to 100 

atms) than BASF’s process. However, before either process can be used to produce 

methanol from synthesis gas, synthesis gas itself has to be generated fi-om steam 

reforming of methane.^



Hence, both processes (BASF’s high pressure process and I d ’s low pressure 

process) are two-step processes in which the first step is methane steam reforming.

The important reactions in this step are shown below:

CH4 + H2 0 <-> 3H2 + CO AH298 K = 206 kj/mol (reaction 1)

CO + H2O CO2 + H2 AH298 K = -41 kj/mol (reaction 2)

The first reaction, which is endothermie, is thermodynamically favored by high 

temperature and low pressure. On the other hand, the water-gas shift reaction 

(reaction 2 ) is not pressure dependent and is favored by low temperature (exothermic 

reaction). However, heat produced by the second reaction is never able to make up 

for the heat required for the first reaction as shown by the overall reaction still being 

endothermie:'*

CH4 + 2 H2 0 <-»C0 2 + 4 H2O AH298 K = 165 kj/mol (reaction 3)

Thus, furnaces are required for additional heat input. Two-thirds of the operating 

costs o f the overall process come from this first step.^'*

A typical steam reforming process might have two reformers in series. The 

steam-methane feed (typically a 5:1 ratio) will enter the first reformer at 500 °C and 

flow over a supported nickel catalyst (system pressure = 15 to 30 atm) in which the



methane and steam react to form synthesis gas (CO2 also formed by the water-gas 

shift reaction). The product stream will then exit the first reformer at 800 to 850 °C 

and flow to the second reformer, in which its exiting product stream temperature is 

900 to 1100 °C. Once past the second reformer, the product stream will have only .5 

to 1.5% of methane remaining.^’̂

This product stream will then feed to the synthetic methanol synthesis stage 

(second step). The two important reactions that occur within this stage, shown below, 

are exothermic:

CO + HzOf-^ Hz + CO2 AHzQg x "  -41.2 kj/mol

AG298 K = -28.6 kj/mol (reaction 4) 

CO2 + 3 H2 <-> CH3OH + H2O AH298 K “  -49.5 kj/mol

AG298 K = -3.3 kj/mol (reaction 5)

Thus, the overall reaction, in which for every three moles o f feed converted (1 mole 

CO + 2 moles of Hz), one mole of methanol is formed, is also exothermic:

C0 + 2Hz<-)>CH30H AHz98 k -  -90.6 kj/mol

AGz98 K = -25.3 kj/mol (reaction 6 )



Table 1.1 shows that as the temperature increases for reaction 6 , AG also increases 

(this means the equilibrium constant for reaction 6  decreases with increasing

temperature).

Table 1.1: AG vs. T for Methanol Synthesis from Synthesis Gas

T(°C) 25 2 0 0 225 250 275 300 325

AG (kj/mol) -25.3 13.3 18.7 24.2 29.7 35.2 40.7

Therefore, thermodynamically methanol synthesis from synthesis gas favors low 

temperature. However, as shown below, undesirable side reactions to hydrocarbons, 

ethers, and higher alcohols can also take place, which are thermodynamically more 

favored than the formation of methanol:

CO + 3 H2 0 CH4 + H2O

2 C 0  + 4 H 2^ C H 30C H 3

2CO + 4H20C2HSOH + H2O

AH298 K = -206.2 kj/mol 

AG298 K = -142.3 kj/mol (reaction 7) 

AH298 K = -204.8 kj/mol 

AG298 K = -67.2 kj/mol (reaction 8 ) 

AH298 K -  -255.6 kj/mol 

AG298 K = -122.6 kj/mol (reaction 9)



This means the selectivity to methanol is controlled by the catalyst selectivity 

favoring the methanol pathway/'^

As already stated, the methanol catalysts are Zn/CtiOz (high pressure 

methanol synthesis catalyst) and Cu/ZnO/AliOs (low pressure methanol synthesis 

catalyst). The latter is favored by industry because o f reduced compression cost, 

longer catalyst life, larger capacity, and improvement in productivity from 770 to 

1 120 tons of methanol per million cubic meters of natural gas. Thus, in 1997,75% of 

all the methanol plants worldwide used the low pressure methanol synthesis catalyst.^

A typical low pressure methanol synthesis stage is shown in Figure 1.1. As 

can be seen in the figure, a recycle is used in which 15% of the CO is converted per 

pass (5% for high pressure process). In addition, crude liquid methanol is condensed 

in the separator and is sent to a distillation column where the methanol is separated 

from water and other carbon products. As can be seen in Table 1.2, the low pressure 

methanol synthesis catalyst does not form as much of the undesirable carbon products 

as the high pressure methanol synthesis catalyst does. However, Table 1.3 shows that 

when poisons and contaminants are allowed to be present within the low pressure 

methanol synthesis process, the selectivity and/or catalyst reactivity are affected 

detrimentally.^’̂
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Figure 1.1: Low Pressure Methanol Synthesis Stage [1 = Feed (typical feed: 15% 
CO, 8 % COz, 74% Hz, and 3% CH»), 2 = Recompressor, 3 = Heater, 4 = Methanol 
Synthesis Reactor, 5 = Cooler, 6  = Condenser Separator, 7 = Purge, 8 = Crude Liquid 
Methanol, 9 = Distillation Column, 10 = carbon byproducts and water, 11 = 
Methanol, 12 = Recompressor]



Table 1.2: By-Product Formation

By-Product High Pressure process Low Pressure Process
Dimethyl ether 5000-10000 ppm(w/v) 20-150 ppm(w/v)
Carbonyl Compounds 80-220 ppm(w/v) 10-35 ppm(w/v)
Higher Alcohols 3000-5000 ppm(w/v) 100-800 ppm(w/v)
Methane 2% input Carbon none

Table 1.3: Effects of Contaminants and Poisons on Cu/ZnO/AlaOs Catalyst

Contaminant or poison Possible sources Effects
Silica, other acidic oxides Transport in steam in plant 

gases
Waxes, other by-products 
formed

y-Alumina Catalyst manufacture Dimethyl ether formed

Alkali Catalyst manufacture Decreased activity, higher 
alcohols formed

Iron Transport in Plant as 
Fe(CO)s

Methane, paraffins, waxes 
formed

Nickel Transport in Plant as 
Ni(C0)4

Methane formed, 
decreased activity

Cobalt Catalyst manufacture Methane formed, 
decreased activity

Lead, heavy metals Catalyst manufacture Decreased activity

Chlorine compounds Transport in plant gases Permanent decrease in 
activity

Sulphur compounds Transport in plant gases Permanent decrease in 
activity



Finally, in regards to energy usage, a large-scale industrial methanol plant 

requires 11 eV per molecule o f methanol produced. However, in remote areas, the 

energy consumption for this process would increase because the process would have 

to be scaled down due to limited gas reserves.® Thus, to utilize gas reserves more 

economically in remote areas, a new process is needed.

1.3 Discharge Systems

This work uses a dielectric barrier discharge system to partially oxidize 

methane into organic oxygenates. Therefore, the following section provides a better 

understanding of discharge systems in general by giving an overview of them (radio 

frequency discharge system, microwave discharge system, glow discharge system, 

corona discharge system, and barrier discharge system). However, much of the focus 

will be directed toward the silent electric discharge system (DBD system), because it 

is the system used for this work.

The first discharge system to be discussed is the radio frequency discharge 

system (rf). It operates at high frequencies that can range from 2 to 60 MHz. Radio 

frequency systems can operate below atmospheric pressure. They can also operate at 

atmospheric pressure. One major advantage o f the rf  process is that it has no 

electrodes. This means that contamination from metal electrodes is completely 

avoided. The actual discharge is caused by an external induction coil wrapped around 

the annular system.^’ *
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Microwave discharge systems operate at high frequencies. The frequency 

range of the microwave systems are between 2 to 10 GHz. These systems have been 

known to operate at pressures as high as one atmosphere. Due to the fact that only 

electrons can follow the oscillations of the electric field, the plasmas generated are far 

from equilibrium. One type of plasma reactor configuration is a tube with only a few 

centimeters diameter. The length o f the tube, however, can be as long as four meters. 

Varying the pressure can produce electron densities between 10* to 10‘̂  cra'^. 

Microwave discharge is mostly used for elemental analysis.^' *

Glow discharge systems generally operate at pressures smaller than 10 mbar. 

The tjpical setup for producing a glow discharge applies a potential difference across 

two metal electrodes that have low pressure gas between them. The gas and 

electrodes are contained in a glass tube. The power can come from an AC or DC 

source. Ih e  disadvantage with using a DC source is that reactions tend to be formed 

in certain zones in the tube. The way to get around this is to switch to a 50 to 60 

cycles/s AC source. The electric field generated in a glow discharge is generally 

around 10 V/cm. The electrons have energies between .5 to 2 eV, and their densities 

fall within the range of 10* to 10“ cm '\ Glow discharge methods are not thought 

able to be industrially applicable because o f the low pressures and low mass flow 

rates at which these systems have to operate.*
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Glow discharge becomes very unstable when the pressure is increased. 

Generally, the glow turns into a high current arc discharge. One way to stabilize the 

discharge at higher pressures is to use inhomogeneous electrode geometries. For 

example, one electrode might be a point electrode, while the other is a plane electrode 

(corona discharge system). When this is done properly, a corona discharge is 

observed between the two electrodes. The corona discharge can be classified as a 

negative discharge or a positive discharge, depending on the polarity of the field and 

the exact geometrical setup of the electrodes. For a positive corona discharge, there is 

an inception voltage that has to be reached before a corona discharge can take place. 

This inception voltage depends on the gap width between the electrodes and the 

radius of the point. Once beyond the inception voltage a typical corona discharge can 

be seen. At voltages just past the inception point, the inhomogeneous streamers are 

produced and can be seen going from the point to the plane electrode. With a steady 

increase in voltage, the stream-like filaments turn into a homogeneous glow. If too 

much voltage is applied, then the glow becomes an arc discharge. In a negative 

corona discharge, an inception voltage also has to be reached. When it is reached, so- 

called Trichel pulses are generated between the electrodes. If the voltage is increased 

steadily, the pulse discharge becomes a pulseless homogeneous glow. Finally, at high 

enough voltages, the homogeneous discharge breaks down into an arc discharge. In 

corona discharge, the electron energies and densities can be around 5 eV and lO'^ cm* 

\  respectively.®’^
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The final type of discharge system to be discussed is a silent electric discharge 

system (DBD system). To create a silent electric discharge, two flat plates are 

separated by a gap, and one or both of them are covered with a dielectric material 

such as glass. An AC power source with a transformer is used to create the potential 

difference in voltage (kV range) across the plates. Thus, the silent electric discharge 

reactor acts as a capacitor. The effect o f the glass dielectric is to distribute the 

microdischarges across the entire electrode area and to limit the duration o f each 

microdischarge. The gap width, pressure, and composition o f the gas are factors that 

determine the dielectric strength of the system. Two common geometries for the 

silent electric discharge system are annular and planar, as shown in Figures 1.2 and

1 j . ' w
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Figure 1.2: Annular Configuration
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Figure 1.3; Planar Configuration
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Researchers have also investigated how the discharge is initiated in a silent 

electric discharge reactor. Initially, some electrons are present in the gas gap due to 

photons from cosmic rays causing the ionization o f some gas species. In addition, 

electrons can be present as a result of being ejected from the cathode due to, for 

example, UV illumination. With this in mind, once the electric field strength starts to 

increase due to increasing potential difference in voltage between the two electrodes, 

the kinetic energies of these electrons present within the gas gap will also increase as 

they accelerate toward the anode. Some o f the electrons will have high enough 

kinetic energies that when they undergo inelastic collisions with neutral gas 

molecules, the molecules will go to higher vibrational or electronic states. When an 

electron’s kinetic energy is higher than the ionization energy of a given gas molecule, 

ionization (electron ejected from a neutral molecule leaving an positive ion behind) 

can take place. Thus, an ejected electron in conjunction with the original electron can 

then repeat the process such that ultimately an avalanche o f electrons will reach the 

anode, as shown in Figure 1.4. In addition, some o f the excited molecules may emit 

photons when they return to the ground state. These photons may cause photo

emission o f electrons at the cathode that can, therefore, start additional electron 

avalanches. Once the microdischarge filament forms across the gas gap due to 

electron avalanche, a conductive channel is established between the electrode and the 

glass dielectric. The life span of this conductive channel is on the order o f a few 

nanoseconds due to local charge accumulation on the dielectric. This is because the 

charge accumulation reduces the electric field strength locally within the conductive
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channel to the point at which ionization of gas species can no longer take place 

(locally reduces electric field strength). Finally, the system voltage at which 

microdischarges start occurring is called the breakdown voltage. A further increase 

of voltage on the primary side o f the transformer (low voltage side) does not increase 

the breakdown voltage (it’s constant), as shown Figure 1.5. However, the increase in 

primary voltage does increase the power input into the system by increasing the 

number of microdischarges occurring within it.*'’
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Figure 1.4: Electron Avalanche
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Figure 1.5: Secondary Voltage vs. Time
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Some of the physical properties just described can actually be observed 

through the use of an oscilloscope. When the current o f this system is measured as a 

function o f time through an oscilloscope, spiked hairs are observed, as seen in Figure 

1.6. These spiked hairs represent the discharges taking place within the system. It 

has been shown that the stun of the lengths o f the hairs is linearly dependent on the 

total amount of charge being transferred between the plates. Thus, an increase in 

voltage beyond the breakdown potential increases the niunber of microdischarge 

filaments which can be observed in an oscilloscope by the increase in the hair 

lengths’ sum.'^
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Figure 1.6: Current vs. Time

c
o
3
O

• S i n u s o i d a l

Tim e



1.4 Plasma Chemistry

In order to understand what might be occurring within the reaction zone o f a 

silent electric discharge reactor, it is important to understand the fundamentals of 

plasma chemistry. Thus, the following section discusses these fundamentals and 

gives several examples o f applications for which plasma reactors might be used. In 

addition, ozone generation, a current industrial plasma reactor application, is also 

described.

A plasma is a gas that is partially ionized, in which the overall charge o f the 

system is quasi-neutral. The two branches of plasma chemistry are surface chemistry 

and volume chemistry. Examples of surface chemistry are etching, deposition, and 

surface modification. Ozone production in a silent electric discharge reactor would 

be an example o f volume chemistry. The following discussion will be restricted to 

volume chemistry, which is the type o f plasma chemistry that is occurring in the 

homogeneous partial oxidation o f methane.*’*'*

Plasma volume chemistry can be created in an apparatus that consists of 

electrodes and a discharge volume in which discharges take place. In this discharge 

volume, interactions between accelerated particles and other chemical species occur. 

The accelerated particles consist o f ions and electrons. The other chemical species 

consist of atoms, molecules, and radicals. The externally induced electric field acts 

upon the ions and electrons without directly affecting the neutral species.*
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The two types o f plasmas that can be created in this discharge volume are 

equilibrium plasmas and nonequilibrium plasmas. A plasma is in equilibrium when 

the kinetic energies o f the charge particles and neutral species are the same. This can 

be accomplished by using very high temperatures. High temperatures increase the 

number of collisions of all particles to such an extent that the energy is equally 

distributed among all the particles. Nonequilibrium plasmas are plasmas in which the 

electrons have a much higher kinetic energy than the ions and neutral species have. 

For example, applying strong electric fields at reduced pressures can generate 

electron energies in the range of 1 to 10 eV while the remaining particles energies are 

a few hundredths eV. These nonequilibrium plasmas can be created at room 

temperature by discharge systems, such as the silent electric discharge that has 

already been discussed in the previous section. Thus, equilibrium and nonequilibrium 

plasmas are also referred to as hot and cold plasmas due to the temperature 

environments in which these plasmas exist. Finally, both types o f plasmas are 

considered quasi-neutral, because the total density of positive charge carriers is 

roughly equal to the total density of negative charge carriers.*’

In cold plasmas, the reactions first are initiated by the electrons. This occurs 

through the collision o f electrons with atomic/molecular gas species within the 

system. These collisions might be elastic, but they can also be inelastic, ionization, 

and attachment collisions. Once the electron collisions with gas species have taken 

place, other reactions, such as atomic/molecular reactions, can also occur.*
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There has been considerable research done on plasma chemistry using 

discharge reactors.*’ ‘^''* For example, research has been done on hydrogen peroxide 

generation in a silent electric discharge reactor (hydrogen peroxide is an important 

industrial product in terms of bleaching and disinfecting). In this study, hydrogen and 

oxygen gas (4.5 % vol. O2) were fed to the reactor at 253 K. After passing through 

the reactor, hydrogen peroxide and water were caught by using a condensation trap. 

It was found that increasing the gap width while maintaining the same residence time 

resulted in an increase in the hydrogen peroxide concentration. On the other hand, for 

the same gap width, when the residence time increased, the hydrogen peroxide 

concentration decreased. For both these cases, the pulse current pure unit discharge 

area was kept constant.'^’

There has also been research in several other areas with discharge reactors.* 

For example, N2H4 (hydrazine), a component in rocket fuel, has been made from NH3 

or N2 and H2 in a silent electric discharge reactor. In addition, research has been done 

on NOx and S0% removal. For example, a flue gas with NO* and SO2 was sent 

through a corona discharge in which HNO3 and H2SO4 were the products. Next, 

these products were reacted with NH3 to form ammonium salts ((NH4)2S0 4  and 

NH4NO3). Removal of toxic organic substances using a silent electric discharge 

reactor also has been explored. Toxic compounds have been decomposed using a 

thermal plasma at high temperature. This, however, requires a large amount of 

energy to raise the gas temperature several thousand degrees. Thus, using a silent 

electric discharge reactor might be more economically desirable, because it can
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operate at room temperature. Conceivably, a silent electric discharge reactor might 

be used to remove PCBs, dioxins, solvent vapors, nerve gas, and pesticides.* Finally, 

research with discharge reactors has been done in the area of natural gas processing 

(discussed in section 1.5)

Silent electric discharge reactors also have been used on an industrial basis 

in the area o f ozone production. Ozone production occurs by feeding oxygen to an 

ozone generator (DBD reactor). The ozone generator generally operates at 

atmospheric pressure and is able to take room temperature oxygen and convert some 

of it to ozone by passing high energy electrons, 1 to 10 eV, through the gas stream. 

The electron densities can be as high as 10'“* cm'^.*

A research group from Japan has conducted ozone studies with a silent 

electric discharge reactor (DBD reactor). An AC power source was used in 

conjunction with a transformer, and this allowed the voltage to range from 2 kV to 

10 kV. In addition, the frequency was varied from 50 to 2000 Hz. The results show 

that an increase in pulse current (current traveling across the gas gap) from 10  to 2 0 0  

pamps linearly increases ozone production. From 200 to 1000 pamps the ozone 

production levels off. Past 1000 pamps, ozone production is constant. Thus, from 10 

to 1 0 0 0  pamps, as the number of electrons crossing the gap increases, the chances of 

ozone formation also increases. However, at a certain point (beyond a 1000 pamps), 

tlie net rate o f destruction o f ozone equals the net rate o f creation o f ozone and, thus, 

additional pulse current does not lead to an increase in ozone production. The width
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of the gas gap also has an effect on ozone production. For the same pulse current, an 

increase in width from I to 3 mm results in an increase in ozone production.' ’■ '*

1.5 Homogeneous Partial Oxidation o f Methane to Methanol using Thermal and 
DBD Reactors

Many researchers have studied the homogeneous partial oxidation of methane 

using thermal and dielectric barrier discharge reactors.*’"̂ ’’ The former uses high 

temperatures to initiate reactions while the latter uses high energy electrons to do so. 

The following section gives an overview of the research conducted in both areas 

(thermal and DBD processes). In addition, attempts to produce methanol from other 

feeds (CH4 -CO2 , CH4-H2O, H2-CO2 ), as opposed to the traditional methane-oxygen 

or methane-air feeds, will also be covered.

1.5.1 Partial Oxidation of Methane (POM) through Thermal Means

The partial oxidation o f methane to methanol is an exothermic reaction, as

shown below:

CH4 + .5 O2 CH3OH AH298 K = -126.2 kj/mol 

Table 1.4 shows that AG increases with increasing temperature and, therefore, 

thermodynamically POM to methanol favors low temperature
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Table 1.4: AG as a Function of T for POM to Methanol

T(°C) 25 400 450 500 550 600

AG (kj/mol) -111.5 -93.1 -90.7 -8 8 .2 -85.8 -83.3

However, energy has to be input into the system in order to initiate the reaction.

One way of inputting energy into the system is through thermal means, and much 

research has been done in this area.*^"^  ̂ Typically, the partial oxidation o f methane 

(POM) has been conducted at temperatures within the range of 400 to 600 °C and 

pressures within the range of 5 to 65 atms. In addition, the mole percent o f oxygen in 

the feed has not exceeded 10% within this pressure range (A methane-oxygen-ozone 

study has had up to 15% oxygen in the feed, however, the pressure was 1.5 atm)

In regards to economics, several studies have compared the thermal POM with 

the commercial methanol synthesis process.̂ ®"*® The studies show that methane 

conversions of 7.5% to 10.0% with 70% selectivity toward methanol would be 

required in order to compete with the commercial methanol synthesis process. 

However, roughly only 20% to 30% selectivity toward methanol has been obtained in 

this methane conversion range (7.5% to 10.0%) for the homogeneous partial

oxidation of methane using thermal means 19-34

A research group in Germany has completed a study on the homogeneous 

partial oxidation of methane in a thermal reactor."*' However, they passed oxygen
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through an ozone generator (DBD reactor) before the stream was mixed with 

methane. Hence, a methane-oxygen-ozone stream was fed to a 1 mm diameter 

alumina flow tube (thermal reactor). The temperature in the tube was varied between 

480 to 830 K. The products detected from the reaction were H2O, H2O2, CH2O, 

CH3OH, CO, and CO2. Trace amounts o f C2H6 and CH3OOH were also detected. 

The results show that when the ozone concentration in the feed is increased while 

maintaining a constant methane-oxygen feed, the product concentrations increase. 

The authors believe, however, that it is atomic oxygen instead of ozone(0 3 ) that is 

causing this, because thermal decomposition o f ozone is 23 kcal/mole while the 

theoretical activation energy required for ozone to react with methane is 27 

kcal/mole.'**

A Canadian research group has also passed an oxygen stream through an 

ozone generator (DBD reactor) and then mixed it with a methane stream before 

sending the stream (methane-oxygen-ozone feed) to a thermal reactor.'*^ The oxygen 

composition in the feed, depending on the experiment, was in the range o f 4.4 mole 

percent to 15.0 mole percent. The composition o f ozone in oxygen was 8  wt. %. In 

addition, they have also done experiments that fed only a methane-oxygen stream (no 

ozone in the feed) to the thermal reactor. The results show, that at 401 ®C, 

considerable amounts of methanol, formaldehyde, carbon monoxide, and carbon 

dioxide are formed when ozone is in the feed. Trace amounts o f ethane can also be 

seen. When oxygen was not fed to the silent electric discharge reactor first, no 

reaction occurred in the thermal reactor at 401 °C. Thus, without ozone in the feed, it

28



was only at 434 °C that traces o f methanol could be detected. Therefore, their study 

suggests atomic oxygen might be initiating the reaction at 401 °C. Finally, for a 

methane conversion of 7%, their process showed only 9% selectivity toward 

methanol.

1.5.2 Partial Oxidation o f Methane using a Dielectric Barrier Discharge Reactor

As already mentioned, the homogeneous partial oxidation o f methane can also 

be accomplished using a dielectric barrier discharge (DBD) reactor. There have been 

several studies in this area in which various parameters have been adjusted to 

determine their effects on the overall process.'*^'^’’ For example, research has 

been completed using a DBD reactor (gap distance = 1.9 mm, 110°C) with 13:1 

methane-oxygen feed.'*  ̂ In the study, it was found that when the voltage was 

increased, and, hence, the transported charge across the gas gap increased, the oxygen 

conversion was enhanced. In addition, a decrease in the methanol and formaldehyde 

selectivities were also seen with an increase in voltage. This was a result o f over

oxidation o f these organic oxygenates, as shown by the increase in CO* selectivity. 

In this same study, when the residence time was increased, the oxygen conversion 

increased. In addition, for the residence time experiments, similar trends were seen in 

organic oxygenate and C0% selectivities as demonstrated in the voltage experiments.'*^

The methane-oxygen feed ratio in a DBD reactor has also been studied.^ The 

results show that when reducing a 20:1 methane-oxygen feed ratio to a 3:1 methane-
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oxygen feed ratio the methane conversion rate increases by 42%. This suggests 

active oxygen species within the reaction zone activate methane molecules, which 

results in the enhancement o f the methane reaction rate. In addition, when the 

methane-oxygen feed ratio changed from 20:1 to 3:1, the ethane production rate 

decreased and the methanol production rate increased. These production rate results 

are caused by the decreasing probability of methane coupling reactions due to the 

increased partial pressure of oxygen in the feed. In addition, increasing the partial 

pressure of oxygen in the feed promotes partial oxidation of methane to methanol.^

Research has also completed in this area from Switzerland."*^ They show that 

when mole% of air is increased from 0 to 70% in a methane-air stream being fed to a 

DBD reactor, the percent yield in methanol increases from 0 to about 2.5. However, 

they found that higher percent yields in methanol occur in methane-oxygen feed 

experiments (e.g., 2.3:1 methane-oxygen feed gave 3% yield to methanol). In 

addition, their study shows that when the methane conversion increases, the energy 

consumption of the system also increases.*^ This is most likely due to the fact that 

oxygen conversion also increases as methane conversion increases, which means the 

partial pressure of oxygen down the length of the reactor is decreasing (This work 

does not give its results in oxygen conversion however, another study does show that 

as methane conversion increases, oxygen conversion also increases for a methane- 

oxygen system within a DBD reactor"* )̂. Hence, a decrease in active oxygen species 

down the length of the reactor causes a decrease in the methane reaction rate.
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In addition, studies have been conducted on the partial oxidation o f methane 

to methanol using pulsed DBD reactors.'**’ For example, a pulse generator has been 

used in which the voltage rise time is about 15 ns.'*’ Their results show that when 

they decrease the methane-oxygen ratio from 49:1 to 1.5:1 in methane-oxygen-argon 

feeds ( 80 % of feed composition is argon), the methanol and C0% selectivities 

increase and the CiHx selectivities decrease. Hence, increased oxygen partial 

pressure in the feed promotes methanol and C0% pathways. In addition, when the 

argon mole% in the feed was increased form 0  to 80 in a methane-oxygen-argon feed 

(1.5:1 methane-oxygen ratio), the methanol yield went from .6 % to about 6 %. The 

study also shows that when increasing the partial pressure o f argon in a methane- 

oxygen-argon feed, the current across the gas gap increases, which offers a possible 

explanation for the increase in methanol yield. In other words, the presence o f argon 

increases the number of free electrons in the gas gap, which, therefore, might enhance 

the number o f reactions taking place within the reaction zone.'*’

Researchers have also tried to use CO: and H :0  in place o f oxygen in a DBD 

reactor. However, the yields to methanol have been at best very low. For example, a 

6:1 methane-water feed resulted in .5% yield in methanol.'** Futher, when using 

methane-carbon dioxide feeds, methanol was not detected.'** Finally, a 3:1 hydrogen- 

carbon dioxide stream has also been fed to a DBD reactor. The yield in methanol for 

this system was also low (.1%).'*̂
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1.6  Present Work and Dissertation Objectives

The present work studies the direct partial oxidation o f methane using a DBD 

reactor. The objective o f the study is to gain a better understanding o f process 

parameters that positively influence methane conversion, desired product selectivities, 

and energy consumption o f the system, as well as to obtain a better understanding of 

what is occurring within the reaction zone o f the DBD reactor. The former is 

accomplished through process development experiments, while the latter is explored 

through carbon pathway experiments and computer simulations (Bolsig; an electron 

Boltzmann solver by Kinema Software and CP AT). The computer simulations give a 

better understanding of species that might be responsible for initiating the reactions 

taking place within the system at various conditions.

Chapter Two covers the experimental procedure and design for this study. In 

addition, definitions of the various terminology used (conversion, product 

selectivities, and energy consumption) are given.

Some natural gas reserves have CO; present within them. Therefore, Chapter 

Three discusses the influence carbon dioxide has on the system when added to a 

methane-oxygen feed. Methane-oxygen-carbon monoxide systems are also discussed 

in this chapter. Finally, methane-carbon monoxide and methane-carbon dioxide 

systems are covered in this chapter regarding the question as to whether oxygen can
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be replaced with carbon monoxide or carbon dioxide and still form organic oxygenate 

products.

In the partial oxidation o f methane in a DBD reactor, the probability that 

organic oxygenates will be further oxidized to CO* increases the longer they stay 

within the reaction zone. Chapter Four, therefore, discusses how organic oxygenate 

and COx selectivities are affected when in situ removal o f organic oxygenates in the 

reaction zone via condensation occurs. Chapter Four also discusses whether reactor 

geometry (annular vs. planar) affects product selectivities and methane and oxygen 

conversions. In addition, hydrogen-carbon dioxide systems and a water-carbon 

monoxide system are explored in regards to whether the water-gas shift and reverse 

water-gas shift pathways are possible in a methane-oxygen system within a DBD 

reactor. The chapter ends with a discussion on carbon dioxide reforming of methane 

in regards to the effects that the partial pressure o f carbon dioxide and helium have on 

product selectivities and methane and carbon dioxide conversions (methane-carbon 

dioxide-helium system).

Having a low energy usage per molecule o f methane converted is desirable for 

a process implementing the partial oxidation o f methane. Thus, Chapter Five 

examines the effects on energy consumption when the methane conversion increases 

for a methane-oxygen system within a DBD reactor. Chapter Five also reviews 

process development experiments to gain a better understanding o f  how methane 

conversion and organic oxygenate selectivities can be enhanced. In addition, other
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process development experiments are conducted to determine how energy 

consumption and product selectivities change when oxygen in a methane-oxygen 

system is replaced with oxygen enriched air. Finally, because natural gas contains 

ethane, the effects ethane has in a methane-ethane-oxygen system are explored.

Chapter Six discusses how changes in the reduced electric field strength 

affects methane and oxygen conversion, product selectivities, and energy 

consumption for a methane-oxygen system within a DBD reactor (reduced electric 

field is changed by altering the system’s gas gap distance or the system’s pressure). 

This is accomplished through experiments and the use o f the Bolsig simulator (an 

electron Boltzmann solver by Kinema Software and CPAT), which is able to 

determine the average electron energies and the energy depositions directed toward 

the various collision processes in a methane-oxygen system within a DBD reactor. In 

addition, the effects pressure has on a methane-oxygen system in terms of feed 

concentration is also discussed. Finally, residence time experiments with a methane- 

oxygen system are conducted to better determine the carbon pathways that are 

occurring within the system.

Chapter Seven gives the overall conclusions for this work as well as 

recommendations for further study on the homogeneous partial oxidation o f methane 

in a DBD reactor.
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CHAPTER TWO: Experimental Section

2 .1  Experimental Design and Procedures

The overall experimental setup is shown in Figure 2.1. With this setup in 

mind, mass flow controllers (Porter Instrument Company) regulate the flow of feed 

gases (supplied by gas cylinders from Sooner Air Gas) to an annular reactor as shown 

in Figure 2.2. The feed gas enters the reactor from the top and flows down axially 

through the gap between the two concentric cylinders. Inside the inner glass cylinder 

is a metal foil that acts as one electrode, while the stainless steel wall of the outer 

cylinder acts as the other electrode. Thus, the reactor acts as a capacitor with a glass 

dielectric in which uniformly distributed “micro-discharge” streams disperse 

throughout the volume of the reactor. The product stream exits the annular reactor 

from the bottom. The outer reactor shell is surrounded by a water cooling jacket.

The reaction products are fed to a liquid trap cooled by dry ice and acetone, 

which maintain the trap temperature at around -55 °C. The primary products 

collected in the trap are water, methanol, formaldehyde, methyl formate, ethanol, and 

formic acid. Depending on the. reactor temperature, some of these products may be 

condensed in the reactor and then carried out by the gas stream. Past the liquid trap, 

the effluent gas stream flows to an EG&G Carle Series 400 AGC gas chromatograph 

with a hydrogen analysis system. In the recycle experiments (Recycle Diagram 

shown in Figure 2.3), once the gas passes through the liquid trap, most of the 

remaining gas is fed back to the reactor; however, a small fraction exits through a 

purge stream that flows to the EG&G Carle Series 400 AGC gas chromatograph.
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Figure 2.1 : Experimental Setup : (I) CH4 & 0 2  Gas cylinders, (2) Mass flow 
Controllers, (Porter Instrument Company), (3) Porter flow module, (4) Silent Electric 
Discharge Reactor, (5)Liquid trap, (6) Gas stream to vent, (7) EG&G Carle Series 
400 AGC, (8) Elgar Model 501 SL AC power supply, (9) CBK precision function 
generator, (10) 15060 P Franceformer transformer
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Figure 2.2: Annular Reactor
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Figure 2.3: Recycle Diagram
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The flow rates of the feed gas stream and the product gas stream are determined by 

using a soap bubble meter and stopwatch after they leave the condenser. The organic 

oxygenate liquid products are collected after the experiment and analyzed with a 

Varian 3300 GC on a Porapak Q coliunn with TCD.

An Elgar model 501 SL is the AC power supply to the reactor. It has a 

maximum power output of 500 watts, a voltage range of 0 to 130 V, and a current 

range of 0 to 5.8 A. The frequency range for the power supply is from 45 to 5000 Hz. 

The Elgar is used in conjunction with a CBK precision function generator that allows 

a sinusoidal waveform to be generated at the desired frequency. The voltage is 

stepped up (kV range for high voltage side) through the use o f a 15060 P 

Franceformer transformer and is applied to the reactor. Power is measured on the 

primary side using a Microvip 1.2 Energy Analyzer.

2.2 Calibrations

In conjunction with a Porter flow module, the mass flow controllers (Porter 

Instrument Company) were calibrated for the feed and product gases (methane, 

ethane, ethylene, acetylene, oxygen, nitrogen, hydrogen, carbon monoxide, and 

carbon dioxide) of this work. The procedure for doing these calibrations is as 

follows. A gas (e.g. CH4) is flowed through a mass flow controller over a range o f 

Porter flow module set points (10%, 30%, 50%, 70%, 90%), and the flow rate o f the 

gas at each set point is measured using a bubble meter and a stopwatch. The 

relationship between the gas flow rate and the Porter flow module set point is linear
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and, hence, a linear regression is used to determine the gas flow rate as a function o f 

the Porter flow module set point (gas flow rate = m*set point + b where m and b are 

the slope and y intercept, respectively).

In addition, the EG&G Carle Series 400 AGC gas chromatograph (Carle GC) 

was also calibrated for the feed and product gases of this work. This was 

accomplished by using the following procedure. A gas of known composition (e.g., 

25 mole percent oxygen and 75 mole percent methane) is sent to the Carle GC, which 

gives the corresponding TCD GC area coimts for the components in the gas. Several 

TCD GC area coimts are obtained for each component at a given composition in order 

to obtain the component composition’s average TCD GC area coimt. The 

relationship between a component’s TCD GC area count and its composition in the 

gas is linear. Thus, gas streams with different compositions are flowed to the Carle 

GC such that a TCD GC area count is determined for each composition o f a 

component. This, therefore, allows utilization of a linear regression to obtain the 

composition o f each gas component as a function o f its TCD GC area count (mole 

percent o f a gas = m*TCD area count + b).

As for the Varian 3300 GC, it is calibrated for organic liquid oxygenates 

(methanol, methyl formate, formic acid, and formaldehyde). Each organic liquid 

oxygenate is calibrated as follows. First, a water-organic liquid oxygenate solution of 

known composition is made. A Hamilton 7000 series syringe then injects 1 pi o f  this 

solution into the Varian 3300 GC, which gives the corresponding TCD GC area count 

o f the organic liquid oxygenate (water TCD GC area count is also given). This is
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repeated several times to get an average TCD GC area coimt for the organic liquid 

oxygenate’s composition. Again, the relationship between the TCD GC area count of 

a component and its composition is linear. Thus, several different compositions o f an 

organic liquid oxygenate and their corresponding TCD area coimts are obtained in 

order to use a linear regression to determine the organic liquid oxygenate’s 

composition as a function of its TCD GC area count (wt. % of organic liquid 

oxygenate = ra*TCD GC area coimt + b).

2.3 Gas and Organic Liquid Oxygenate Analysis

A gas stream (containing some or all o f the following: methane, ethane, 

ethylene, acetylene, oxygen, nitrogen, hydrogen, carbon monoxide, carbon dioxide) is 

analyzed as follows. Its flow rate, as already mentioned, is determined with a bubble 

meter and a stopwatch. The composition o f the gas stream is determined by the 

components’ calibration equations from the Carle GC in conjunction with the 

components’ TCD area counts. With the gas stream flow rate and composition 

determined, the component flow rates within the gas stream can be obtained (all 

component volumetric flow rates converted to molar flow rates).

As for the liquid product composed of organic oxygenates and water, the 

amount o f time that is used to collect it (collection time) within the trap is recorded. 

In addition, the overall weight of the liquid product is also taken, which, in 

conjunction with the collection time, allows its mass flow rate to be determined 

(weight o f liquid sample/collection time). By using the Varian 3300 GC composition
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calibration equations in conjunction with their TCD GC area counts the composition 

of the liquid product (wt%) is determined. TCD area counts are obtained by injecting 

a 1 |il liquid sample, produced from an experiment, into the Varian 3300 GC via a 

Hamilton 7000 series syringe. With the liquid product’s mass flow rate and 

composition (wt%) determined, component mass flow rates can be obtained (all 

component mass flow rates converted to molar flow rates).

2.4 Assumptions and Definitions for Experiments

The following assumptions were made for the experimental calculations:

1. The behavior of the gases is ideal.

2. The flow rates are determined at room temperature and atmospheric pressure.

The following definitions were used for the calculations (Note: Definitions 1- 

6  apply when a feed component’s net rate o f destruction in the reaction zone is 

greater than its net rate o f creation. Definition 8b applies when a feed component’s 

net rate o f creation in the reaction zone is greater than its net rate o f destruction):

1 . % CH4 conversion = [(molar flow rate of CH4 entering reactor -  molar flow rate of 

CH4 exiting reactor)/( molar flow rate of CH4 entering reactor)]* 100
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2. % Oi conversion = [(molar flow rate o f O2 entering reactor -  molar flow rate of O2 

exiting reactor)/( molar flow rate o f O2 entering reactor)]* 100

3. % CO conversion = [(molar flow rate o f CO entering reactor -  molar flow rate of 

CO exiting reactor)/( molar flow rate of CO entering reactor)]* 100

4. % CO2 conversion = [(molar flow rate of CO2 entering reactor -  molar flow rate of 

CO2 exiting reactor)/( molar flow rate o f  CO2 entering reactor)]* 100

5. % C2H6 conversion = [(molar flow rate of C2H6 entering reactor -  molar flow rate 

of CiHô exiting reactor)/( molar flow rate o f C2H6 entering reactor)]* 100

6. % Hi conversion = [(molar flow rate of H2 entering reactor -  molar flow rate o f H2 

exiting reactor)/( molar flow rate of H2 entering reactor)]* 100

7a. reacted carbon = total carbon molar flow rate within feed components entering the 

reactor - total carbon molar flow rate within feed components exiting the reactor

Note: If the net rate o f creation is greater than the net rate o f destruction for a feed 

component containing carbon, its entering and exiting molar flow rates are not used to 

determine the reacted carbon. Instead, the component is defined as a product (see 

8b).
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7b. reacted CH» = CEj molar flow rate entering the reactor -  methane molar flow rate

exiting reactor

8 a. % Product Selectivity = (carbon molar flow rate o f  a product (e.g. methanol) 

exiting reactor)/(reacted carbon) * 1 0 0

8b. If a gas component formed within the reaction zone is also used as a feed 

component, the following definition for % product selectivity applies for the 

component;

% Product Selectivity = [(carbon molar flow rate of the component exiting the reactor 

-  carbon molar flow rate o f the component entering reactor)/reacted carbon]* 1 0 0

9a. % selectivity = [(molar flow rate of Ha leaving reactor)/(reacted CH4*2 )j* 100

9b. If hydrogen is also a feed component, the following definition applies:

% Ha selectivity =[(molar flow rate o f Ha exiting reactor -  molar flow rate o f  Ha 

entering reactor)/(reacted CH**2)]*100

10. Energy consumption is on an eV per molecule o f converted methane basis
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CHAPTER THREE: Oxygen Pathways And Carbon Dioxide Utilization in 

Methane Partial Oxidation in Ambient Temperature Electric Discharges

Abstract:

This methane conversion work studies a plasma reaction system for the 

production o f organic oxygenates. The reactor consists o f a glass dielectric 

interposed between the metal electrodes and a flowing gas stream through which 

kilovolt AC power with frequencies in the range o f one to two hundred Hertz is 

applied. The geometry for this amounts to an annular system in which gas flows 

axially between the electrodes, with one electrode covered by a glass plate. The 

effect o f the glass dielectric is to distribute the microdischarges across the entire 

electrode area and limit the duration o f each microdischarge. The partial oxidation 

studies in this configuration produce methanol and other oxygenates ( formaldehyde, 

formic acid, methyl formate). Selectivities for these products combined amount to 

50-65 percent. These are the primary products when oxygen is included in the feed to 

the reactor. By-products here include significant levels o f CO and CO2, but it has 

been determined that CO2 in the feed inhibits further production o f CO2 thereby 

eliminating net CO2 production while increasing CO selectivity. These results show 

that oxygen appears to be needed in order to obtain higher methane conversions and 

significant oxygenated liquid organic products. CO or CO2 do not appear to be 

substitutes for oxygen when trying to generate these desired oxygenated products.
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3.1 Introduction

The relatively abundant resource of natural gas and its low cost and lower 

environmental impacts make this the carbon based fuel o f choice well into the 

twenty-first century. Additionally these same factors make it a desirable feedstock 

for production of a number of commodity chemicals \  There is additional need for 

new technologies which can also allow recovery of the many remote gas resources 

which are presently burned with no economic value and with significant negative 

environmental impact. Present technology uses steam reforming to produce synthesis 

gas which is converted to methanol and other chemicals. Substantial research is 

being conducted on more efficient direct routes to oxygenates through direct partial 

oxidation chemistry. None of the direct partial oxidation routes has achieved the 

breakthroughs needed in order to be competitive, although new methods using non

equilibrium plasmas and plasma promoted catalysis appear to offer significant 

potential.  ̂ Additional research into enhancement o f the carbon balance of 

methane conversion by reforming with CO2 in order to “recycle” existing fully 

oxidized carbon is also being conducted. A significant additional motivation for this 

is the fact that much of the methane resource base occurs with significant CO2 

(natural gas, landfill gas, etc.) which must be removed at considerable expense before 

the methane is usable. Conversion processes which reduce or eliminate this 

requirement offer a significant economic advantage as well as environmental benefit.
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Plasma reactors may provide a useful technology for this problem. These 

types of reactors are already being used to study possible applications in the control 

of NOx, SOx, COx, toxic gases, volatile organic compounds, hazardous emissions, and

for ozone synthesis

This study uses a silent electric discharge to cause the reaction of methane to 

form oxygenated products. This discharge is created with an ozone type barrier 

discharge reactor connected to an AC power source. A Non-spark high energy 

environment is created that allows low gas temperatures to exist in a high electron 

temperature environment The purpose o f this study is to determine the effect of 

CO2 and CO on the partial oxidation o f methane in a non-equilibrium plasma 

environment as well as studying the oxygen pathways involved in this system. This 

research is an extension o f Bhatnagar and Mallinson’s work Due to enhanced 

analysis capabilities there is improvement in the spéciation of the oxygenated liquid 

products. The general trends from the previous study still hold to be true, however, 

through GC/MS analysis the significant liquid oxygenate products are found to be 

methanol, methyl formate, formaldehyde, and formic acid and ethanol is produced 

only in small amounts.
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3.2 Experimental Section

To conduct the partial oxidation experiments, a silent electric discharge 

reactor (DBD reactor) is used, as shown in Figure 2.2. The gap the gas flows through 

is 0.5 mm wide. The active reaction area is 920 cm^. The effective annular volume 

of the reactor is then 225 milliliters. The experimental design and procedures are 

discussed in section 2.1 and the overall experimental setup is shown in Figure 2.1.

Four types of experiments are conducted in this study. The first two involve 

using a stream of methane, oxygen, and carbon monoxide or methane, oxygen, and 

carbon dioxide. The C0% flow rate is varied between 0 and 60 cc/min. All of these 

experiments have a 200 cc/min total flow rate. The methane to oxygen ratio is kept 

constant at 3:1. The frequency and voltage are set at 100 Hz and 8.5 kV. The third 

type o f experiment feeds methane, oxygen, carbon monoxide, and carbon dioxide to 

the plasma reactor. The methane to oxygen ratio ranges from 2.65:1 to 3:1. The 

frequency and voltage are kept at 100 Hz and 8.5 kV for these experiments. The last 

type o f experiment involves feeding pure methane or streams o f methane with carbon 

dioxide, or with carbon monoxide, or with helium, or with carbon dioxide and carbon 

monoxide to the reactor. The frequency and voltage for all o f these experiments are 

200 Hz and 16 kV.

For all of the experiments, the carbon selectivity is defined as the total number 

of moles o f carbon formed o f a particular product divided by the total niunber o f
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moles o f carbon reacted(caiculated from molar flow rates). If the only carbon source 

is methane the calculation is straightforward. Moles o f methane fed to the reactor 

minus the moles o f methane leaving the reactor gives the total number of moles o f 

carbon that have reacted. The calculation becomes a little more complicated if  carbon 

monoxide or carbon dioxide are added to the feed stream. If there is a net loss in 

carbon monoxide or carbon dioxide, then the moles o f carbon that have reacted from 

these compounds are added to the moles o f carbon from the methane reacted which 

gives the total moles of carbon reacted. The conversion is simply defined as the 

difference between moles of a feed component in and moles o f that feed component 

out divided by moles of the feed component in. Thus, any feed component which has 

a net loss in moles during the reaction will have its conversion calculated.

3.3 Results and Discussion

The base experiment for this study is with methane and oxygen only. This 

follows the work o f Mallinson et al. (1987) and Bhatnagen and Mallinson (1995).^’ ’ 

In this study the product analysis, as already mentioned, has been refined and use has 

been made of the variables studied in the previous work in order to determine 

optimum conditions for liquids production.

Frequency has been found to be a significant variable affecting the 

performance o f the reactor system. Table 3.1 compares the results at 100 Hz and 200 

Hz for the methane oxygen system. The two significant differences in these
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experiments are the methane and oxygen conversions. At 200 Hz the conversion for 

methane is 14 % while conversion for oxygen is 48 %. When frequency is decreased 

to 100 Hz the methane and oxygen conversion increase to 20% and 67%, 

respectively. The product selectivities, on the other hand, do not significantly change. 

A more detailed study has been made using a pure hydrocarbon reactant, Caldwell et 

al (2 0 0 1 )."
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Table 3.1 : Frequency/Voltage experimental results (200 cc/min How rate & 3:1

Freq.
(Hz)

Voltage
(kV)

Mole %
CH4
Conv.

Mole % 
O2

Conv.

%CO
Select.

% CO2 

Select.
%
Methan
-ol
Select.

%
Metliyl-
fonnate
Select.

%.
Formic
Acid
Select.

%
Formal
dehyde
Select.

Org.
Liq.
Sum

%
Ethane
Select.

1 0 0 8.5 2 0 67 15 1 2 15 1 0 16 1 2 53 4
2 0 0 16.0 14 48 18 15 13 9 16 1 2 50 5



The next set of experiments varies the flow rate o f CO in a 3 to 1 methane and 

oxygen stream. The results can be seen in Table 3.2. As the CO flow rate increases, 

the net selectivity for CO decreases from 15% to 0% while the selectivity for CO2 

increases from 12% to 37%. With a flow rate o f 20 cc/min or greater of CO, the rate 

of its destruction is greater than the rate o f its creation and, thus, produces a net 

selectivity o f zero. When comparing the results with the results o f the experiment 

which had no CO in the feed, it is apparent that the liquid product selectivities are 

unaltered. The one exception to this is when the CO feed flow rate is 60 cc/min. At 

this point the liquid product selectivities decrease. This occurs because, as the CO 

flow rate is increased, the oxygen feed flow rate decreases. As oxygen becomes 

sufficiently limited the production o f the oxygenated liquid products decreases. 

These results show that the contribution from CO to the formation of liquid products 

is evidently negligible and that CO is not an intermediate product leading to liquids 

production, but on the contrary appears to be a precursor to CO2. Another result o f 

the increase in CO is the increase in the selectivity for ethane. Without CO, ethane’s 

selectivity is 4% while at a 60 cc/min CO flow rate its selectivity increases to 8%. 

Thus, the effect on the activation of methane is less than on oxygenate production as 

methane conversion drops only a few percent from its original value. The limited 

oxygen environment increases the probability o f coupling of activated methane.
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Table 3.2: CO Experimental results (3:1 CIl4 :Ü2 , 8.5 kV, 100 Hz, 200 cc/min flow rate)

CO Flow
Rate
(cc/min)

Mole
%
CH4
Conv.

Mole %
CO
Conv.

Mole % 
O2

Conv.

%CO
Select.

% CO2 

Select.
%
Methan
-ol
Select.

%
Metliyl-
formate
Select.

%.
Formic
Acid
Select.

%
Formal
dehyde
Select.

Org.
Liq.
Sum

%
Ethane
Select.

0 2 0 - 67 15 1 2 15 1 0 16 1 2 53 4
1 0 17 - 63 7 2 1 17 15 13 1 2 57 5

2 0 19 5 6 6 0 24 17 1 2 14 1 2 55 5
40 2 0 8 78 0 31 16 1 2 13 1 0 51 7
60 18 7 74 0 37 1 2 1 2 4 6 34 8



The next set of experiments is run with CO2 present instead of CO in the feed 

stream. The CO2 experimental results can be seen in Table 3.3. In these experiments, 

as the CO2 feed flow rate increases, the CO2 selectivities decrease while the CO 

selectivities increase. The liquid selectivities, as is the case in the CO experiments, 

are unaffected when CO2 is fed into the feed stream until the CO2 flow rate is raised 

to 60 cc/min. At this flow rate, the liquid oxygenates selectivities start to decrease 

because of the reduced oxygen concentration. The net CO2 selectivity becomes zero 

when the CO2 feed flow rate is 40 cc/min or greater. This, again, is because the rate 

of destruction o f CO2 is greater than the rate o f creation at this partial pressure o f 

COi. These results suggest that CO2, like CO, does not enhance liquid production. 

Of great interest, however, is the fact that CO2 is evidently converted to CO, without 

the loss of liquids production except under oxygen limited conditions. The decrease 

in methane conversion observed in these experiments is also relatively small. Thus, 

the presence of CO2 does not materially interfere with methane conversion or 

oxygenated production and is to some extent converted to a more useful product. 

Due to recent enhanced analysis capabilities it has been shown that hydrogen is being 

produced in significant amounts.
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Table 3.3: CO2 Experimental results (3:1 CH4:02, 8.5 kV, 100 Ilz , 200 cc/min flow  rate)

C0 2

Flow
Rate

(cc/min
)

Mole % 
CH4 

Conv.

Mole % 
CO2 

Conv.

Mole % 
O2 

Conv.

%CO
Select.

% CO2 

Select.
%

Methan
-ol

Select.

%
Methyl-
formate
Select.

%.
Formic
Acid

Select.

%
Formal
dehyde
Select.

Org.
Liq.
Sum

%
Ethane
Select.

0 2 0 - 67 15 1 2 15 1 0 16 1 2 53 4
1 0 15 - 53 23 14 14 9 1 0 1 2 45 5

2 0 2 2 - 70 2 1 2 19 18 8 7 52 3
40 26 4 77 29 0 . 0 1 2 2 1 2 1 13 67 3
60 2 2 3 71 42 0 . 0 1 1 8 7 8 34 4

a



The third set o f experiments examined addition of both CO and CO2 to the 

methane and oxygen feed stream. These results can be seen in Table 3.4. The total 

flow rate, frequency, and voltage are the same as the previous experiments. When 

both CO and CO2 flow rates are both set at 17 cc/min, net C0% selectivity is 15% 

while net CO selectivity is 7%. This suggests the rate for CO conversion to CO2 is 

greater than the rate of CO2 conversion to CO at these partial pressures and one 

minute residence time. The second experiment reduces the CO flow rate to 10 cc/min 

while keeping the CO2 flow rate at 17 cc/min. This causes both selectivities to be 

around 15%. This is due to the fact that with more CO2 in the feed stream more CO 

is produced, as was also seen in the CO2 experiments, and the rates are in balance.
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Table 3.4; CO2/CO Experimental results (8.5 kV, 100 Hz, Experiment 1 : Cl 14= 125 cc/min, 02=41 cc/min, 00%= 17 cc/min, 
CO=17 cc/min. Experiment 2: Cl l4=130 cc/min, 0 2 = 4 9  cc/min, 002=17 cc/min, 00=10 cc/min)

Expen Mole % 
OH4 

Oonv

Mole % 
O2 Oonv.

%oo
Select.

% OO2 
Select.

% Ethane 
Select.

%
Methanol

Select.

%
Melhyl-
formate
Select.

%.
Formic
Acid

Select.

%
Formal
dehyde
Select.

Org.
Liq.
Sum

1 2 0 79 7 15 5 17 1 2 15 1 2 56
2 19 77 15 15 5 2 0 13 18 14 65

5



The last set o f experiments shown in Table 3.5, are with a pure CH4 feed or 

gas mixtures o f 150 cc/min o f methane with 50 cc/min o f helium, or CO2, or CO, or 

40 cc/min of CO and CO2. The first three experiments in Table 3.5 give ethane 

selectivities which range from 37% to 57%. Little or no liquid products or solid 

accumulation in the reactor was observed. The rest o f the products are assumed to be 

C3+ compounds, but analysis o f these was not available. When methane is the only 

feed gas, ethane selectivity is 49%. It is interesting to note that the mixture o f CH» 

and CO2 produced a total selectivity for liquid products of less than 5%. When 

methane is fed with CO, less than 2% of the total selectivity is for liquids. This again 

indicates that the contribution from CO or CO2 to liquid products formation is 

negligible. The selectivity for ethane is 82% when methane and CO are fed. This 

suggests, as is shown in the CO experiments, that CO in the feed stream appears to 

promote methane coupling. It seems to be a better promoter than CO2 since with CO2 

an ethane selectivity of only 37% is obtained. Note in all these cases, the absence of 

oxygen dramatically reduces the conversion of methane. The successful activation of 

methane to cause its conversion significantly depends upon active species generated 

by O2 which are not formed from CO or CO2.
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Table 3.5; No O2 Experimental Results

CH4 Flow 
Rate 

(cc/min)

He, CO2 . 
and/or CO 
Flow Rate 
(cc/min)

Mole % CH4 

Conv
Mole % CO 

Conv.
Mole % CO2 

Conv
% CO Select. % CO2 Select. % Ethane 

Select.

2 0 0 0 3 0 0 0 0 49
150 50 He 4 0 0 0 0 57
150 50 CO2 3 0 1 45 0 37
150 50 CO 3 0 0 0 1 82
150 40 CO 

40 CO2

7 2 3 0 0 48

2



Pathways that could be occurring in the homogeneous partial oxidation of 

methane have been studied.’’*® A study involving O2 and O3 in the feed with CH4 

show that at 401 ° C no methanol could be detected with just O2 and CH4 but 

methanol was detected when O3 was present at the same temperature. The authors 

suggested that O3 decomposed to O2 and 0 and the 0 atom could abstract hydrogen 

from methane to form CH3 and OH. Once the methyl radical is generated a series o f 

reactions can occur which ultimately leads to the products.’ At ambient temperature, 

Mallinson found no reaction between Methane and O3/O2 mixtures.^ Also, the 

possible reaction o f activation of CO2 via dissociation:

CO2 + e' -> CO + 0 + e 

or by electron attachment:

CO2 + e’ -> CO + O'

do not appear to generate the required energetic species for significant methane 

activation.

3.4 Conclusions

Methane and oxygen mixtures may be converted to a significant extent to 

liquid products: methanol, formaldehyde, formic acid, and methyl formate in a low- 

temperature, atmospheric pressure, plasma environment. CO, CO2, H2, and ethane 

are also products. Ethane becomes the primary product in an oxygen limited 

environment. High conversions o f methane to significant liquid oxygenates require 

O2 to be present. It is believed that the oxygen species generated in the plasma field
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somehow activates the methane in such a manner that allows for these higher 

conversions. At this point the pathways appear to generate CO from stepwise 

oxidation from methane which is then oxidized to CO2 via the water gas shift 

reaction. Recent hydrogen detection enhancements to the gas chromatograph have 

shown that hydrogen is being produced when methane is combined with oxygen 

which, therefore, allows the water gas shift reaction to take place. A pseudo

equilibrium is established which can be driven towards the shift or towards the 

reverse shift depending on the composition. Reduction of CO to more useful 

products does not occur to a significant degree under the present conditions, although 

CO2 hydrogenation is known to be possible". The presence o f CO2 inhibits further 

production o f CO2 from over oxidation and contributes to “recycling” o f  carbon.
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CHAPTER FOUR: Carbon Pathways, C0% Utilization, and In Situ Product 

Removal in Low Temperature Plasma Methane Conversion to Methanol

Abstract

This study examines a non>equiIibrium “cold” plasma reaction system for the 

partial oxidation of methane as well as the water-gas shift reaction and CO2 reforming 

of methane. Annular and planar plasma reactors are used. Both systems have a glass 

dielectric interposed between two metal electrodes. The electrodes are supplied with 

kV ac power with frequencies ranging from 50 Hz to 100 Hz. The results show that 

lowering the reaction temperature from 75 ®C to 28 °C In the partial oxidation 

experiments increases overall organic oxygenate liquid selectivities from 24% to 

52%. The lower temperatures reduce these products’ vapor pressures to their 

equilibrium partial pressures allowing condensation within the reactor. Experiments 

involving CO and H2O, and CO2 and H2 confirm that the water-gas shift reaction 

pathway occurs along with the partial oxidation o f methane. Results o f carbon 

dioxide reforming o f methane indicates that the CÜ2:CH4 ratio strongly affects the 

results. The ethane and hydrogen selectivity decrease when the C0 2 :CH4 ratio is 

reduced from 1:2 to 1:1. This decrease in partial pressure o f methane decreases direct 

coupling to ethane. Increasing the partial pressure o f CO2 from a 1:2 to 1:1 C0 2 :CH4 

ratio causes increased CO2 conversion to CO. The selectivity for methanol under 

reforming conditions is less than 1 %. A further increase in the C02:CH4 ratio from a 

1:1 to 2 :1  causes an increase in ethane and hydrogen selectivity indicating that an
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oxidative coupling pathway may play a role under these conditions. Finally, the 

results show that the presence o f helium enhances methane conversion and alters the 

reaction selectivities despite lowering methane partial pressures. This potentially is 

due to the fact that increasing the partial pressure of helium within the system 

increases the system’s average electron energy.* Thus, the number o f electrons 

capable of initiating reactions increases.

4.1 Introduction

Presently, natural gas is being used as a combustion fuel in industrialized 

areas that are close to large natural gas reserves. Steam reforming and further 

conversion to methanol is a major process that utilizes natural gas for its chemical 

value. This commercial technology is a complex multi-step process which is energy

intensive.

There is also a considerable amount o f natural gas in “remote” areas around 

the world. Many o f these natural gas reserves cannot be utilized presently due to high 

transportation costs. This problem could be potentially reduced if  those resources 

could be converted into organic liquids, such as methanol, that did not need 

refrigeration or compression for transport.^ However, multi-step processes such as 

steam reforming and then synthesis are too expensive to implement for remote 

locations or for fuel value, rather than chemical value. Thus, a  one-step partial
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oxidation process which substantially reduces the processing cost could allow 

effective utilization o f these gas reserves.

This study uses a silent electric discharge reactor to generate a nonequilibrium 

plasma which causes the direct partial oxidation of methane to organic liquid 

oxygenates (e.q. methanol). The reactor operates at near ambient temperatures and 

atmospheric pressure. Planar and annular geometries with about the same volume 

and gap distance are used in this study. A comparison o f their performance is made 

when processing identical 3:1 CRjrO: feeds with the same 1 minute residence time.

The effect o f reactor wall temperature is investigated in this study to 

determine if lowering the reactor temperature increases liquid organic oxygenate 

production while decreasing C0% production in the partial oxidation of methane. 

Lowering the reaction temperature lowers the vapor pressures of the “liquid” 

oxygenate products and, thus, causes more of these desirable products to be 

condensed in-situ. This decreases their chances of being over- oxidized since they 

are no longer in the gas phase reaction zone.

In partial oxidation experiments, shown in previous work, the rate of 

destruction of CO2 was found to be greater than the rate o f creation o f CO2 when the 

CO2 partial pressure was significant.^ This paper studies the role o f the water-gas
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shiA reaction (and Its reverse) in CO2 production and destruction in the partial 

oxidation system.

Also in this study, the utilization o f carbon dioxide in carbon dioxide 

reforming o f methane is examined. The use o f CO2 for reforming may reduce net 

CO2 production when synthesis gas (or hydrogen) is produced. Additionally, since 

CO2 is present in many natural gas resources, its ability to be tolerated and even 

enhance partial oxidation is o f interest.

4.2 Experimental Section

The overall experimental setup is shown in Figure 2.1. The experimental 

procedure and design for the partial oxidation experiments are discussed in section 

2.1. The gap through which the gas flows in the annular silent electric discharge 

reactor (Figure 2.2) is a 0.27 cm wide annular space. The active reaction area is 920 

cm^ and the effective annular volume of the reactor is 225 milliliters.

In addition, a planar plasma reactor is also utilized in the partial oxidation o f 

methane (reactor geometry experiments) and in the CO2 methane reforming 

experiments. Two flat aluminum plates are used as the electrodes for this reactor. A 

glass dielectric and a teflon spacer, which creates the volume for the gas flow, are 

located between the top and bottom aluminum plates. The electrode without the glass 

dielectric has a water jacket on its exterior side. In the partial oxidation experiments.
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the gas gap and reactor volume are .25 cm and 200 cm^, respectively. These 

dimensions are very similar to the annular reactor system; however, this design 

allows for variation of reactor geometry. The reactor volume in the CO2 reforming 

experiments is 216 cm^. For the partial oxidation experiments, the system used in the 

collection and analysis of the products is the same as that used in the annular reactor. 

However, the gases in the CO2 reforming o f methane experiments are analyzed by a 

Perkin-EImer "Autosystem" Gas Chromatography apparatus which has both TCD and 

FID detectors. Haysep DB and T columns are used to separate the methane, CO2, 

CO, acetylene, ethylene, ethane, hydrogen, and methanol.

In the first series o f experiments, the annular reactor performance is compared 

with the planar reactor system. For these experiments, the residence time is one 

minute and the CH4 :0 2  ratio is kept constant at 3:1. The difference in power used by 

the two reactors for these experiments is 15 %.

Experiments to examine the effect o f in-situ product condensation on product 

selectivities used the annular reactor. Methane and oxygen are fed to the reactor at a 

ratio of 3:1 with a total flow rate of 200 cc/min. This gives a residence time o f 1 

minute. The frequency and voltage are set at 100 Hz and 7.6 kV, respectively. The 

experimental variable for the four experiments conducted is the water jacket 

temperature.
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In the next series o f experiments the reverse water-gas shift reaction is studied 

by feeding hydrogen and carbon dioxide to the annular reactor. The HjrCOz ratios 

used are 3:1, 4:1, 5:1, and 6:1. For all four experiments the residence time is 2 

minutes. The frequency and voltage are 87 Hz and 5.9 kV, respectively. The water 

temperature in the water jacket is maintained at 15 degrees C.

The water-gas shift reaction is studied by feeding CO and H2O to the annular 

reactor. Carbon monoxide is bubbled through a flask o f water at 57.8 degrees C. 

This provides an inlet mole fraction o f water o f 0.18 based upon saturation 

calculations. The water in the water jacket for this experiment is set at 80 degrees C. 

Thus, water fed to the reactor should be retained in the vapor phase. The residence 

time is 2 minutes. The frequency and voltage are 90 Hz and 7 kV, respectively.

In the first series o f methane reforming experiments, the C0 2 :CH4 ratio is 

varied from pure methane, 1:2,1:1, and 2:1. For each CH4 :CÛ2 ratio, the experiment 

is repeated at voltages of 5.5 kV, 6 .6  kV, and 7.7 kV. For all o f these experiments, 

the space time is 4 minutes and 80% of the feed is helium.

In the next series o f  experiments the helium concentration is varied with the 

balance o f the feed gas being CH4 and CO2 at a 1:1 ratio. For a given helium 

concentration the experiment is conducted with four minute and six minute space 

times. For each space time the voltage is also varied from 5.5 kV to 7.7 kV.
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4.3 Results and Discussion

The results of the partial oxidation experiments in the annular and planar 

reactors are shown in Tables 4.1 and 4.2. The plasma reactors operate at the same 1 

min. residence time and within 15 % o f the power o f one another. The annular 

reactor has a gap thickness of .27 cm while the planar reactor’s gap thicknesses is .25 

cm. Comparing the two systems, it can be seen that the methane and oxygen 

conversions are within 4% and 10% o f one another, respectively. The only 

significant difference comes in formaldehyde selectivity in which the planar system 

has a much lower selectivity for it. Thus, the different reactor geometries produce 

generally similar results.

The results obtained for partial oxidation and water-gas shift(and its 

reverse)experiments, presented in Tables 4.S-4.6, are carried out in the annular 

reactor. Tables 4.3-4.4 show the partial oxidation results when the reactor wall 

temperature is varied. The results show that changes in water jacket temperature 

from 6  to 75 degrees C, results in only small changes in methane conversion, while 

oxygen conversion increased significantly from 67% to 8 8 %. The ethane selectivity 

remains relatively constant with increasing temperature but the CO and CO2
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Table 4.1; 3:1 CH4:02, 1 min. residence time(Reaclor type: p= planar, a = annular)

Geo
metry
&
gap d. 
(cm)

Mole
%
ciu
Conv.

Mole
% 0 2

Conv

%
Ethan
e
Select

%
CO
Select

%
CÜ2

Select

%
Me
Select

%
MF
Select

%
FA
Select

%
F
Select

%
Et
Select

Org.
Liqui
d
Sum

.27
(a)

24 74 4 14 13 17 5 16 13 1 52

.25
(P)

25 82 5 18 15 23 8 2 2 2 0 55

Note: Me=Methanol, MF = Methyl Formate, FA = Formic Acid, F = Formaldehyde, Et =Ethanol

Table 4.2: 3:1 CH4 :Oz, 1 min. residence time(Reactor type: p = planar, a = annular)

Geometry
&
Gap
dis.(cm)

Power
(Watts)

% CH4  

Conv.
Reacted
CII4

(moles/min)

Freq. (Hz) Volt. (kV) eV/(molecu
le
of conv. 
CH4 )

.27(a) 118 24 .0015 1 0 0 7.6 49

.25 (p) 1 0 0 25 .0015 1 0 0 5.0 41



Table 4.3: Annular Reactor, 3:1 Cll4 :0 2 , 7.6 kV, 100 hz, 200 cc/min flow rate

HzO Mole Mole % % % % % % % % %Org. %Gas
Temp. % %02 E CO CÜ2 Me MF FA F Et Liquid Phase
“ C CH4

Conv.
Conv Select. Select Select Select. Select. Select. Select. Select. Sum Sum

6 23 67 3 1 1 1 0 1 1 3 15 15 1 45 24
28 24 74 4 14 13 17 5 16 13 1 52 31
54 24 81 4 25 2 2 9 5 1 2 7 1 34 51
75 25 8 8 3 36 26 9 4 7 4 0 24 65

Note: E=Etliane, Me=MethanoI, MF = Methyl Formate, FA = Formic Acid, F = Formaldehyde, Et =Ethanol

Table 4.4: Annular Reactor, 3:1 CH4 :Oz, 7.6 kV, 100 Hz, 200 cc/min

H2O Temp.(“ C) Power(Watts) Mole % CH4  Conv. eV/(molecule of 
conv. CH4 )

6 1 1 2 23 48
28 118 24 49
54 119 24 49
75 135 25 53



Table 4.5: Annular Reactor, HziCOz, 5.9 kV, 87 Hz, total flow rate =106 cc/min, Ih O  jacket temp. =15°C

HzzCOz
Ratio

% CO2 Conv. % H2 Conv. % CO Select. Power
(Watts)

eV/(molecule 
of conv. CO2)

3:1 1 0 3.9 117 96 570
4:1 1 1 3.5 104 1 0 0 614
5:1 13 3.3 94 1 0 2 640
6 : 1 13 2 . 6 1 0 1 103 788

Table 4.6: Annular Reactor CO HzO, 7.0 kV, 90 Hz, total flow rate =106 cc/min, H2O Jacket temp. =80“C

% CO Conv. % CO2  Select. % II2O Conv. Power (watts) eV/(molecule of 
conv. CO)

3.5 58 1 1 38 154



selectivities both increase. The “liquid” selectivities, except for methyl formate and 

ethanol, which shows little change, generally decrease with increasing temperature. 

Thus, as can be seen in the last two columns of Table 4.3, the overall trend for 

increasing water jacket temperature is that the sum o f the “liquid” selectivities 

decreases while the sum of the “gas” selectivities increase. The increased 

selectivities for CO* at higher temperatures due to “over” oxidation of the “liquid” 

products is consistent with higher oxygen conversion with little change in methane 

conversion. Because the reactor operates at such low temperatures, as the methane 

conversion increases as the gases pass along the length o f the reactor, the partial 

pressures o f the products increase. The partial pressures of the heavier “liquid” 

components reach their vapor pressures at sufficiently low temperatures that 

condensation on the cooled wall occurs. Thus, under ideal conditions, the low 

temperatures achievable in these reactors result in low partial pressures of these 

products in the gas phase, thus minimizing their availability to be further oxidized to 

“gas” products, COx-

Table 4.4 shows that the power and eV per molecule o f converted CH4 for 

these experiments increase 17% and 9.4%, respectively, as the temperature increases 

from 6  to 75 degrees C. The change in eV per molecule is primarily the result o f the 

significant change in the power used. Thus at the lower temperatures, not only are 

more liquid products being recovered, but energy efBciency is higher.
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The results o f the water-gas shift reaction experiments are shown in Table 5. 

The only two products observed in any of the four experiments are CO and water. As 

shown in the table, increasing partial pressure o f  hydrogen results in decreased 

hydrogen conversion while CO2 conversion increases. An increase in partial pressure 

o f hydrogen also results in an increase in the eV/molecule of converted CO2. Table

4.6 shows the results o f having CO and H2O as the feed gas where the products are 

hydrogen and CO2, as expected. The H2:C0 2  ratio of the products is 1:2 which 

suggests that half o f the 0  atoms combining with CO to form CO2 came from CO. 

These results demonstrate that the water-gas shift reaction pathway occurs in these 

systems. These results also indicate that when CO and CO2 are present in methane 

partial oxidation, a balance between CO and H2 production is established. Thus, CO2 

production can be minimized or eliminated, as shown in previous work^, while 

producing a synthesis gas that could be used for methanol production.

The results for the first series of CO2 reforming experiments (conducted by M. 

Leethochawalit and S. Chavadej from the Petroleum and Petrochemical College, 

Chulalongkom University), as outlined in the experimental section, can be seen in 

Tables 4.7-4.9. As may be seen in all three tables, an increase in voltage increases the 

conversion. These results also generally indicate that as the C0 2 :CH4 ratio increases, 

the methane conversion becomes greater as can be seen most clearly in Table 4.9 at

7.7 kV. In previous work^ with the aimular
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Table 4.7: CO^iCH^ experiments( 5.5 kV, 80 % helium concentration, space time = 4 min.)

C02:Cll4 % CH4 % CO2 % Ethane %CO % Hydrogen
Ratio Conv. Conv. Select. Select. Select.

1 : 2 2 2 16 65 34 9
1 : 1 16 9 23 76 2

2 : 1 28 13 65 34 14

Table 4.8: COz:CH4 experiments( 6 . 6  kV, 80 % helium concentration, space time = 4 min.)

COz:CH4 % CH4 %  CO2 %  Etliane % C O % Hydrogen
Conv. Conv. Select. Select. Select.

1 : 2 25 16 67 32 1 0

1 : 1 24 14 13 87 1

2 : 1 34 15 34 6 6 16



Table 4.9; CO^zCH  ̂experiments( 7.7 kV, 80 % helium concentration, space time = 4 min.)

C 0 2 :C H 4 % c m
Conv.

% C O 2 

Conv.
% Ethane 

Select.
%CO
Select.

% Hydrogen 
Select.

0 : 1 15 99 4
1 : 2 29 2 1 65 34 1 2

1 : 1 30 18 17 82 7
2 : 1 40 18 31 6 8 2 0

00
--4



reactor, the methane conversion in pure methane was about 3 %. For the same 

residence time, frequency, and voltage with a 3:1 methane to oxygen feed, the 

methane conversion was 14 %. The methane conversion in the 2:1 COziCli* (at 7.7 

kV) is intermediate to these other two cases. The lower conversions in the 

experiments with CO2 compared to the experiments with molecular oxygen present 

suggest that an active oxygen species, which CO2 is not capable of producing in the 

same quantity, if at all, helps initiate the conversion of methane. One simple 

explanation for this result is that the energies required to dissociate oxygen due to an 

inelastic collision with an electron are 6.0 and 8.4 eV, while the dissociation energies 

of carbon dioxide due to an inelastic electron collision with an electron are 6.9 and

11.4 eV.'* Therefore, a more energetic process may be required to “abstract” an 

oxygen atom from CO2 than from O2, though there is no evidence offered in this 

study of the important active species in these different systems.

The highest fractional conversion of CO2 occurs at a 1:2 C0 2 :CH4 ratio. The 

fractional conversion for the 1:1 and 2 :1  ratios o f C0 2 :CH4 is lower than 1:2 , but 

fairly similar with each other at the same voltage. Once again, for all the 

experiments, an increase in voltage increases CO2 conversion for a given feed ratio.

The selectivity for ethane is also shown in Tables 4.7-4.9. In these 

experiments at least 98% o f the C2 products formed is ethane. The highest selectivity 

for ethane occurred with pure methane as the feed where the only initially observable
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products are C2 species and H^. With a C0 ::CH4 ratio o f 1:1, ethane selectivity is 

lower, presumably due to the lower partial pressure of CH4, and a decreased rate o f 

direct methane coupling is observed. At the higher CO2 ratio o f 2:1 C0 2 :CH4, ethane 

selectivity is higher than for the 1:1 experiments. This is consistent at all the voltages 

and space times. These results suggest that while direct methane coupling is a  major 

pathway in ethane formation, an oxidative pathway may play a role at higher CO2 

partial pressures.

The hydrogen selectivity in these experiments appears to be related to ethane 

production because hydrogen is produced in the methane coupling reaction.

Carbon monoxide is the other major carbon product in these experiments. 

Until experiments with isotopically labeled CO2 are conducted, it cannot be 

established how much o f the CO comes from methane under these conditions. In 

partial oxidation experiments when neither CO or CO2 is present in the feed, CO is 

clearly produced from methane.

The effect of adding helium to a 1:1 C0 2 :CH4 ratio feed stream was studied in 

a series o f experiments conducted at 5.5, 6 .6 , and 7.7 kV with 4 minute and 6  minute 

space times. Table 4.10 shows the results for 5.5 kV and a 4 minute space time. All 

the experiments show the same trends, though some trends are not as uniform as 

those in Table 4.10. In these experiments, as the helium partial pressure is increased.
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the methane conversion increases despite lower partial pressures o f the reactant gases. 

When the helium partial pressure is increased, ethane selectivity decreases, while the 

carbon monoxide selectivity increases. These experiments suggest that helium may be 

affecting the electrical properties o f the system rather than acting solely as a diluent. 

Due to the high excitation levels o f helium, the effective free mean path o f an electron 

increases within the reaction zone.* This results in an increase in the average electron 

energy. Therefore, the number o f electrons capable o f initiating reactions within the 

system increases and, hence, might be affecting product selectivities as well as 

methane and carbon dioxide conversions. In addition, the decrease in ethane 

selectivity with higher methane conversion may be due simply to the dilution o f the 

second order coupling reaction.
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Table 4.10: Effect o f  helium concentration on methane conversion( COaiCl U ratio 1:1, 5.5 kV, 4 min. space time)

Helium % CII4 % CO2 % Ethane %CO % Hydrogen
Cone. Conv. Conv. Select. Select. Select.
2 0 % < 1 89 0 0

50% 6 69 30 2

80% 16 9 23 76 2



4.4 Conclusions

The results of this study show that product selectivities are strongly influenced 

by in-situ product condensation in partial oxidation of methane in a silent electric 

discharge reactor when reactor wall temperature is varied. At 28 “ C, 52 percent o f 

the reacted carbon is recovered as these liquid organic oxygenates. At 75 ° C only 24 

percent of the reacted carbon is recovered as “liquid” organic products. When the 

temperature of the system is lowered sufficiently the vapor pressures of the liquid 

organic oxygenates are reduced and condensation can occur, thus limiting the partial 

pressures o f  these desirable products in the gas phase. This results in reduced 

oxidation of these products to C0%.

Experiments with hydrogen and carbon dioxide and with carbon monoxide 

and water suggest that the water-gas shift reaction pathway takes place in these 

systems. These results explain previous observations^, where CO: inhibition and 

increased CO production were observed with higher CO: partial pressures, by 

demonstrating that the reverse water-gas shift reaction occurs.

Carbon dioxide reforming of methane in these systems also occurs along with 

methane coupling. The production o f CO from methane under these conditions has 

not been established, and methane partial oxidation from CO: is very limited. Finally, 

helium increases the average electron energy within the system,' which potentially
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enhances methane conversion and affects product selectivities. The exact role o f 

helium in these reaction systems needs to be studied further.
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CHAPTER FIVE: Production of Organic Oxygenates in the Partial Oxidation 

of Methane in a Silent Electric Discharge Reactor

Abstract

This study on the partial oxidation of methane in a silent electric discharge 

uses an annular reactor consisting o f two metal electrodes separated by a gas gap and 

a glass dielectric covering the outer surface of the inner electrode. The reactor 

operates at 7000 volts and 26 to 178 W of AC power. The frequency ranges from 100 

to 200 Hz. The organic liquid oxygenates formed from the partial oxidation of 

methane are principally methanol, formaldehyde, methyl formate, and formic acid. 

This study showed that when the oxygen partial pressure became limited in the 

reaction zone, the energy efficiency of the system significantly decreased. It was also 

shown that with a recycle, as opposed to without, the selectivity for organic liquids 

was enhanced by 12% while the C0% selectivity decreased by 19% because the 

recycle had a short per pass residence time with removal o f organic liquid oxygenate 

products via a condenser. Finally, experimentally simulating reactors in series with 

intermediate oxygen additions obtained an overall methane conversion o f 59% with 

35% yield in organic liquid oxygenates.
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5.1 Introduction

Currently, research using non-equilibrium plasmas is being done to convert 

methane into useful products such as higher hydrocarbons, synthesis gas, and organic 

oxygenate liquid products. This study, which is a continuation of Bhatnagar et al. 

work uses a silent dielectric barrier discharge (DBD) reactor, which creates a non- 

equilibrium plasma to cause the direct partial oxidation o f methane. The reactor 

typically operated at atmospheric pressure with an operating temperature o f either 28 

or 75 °C. The reactor geometry is annular with a fixed gap distance.

The ability to efficiently convert a significant amoimt o f the natural gas to 

useful products at a remote site is important in order for a process to have commercial 

potential. Thus, this study examines the effect methane and oxygen conversion has 

on the energy efficiency for the system.

In previous work, it was demonstrated that the water-gas shift and reverse 

water-gas shift reactions were taking place when CO or CO2 was added to a methane- 

oxygen feed.^’ ® This work studies the influence hydrogen has on CO and CO2 

selectivities via these pathways.

Earlier work also has shown that decreasing the reactor temperature increased 

the organic oxygenate selectivity due to in-situ removal of these products from the 

reaction zone via condensation.® The current work studies how the organic oxygenate
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selectivity is affected when a recycle stream is added. The recycle stream in this 

study has a high recycle ratio and low residence time per pass in which the organic 

oxygenates are condensed out in a low temperature liquid trap. In addition, evidence 

o f a direct oxidative route from methane to C0% is explored.

This study also investigates methane-oxygen-nitrogen systems to determine 

the effect o f nitrogen on energy efficiency and product selectivit>'. If methanol could 

be produced from a methane-air feed, or with oxygen enriched air, the cost for 

oxygen could be reduced or eliminated.

Finally, some types of natural gas have significant amounts of ethane within 

them. When ethane and oxygen are present in a DBD reactor, ethanol is one o f the 

products formed. Currently, ethanol is looked upon as a potential future fuel source. 

Commercially, it is produced by acid-catalyzed hydration o f ethylene or 

fermentation.® This study investigates the effect o f ethane composition on energy 

efficiency and product selectivity.

5.2 Experimental Section

The experimental design and procedures are discussed in section 2.1. The 

overall experimental setup is shown in Figure 2.1. For this work, the partial oxidation 

of methane occurs in an annular DBD reactor (shown in Figure 2.2). The gap in the
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DBD reactor the gas flows through is 1.9 mm. The active reaction area is 728 cm^ 

and the effective annular volume of the reactor is 141 cm^.

The power factor for each experiment in this work is one. This is obtained by 

setting the frequency to the value that produces this power factor. The power input 

for these experiments is 118 W, except when power is the experimental variable. 

This power input value o f 118 W was chosen in order for a significant amount of 

methane and/or ethane to be converted in all the experiments that did not have power 

as the experimental variable. The water jacket temperature for all but one of the 

experimental series is 28 °C. This temperature enables in situ removal of organic 

oxygenates to occur within the reaction zone o f single pass systems. The 

experimental series that does not have a water jacket temperature of 28 °C is the 

hydrogen experimental series, in which the temperature is 75 °C. This higher setting 

is used in order to allow water that is formed in the reaction zone to remain in the gas 

phase and, hence, be a potential reactant in the water-gas shift reaction.

In order to demonstrate that the experiments in this work can be acceptably 

reproduced. Table 5.1 compares two methane-oxygen experiments at identical
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Table 5.1 : Experimental Reproducibility

CH4 t0 2  feed ratio = 2 :1 , *ower = 118 W, Freq.= 174 Hz, Residence l ime = 20 seconds. Water Temp, in Water Jacket = 28 °C
Experiment

U
Moles of 
CH4 conv. 

(moles/min)

eV/moiecule 
of CH4 

conv.

II2

sel.
Mole

%
CH4

conv.

Mole 
% O2 

conv.

% C Selectivity (mole Basis)
CO2 CO Ethane M MF FA F Sum

1 .0014 51 1 1 1 2 26 13 19 2 16 9 17 1 2 8 8

2 .0014 53 1 2 1 2 27 14 2 0 2 14 8 16 14 8 8

M = Methanol, MF = Methyl Formate, FA = Formic Acid, • = Formaldehyde, Sum = Sum of Carbon Selectivity



conditions. The material balances (reactive molar carbon basis) for all the non-etbane 

experiments are fairly close to closing. However, since most o f them accoimt for 

83% to 96% o f the carbon reacted, the possibility o f undetected gas phase products 

does exist. This is because no significant solid residue has been found within the 

reactor after an experiment has been completed.

In the methane-ethane-oxygen and ethane-oxygen systems, the Varian 3300 

GC detects significant identified organic liquid products due to ethane chemistry. 

Thus, their carbon material balances are not as close to closing as the rest o f the 

experiments done in this work.

5.3 Results and Discussion

5.3.1 Energy Efficiency Experiments

The first two series of experiments examine the effect of feed flow rate and 

power input on energy efficiency (eV per molecule o f methane converted) for a 

methane-oxygen system. For all of these experiments, the CH4:02 feed ratio is 2:1, 

the water temperature in the water jacket is 28 °C, the frequency is set at 174 Hz, and 

the system pressure is 1 atm. In the first series o f experiments, the power is constant 

at 118 watts and the feed flow rate is varied firom 40 cc/min to 430 cc/min. In the 

second series of experiments, the feed flow rate is constant at 70 cc/min while the 

power is varied from 26 watts to 178 watts.
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The results of the energy efficiency experiments are shown in Figure 5.1. As 

the methane conversion increased, the eV per molecule of methane converted 

increased. The oxygen conversion, like the methane conversion, also increased and, 

therefore, the partial pressure of oxygen down the length o f the reactor decreased. 

Figure 5.1 shows that methane conversions o f 44% or greater had corresponding 

oxygen conversions o f 100%. At these higher methane conversions, methanol 

production is completely shut off in the latter stages o f the reactor and methane 

coupling forming ethane is the predominant reaction occurring. Our previous work 

has shown that when going from a pure methane feed to a 3:1 methane-oxygen feed, 

in which both experiments are done at 16 kV and 200 Hz with a 1 minute residence 

time, the methane conversion rate (MCR), as defined below, increased by a factor of 

3:'

MCR = CH4 molar flowrate entering reactor -  CH4  molar flowrate exiting 

reactor

This indicates active species generated by O2 significantly enhance the methane 

reaction rate, resulting in an increase in the methane conversion rate. In addition, 

Bhatnagar showed that increasing the partial pressure of oxygen in a methane-oxygen
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Figure 5.1 : % CH4 & O2 Conversion vs. Energy Efficiency
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feed for a silent DBD reactor, while keeping the residence time and voltage input 

constant, also resulted in an increase in the methane conversion rate.^ '* This means 

the methane reaction rate increased. Thus, lower partial pressures o f oxygen in the 

reaction zone, due to increases in oxygen conversion, lead to decreases in energy 

efficiency for methane conversion, as shown in Figure 5.1.

Figure 5.1 also shows that varying the power while holding the flow rate 

constant or vice versa produces the same energy efficiency. Thus, when holding the 

feed composition, gap distance, and system pressure constant, the partial pressure o f 

oxygen is the key variable affecting the energy efficiency of the system.

Eliasson and Kogelshatz’s group, in contrast, has shown that better energy 

efficiency at higher conversions is obtained by higher power inputs at constant flow 

rates, as opposed to lower flow rates at constant power inputs.' These results, 

however, were obtained at a significantly higher power input range, 100 to 800 W, 

which may suggest that, at some point, power input per surface area may significantly 

affect energy efficiency.

Finally, the active oxygen species responsible for the increased energy 

efficiency for methane conversion could be atomic oxygen, since it has been shown 

that a significant amount of the energy input into a DBD ozone reactor is directed
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toward the oxygen dissociation reaction, shown below;®

O2 — * 0 + 0

The atomic oxygen could then activate methane and form C0% or organic oxygenate

liquids.

5.3.2 Hydrogen Experiments

Previous work^' ’ has shown that the water-gas shift reaction and reverse 

water-gas shift reaction, shown below, are taking place in the partial oxidation of 

methane in a silent electric discharge reactor:

CO + H2O —* CO2 + H2 

CO2 + H2 — CO + H2O 

This series of experiments examines the role these reactions play when methane, 

oxygen, and hydrogen are fed to the silent electric discharge reactor. The power and 

frequency in these experiments are set at 118 watts and 174 Hz , respectively. The 

methane:oxygen feed ratio is kept constant at 2:1 and the total feed flow rate is 125 

cc/min. The temperature in the water jacket is 75 °C and the system pressure is 1 

atm. The hydrogen mole percent in the feed is varied from 0 to 40 percent.

Table 5.2 shows the results o f increasing the partial pressure o f hydrogen in a 

methane-oxygen-hydrogen feed stream in which the methane-oxygen ratio is 2:1.
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The results show that, when going from 0 to 40 mole percent H2 in the feed stream, 

the selectivity of CO remained relatively constant, while the selectivity o f CO2 

increased from 38 % to 47%. In both experiments in which hydrogen was in the feed, 

the net rate o f hydrogen creation was less than the net rate of hydrogen destruction. 

This suggests that hydrogen primarily reacts with oxygen and forms water and the 

water-gas shift reaction is secondary. Since hydrogen is a reactant it cannot be 

looked upon as a diluent. A possible reason why the CO selectivity does not 

significantly change is that less O2 in the feed may favor partial oxidation o f the 

organic oxygenates to CO instead of complete over-oxidation to CO2. Thus, CO 

destruction from the water-gas shift reaction is approximately balanced by CO 

production from the partial oxidation of organic oxygenates, as shown below;

CO + H2O —> CO2 + H2

Organic Oxygenates —» CO + non-carbon species

The eV per molecule of methane converted increased 44% when going from no 

hydrogen in the feed to 40 mole percent hydrogen in the feed. This happens for two 

reasons. As the hydrogen partial pressure is increased in the feed, the oxygen partial
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Table 5.2: Hydrogen Experimental Results

Power =118 W, Frcq.= 174 Hz, Residence Time =1.1 min.. Water Temp, in Water Jacket -  75 ”C
Feed Mole 
Fraction

Moles of 
CH4 conv. 
(moles/min)

eV/molecule
ofCH4
conv.

H2(product/H2(l-ccd) Mole
%
CH4

conv.

Mole
%
O2

conv.

% C Selectivity (mole Basis)

CH4 O2 H2 CO2 CO Ethane M MF FA F Sum

0.67 0.33 0 . 0 0 0.0008 8 8 29 81 38 42 2 9 2 0 0 93
0.53 0.27 0 . 2 0 0.0007 1 1 1 0.98 28 91 43 41 2 9 1 0 0 96
0.40 0 . 2 0 0.40 0.0005 156 0.87 27 1 0 0 47 40 3 6 0 0 0 96
M = Methanol, MF = Methyl Formate, FA = Formic Acid, F = Formaldehyde, Sum = Sum of Carbon Se ectivity
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pressure is decreased, which means the average partial pressure o f oxygen down the 

length of the reactor is lower and the resulting lower methane activation rate lowers 

the energy efficiency for methane conversion. Secondly, as the partial pressure o f 

hydrogen is increased in the reaction zone, the probability o f oxygen reacting with 

hydrogen, as opposed to methane, increased. Increasing the partial pressure o f 

hydrogen to 40 mole percent also reduced the production o f organic oxygenates, 

shown by the 70% decrease in the organic oxygenate products that were produced. 

Finally, the increase in hydrogen in the feed caused only a slight decrease in the 

fractional methane conversion, but due to the decreased partial pressure of methane, 

the methane reaction rate decreased.

5.3.3 “Staged” Reactors in Series Experiments

The next type of experiment is referred to as a “staged” experiment. The 

purpose is to emulate reactors in series with oxygen addition to each reactor to bring 

the methane-oxygen ratio back to a set value so that an oxygen depleted condition 

does not occur. This is accomplished by doing single reactor experiments in which 

the feed is adjusted to reflect the composition o f the effluent o f a reactor that would 

precede it, with liquid products removed and oxygen added to achieve the desired 

methane-oxygen ratio. Note that because carbon oxides and hydrogen are produced, 

they remain in the feed to the next “downstream” reactor. The composition o f the 

feed to a “downstream” reactor experiment, thus, consists o f  methane, oxygen, carbon 

monoxide, carbon dioxide, and hydrogen. The very small amount o f ethane produced
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under these conditions is neglected. The first experiment, which represents the first 

reactor in series, has a CH4 .O2 feed ratio o f 2 :1  and a feed flow rate o f 225 cc/min. 

Experimentally emulating the second reactor in series is done by making the feed 

stream of the second experiment the same as the gas product stream of the first 

experiment and adding oxygen to it so that the CH4:0 z ratio is 2:1. The third 

experiment represents the final reactor in the series. The feed stream of the third 

experiment is adjusted to the composition o f the gas product stream of the second 

experiment, and oxygen is added to the feed in order for the CH4 :0 2  ratio to be 2 :1 . 

In all o f these experiments, the frequency and power are kept constant at 174 Hz and 

118 watts, respectively.

Tables 5.3 and 5.4 show the conditions and results of the “staged”-reactors-in- 

series experiments. The results show that when going from stage one to stage three, 

the individual methane conversion for a given stage went from 21% to 30%, making 

the overall methane conversion 59%. The molar rate o f methane conversion, 

however, decreased 19%. That indicates that the increase in overall methane 

conversion does not compensate for the decrease in methane throughput (partial 

pressure) in stages two and three. Thus, the energy efficiency decreased 19% when 

going from stage one to three.
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Table 5.3; “Staged” Reactors in Series Experimental Results

Power = 118 W, Freq.= 174 Hz, Water 'I’einp. in Water Jacket = 28 “C
Stage Feed mole fraction Residence 

time (sec)
CH4:02 eV per 

molecule
0 f C l l 4
conv.

Moles o f 
CI I4 conv. 

(moles/min)

Mole
%

CH4
conv.

Mole
"/0O2
conv.

H2/CO H2/CO2 Hz
Sel.CH4 O2 H2 CO2 CO

1 0.67 0.33 0.00 0.00 0.00 38 2:1 57 0.0013 21 48 1.3 1.5 12
2 0.60 0.30 0.04 0.03 0.03 49 2:1 60 0.0012 26 61 2.0 1.1 9
3 0.53 0.27 0.08 0.06 0.05 52 2:1 70 0.0010 30 75 1.3 0.6 7

Table 5.4: “Staged” Reactors in Series Experimental Results

Power = 118 W, Freq.= 174 Hz, Water Temp, in Water Jacket = 28 "C.
St Feed mole fraction % C Selectivity (mole Basis)

CH4 O2 H2 CO2 CO CO2 CO E M MF FA F S

1 0.67 0.33 0.00 0.00 0.00 16 18 2 17 9 25 15 102
2 0.60 0.30 0.04 0.03 0.03 18 10 2 14 8 21 17 90
3 0.53 0.27 0.08 0.06 0.05 22 10 3 10 11 14 13 83

St = Stage, E = Et 
Selectivity

lane, M = Vlethanol, MF = Methyl Formate, FA = Formic Acid ,F  = 1'orm ah ehyde, S = Sum o f  Carbon



This decrease in energy efficiency occurs for two reasons. The first reason is 

that methane is being converted to other carbon products when in the reaction zone of 

a given stage and, therefore, the methane throughput for the next stage is smaller. 

This means the oxygen feed partial pressure is less than if it were fresh feed, meaning 

less active oxygen species being generated to enhance the methane reaction rate.

The second reason for decreased energy efficiency is that as the partial 

pressure of carbon monoxide, carbon dioxide, and hydrogen build up from one stage 

to the next, the probability o f oxygen reacting with methane decreases. However, 

since carbon monoxide, carbon dioxide, and hydrogen can react with other gas 

species in the reaction zone, they cannot be looked upon only as diluents. The results 

also show that the oxygen conversion increased 36% because the residence time 

increased 27% from stage one to stage three as the flow rate decreased. Thus, oxygen 

has more time to be converted when going from one stage to the next. Furthermore, 

the results showed that the CO selectivity decreased by 44% while the CO2 selectivity 

increased 27% when going from stage one to stage three. The 44% drop in CO 

selectivity is a result o f the CO formed in previous stages being over-oxidized to COj. 

Finally, there was a 30% decrease in the molar rate o f organic oxygenate species 

production from stage one to three because there was less oxygen and methane in 

stage three available to form organic oxygenate species. However, the overall 

organic oxygenate yield o f this system was 35%. This is significant because, 

although there has been much research done in the area o f methane conversion, the
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yields to organic liquid products, like methanol, have not been that high in one-step

processes.

5.3.4 Recycle Experiments

The next experiments examine the changes that occur in the partial oxidation 

of methane when recycle operation at a high recycle ratio is used with a short per- 

pass residence time. The first experiment o f this series has a CH4:02 feed ratio o f 

2.5:1 and a feed flow rate of 40 cc/min to the system. The power and firequency are 

set at 118 watts and 174 Hz, respectively. The system pressure is 1 atm and the water 

temperature in the water jacket is 28 °C. This experiment has no recycle stream. The 

second experiment is identical to the first, except a pump is placed downstream of the 

liquid traps. The liquid traps, that condense the organic oxygenates, are directly 

downstream of the reactor outlet. The pump recycles 3590 cc/min of gas product 

stream. This recycle stream then combines with the 40 cc/min 2.5:1 CH4:0z system 

feed stream, and the combined stream is then fed to the reactor. These conditions 

give a “per pass” residence time o f 2.3 seconds. A gas stream purge, located after 

the traps, flows to the Carle GC for analysis.

Table 5.5 compares the partial oxidation o f methane occurring in the silent 

electric discharge reactor both with and without recycle. The methane conversion 

showed little change when comparing the recycle with the non-recycle experiment.
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Table 5.5: Recycle Experimental Results

Pow er = 1 1 8  W , Freq. =  174 Hz, W ater T em p, in W ater Jacket -  28  ”C , CH^iOz F low  Rate Input R atio  -  2.5:1
R ecycle

R atio
M oles o f  C H 4 

C onv. 
(m oles/m in)

eV  
per 

m . o f  
CM , 

conv.

M ole
%

C H ,
conv.

M ole
%

C H 4
conv.

per
pass

M ole
% O j
conv.

H z /c o II2/C O 2 H 2
Sel.

%  C  Selectiv ity  (m ole B asis)
C O 2 C O E Pr n-

B
M M F FA F El Sum

0 .0005 138 46 46 100 2 .9 4.4 28 13 19 13 3 1 6 8 19 11 1 94
160 .0006 129 4 9 .6 to o 2 .9 2.2 16 15 11 4 0 0 17 5 12 10 7 81

E  =  E thane, P r =  P ropane, n-B  =  n -B utane , M  =  M ethanol, M F  =  M ethyl Form ate, FA  = F o n n ic  A cid, F =  Form aldehyde, E l =  E thanol, Sum  =  Sum  o f  
C arb o n  S electiv ity



despite better gas mixing in the recycle experiment. In both experiments the oxygen 

conversion was 100 %, but the non-recycle experiment was 69% higher in ethane 

selectivity when compared to the recycle experiment. In addition, the non-recycle 

experiment had a 4% overall selectivity for propane and n-butane, while the recycle 

experiment showed no selectivity toward these compounds. The reason for these 

differences is that the high recycle ratio in the recycle experiment causes the gases 

within the reactor to be well mixed and, therefore, increases the probability o f ethane 

reacting with oxygen and forming ethanol. This can be seen in the ethanol selectivity: 

1% in the non-recycle experiment compared to 7% in the recycle experiment. In the 

non-recycle experiment, however, the gases within the reactor are near plug flow 

conditions. Thus, as the ethane partial pressure increased to a significant amount, the 

oxygen partial pressure was already extremely limited or zero. This meant ethane 

reacted with ethane and methane molecules to form n-butane and propane, 

respectively. This chain building behavior has been studied by Caldwell et al.’ 

Finally, the sum of organic oxygenate products was 12% higher, while the C0% 

selectivity was 19% lower in the recycle experiment. Since, the methane conversion 

per pass in the recycle experiment was only 0.6%, due to very low residence times 

per pass, the low partial pressures o f the organic oxygenate species did not permit 

these products to be condensed in the reactor at 28 “C, but they were able to condense 

in the liquid trap at -55 °C. Thus, using a recycle at high recycle ratios with a low 

temperature liquid trap minimizes the organic oxygenates’ chances o f becoming over

oxidized, and, therefore, increases their yield while decreasing CO* production.
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Finally, even at the high recycle ratio, the C0% selectivity was still 26%. This, 

therefore, suggests there is a parallel direct oxidative pathway between CR» and C0%.

5.3.5 Nitrogen Experiments

The next series of experiments examines the effect of nitrogen on the partial 

oxidation o f methane in the DBD reactor. In all of these experiments, the total feed 

flow rate is 430 cc/min to give a residence time of 20 seconds and the CRiiOi feed 

ratio is kept constant at 2:1. The power and frequency are set at 118 watts and 174 

Hz, respectively. The water temperature in the water jacket is 28 °C and the system 

pressure is 1 atm. The mole percent o f  nitrogen in the feed is varied from 0 to 40 

percent.

Tables 5.6 and 5.7 show the results o f the methane-oxygen-nitrogen 

experiments. The results show that as the NitOi ratio went from 0:1 to 2:1, the rate of 

methane converted went from .0014 moles/min to .0011 moles/min, which in turn 

caused the energy efficiency to decrease 23%. This occurred because Nj was acting 

as a diluent since it was virtually non-reactive in the reaction zone. The CO and CO2 

selectivities increased 27% and 28%, respectively when going from a N2:Ü2 ratio of 

0:1 to 2:1, although the organic oxygenate liquid sum does not decrease, as would be 

expected with over-oxidation o f these products.
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Table 5.6: Nitrogen Experimental Results

Power =118 Watts, Freq. = 174 Hz, Water Temp, in Water Jacket = 28 “C, Residence Time = 20 sec.
Feed Mole Fraction N2 : O2 Moles of 

C H 4  conv. 
(moles/min)

eV per 
m. of 
C H 4  

conv.

Mol %
C H 4

conv.

Mol%
O 2

conv.

H2/CO H2/C02
Mole% CH4+O2 

(CH4:Oz=2:l)
Mole % 
N 2

1 0 0 0 0 0.0014 51 1 2 26 1 . 1 1 . 6

90 1 0 0.3 0.0014 52 13 29 1 . 2 1.5
80 2 0 0 . 8 0 . 0 0 1 2 63 1 2 24 1 . 1 1.5
70 30 1.3 0 . 0 0 1 0 70 13 33 1 . 0 1.5
60 40 2 0 . 0 0 1 1 6 6 16 39 1 . 1 1.5

Table 5.7: Nitrogen Experimental Results

Power =118 Watts, Freq. = 174 Hz, \ t/ater Temp, in Water Jacket = 28 “C, Residence Time = 20 sec.
Feed Mole Fraction % C Se ectivity (mole Basis)
Mole% CH4 +O2 

(CH4 :0 2 = 2 :1 )
Mole%
N2

CO2 CO E M MF FA F Org.
liq.
Sum

Sum

1 0 0 0 13 19 2 16 9 17 1 2 54 8 8

90 1 0 16 2 0 2 1 1 17 14 9 51 89
80 2 0 17 23 2 14 19 19 1 2 64 106
70 30 18 27 2 II 1 2 19 11 53 1 0 0

60 40 18 26 2 1 0 1 2 2 0 9 51 97
E = Ethane, M = Methanol, MF = Methyl Formate, FA = Formic Acid, F = Formaldehyde, Sum = Sum of Carbon Selectivity



5.3.6 Methane-Ethane-Oxygen Experiments

The final series of experiments examines methane-ethane-oxygen systems. In 

all but one of the experiments, the hydrocarbon to oxygen feed ratio is 2:1. The one 

exception is the experiment that has only ethane and a CiHe :0 z feed ratio o f 1 .8 :1 . 

All of the experiments have a total feed flow rate o f 430 cc/min. The power and 

frequency are kept at 118 watts and 174 Hz, respectively. The water temperature in 

the water jacket in all the experiments is 28 “C. In these experiments, the CH4.C2H6 

feed ratio is varied from 14.6:1 to 1:1. Three other experiments consist o f a methane- 

oxygen experiment with a CH4 :0 z feed ratio of 2:1, an ethane-oxygen experiment 

with a C2Hô:0 2  feed ratio of 2:1, and an ethane-oxygen experiment with a C2Hé:0 2  

feed ratio of 1.8:1.

Table 5.8 shows the methane-ethane-oxygen experimental results. The results 

show, compared to the 2:1 CH4:02 feed, that the energy efficiency increased 49% for 

2:1 C:H6:02 feed. While their conversions are the same, for every mole o f ethane 

reacting, 2 moles of carbon are converted, while for each mole o f methane reacting, 

only one mole o f carbon is converted. This result shows that even though the bond 

energy in a carbon-carbon bond in ethane is 16% less than the carbon-hydrogen bond 

in methane, the ethane conversion is not enhanced compared to the methane 

conversion. The energy efficiency for the ethane-oxygen system was further
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Table 5.8: MeÜiajie-Elhane-Oxygen Experimental Results

Power = 118 W, Freq. = 174 Hz, Residence Time = 2(J sec.. Water Temp, in Water Jacket = 28 “C
Feed Mole Fraction Moles of 

C conv. 
(moles/min)

eV
per

atom
ofC
conv.

Mole % 
CH3CH3 

conv.

Mole
%

CH4

conv.

Mole
%
O2

conv.

% C Selectivity (mole Blasis)
CII4 E O2 CO2 CO E M MF FA F El Sum

.67 0 . 0 0 .33 .0014 51 0 1 2 26 13 19 2 16 9 17 1 2 0 8 8

.64 .04 .31 .0018 41 36 1 1 30 13 14 13 5 14 1 2 3 74

.47 . 2 0 .33 .0026 28 25 1 0 31 1 0 9 8 3 9 1 0 6 55

.33 .33 .33 .0025 29 19 6 30 9 9 8 3 1 1 1 1 1 0 61
0 . 0 0 .67 .33 .0028 26 1 2 0 26 8 8 5 2 7 8 13 51
0 . 0 0 .64 .36 .0032 23 14 0 27 8 6 5 1 8 8 13 49
E = Et 
Selecti 
TCDC

lane, ^ 
vity (A 
jC area

= Methanol, MF = Methyl Formate, FA = Formic Acid, F = Formaldehyde, El = Ethanol, Sum’ = Sum of Carbon 
cetaldehyde, ethyl formate, and acetic acid have been detected but not quantified. They account for 33% of the total 
count of the organic oxygenate products for the 2 : 1  ethane-oxygen system.)



increased by 12% by lowering the 2:1 CzHgiOz ratio to 1.8:1. This is also due to the 

enhancement o f the reaction rate by oxygen.

The liquid selectivities o f quantified organic oxygenate liquid compounds 

decreased when going firom a 2:1 CH4:02 feed to a 2:1 CzH6:02 feed. The exception 

to this trend was ethanol’s selectivity, which increased and can account for 9% to 13% 

of the ethane reacted. Three identified (acetaidehyde, ethyl formate, and acetic acid) 

but not quantified organic oxygenate liquid products also substantially increased in 

selectivity when ethane partial pressure increased in the feed. This was determined 

by the fact that their integrated areas on the Varian GC analysis increased with 

increasing partial pressure of ethane. The sum of these three products’ areas 

accounted for 33% of the total organic liquid area in the 2:1 ethane-oxygen 

experiment. Evidently, ethane is reacting with oxygen and forming C2 and C2+ (ethyl 

formate) organic oxygenate species.

The COx selectivity decreased 50% when going fi-om a 2:1 CH4:02 feed 

stream to a 2:1 C2H6:02 feed stream. The reason for this decrease in CO* is uncertain. 

Potentially, this is because of the fact that the additional organic oxygenates that 

formed due to ethane chemistry (ethanol, acetaidehyde, ethyl formate, and acetic 

acid) have higher dew points than their corresponding organic oxygenate 

counterparts that are traditionally formed due to methane chemistry (methanol, 

formaldehyde, methyl formate, and formic acid). Thus, the firaction of organic
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oxygenates in the liquid phase might be higher which decreases the chances o f over

oxidation. Ethane-oxygen experiments at a high recycle ratio might also give further 

insight into whether there is a direct oxidative pathway from ethane to COx, and how 

significant it is. At this point with the present experiments it is difficult to determine 

what relationship exists between methane and ethane in the methane-ethane-oxygen 

experiments since the observed methane-ethane conversions might not accurately 

represent the actual conversions because of interconversion between the two.^

5.4 Conclusions

Previous work has shown that decreasing the oxygen partial pressure in a 

methane-oxygen feed for a silent electric discharge reactor decreased the methane 

conversion rate.^ With this in mind, the “energy efficiency” experimental results of 

this work showed that when the gap distance, methane-oxygen feed ratio, and system 

pressure were fixed in the partial oxidation of methane in a silent electric discharge 

reactor, the energy efficiency of the system was determined by the partial pressure o f 

oxygen within the reactor.

The “hydrogen” experimental results showed that increasing the partial 

pressure o f hydrogen in a methane-oxygen-hydrogen experiment increased the CO2 

selectivity with little change in the CO selectivity. In addition, the net rate o f 

hydrogen destruction was greater than the net rate o f hydrogen creation. This
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indicates that hydrogen was reacting with oxygen to form water and the water-gas 

shift reaction was a secondary reaction.

The energy efficiency o f methane-oxygen-hydrogen systems as well as 

methane-oxygen-nitrogen systems were affected by both the partial pressure of 

hydrogen (or nitrogen) and the partial pressure of oxygen when the methane oxygen 

feed ratio was fixed. Increasing the hydrogen (or nitrogen) partial pressure in the 

feed decreased the probability o f methane colliding with and then reacting with an 

active oxygen species. In the case of hydrogen, the probability was even further 

decreased because hydrogen was evidently reacting with oxygen and forming water. 

The “staged-reactors-in-series” experimental results showed that decreasing the 

partial pressures of oxygen and methane and increasing the partial pressures of CO, 

COi, and Hi in the feed decreases the energy efficiency and organic oxygenate 

production.

The “recycle” experimental results showed that organic oxygenate liquid 

production can be enhanced while minimizing C0 % production through use o f high 

recycle ratios. In addition, CO and CO2 were still present in the high recycle ratio 

experiment, suggesting a direct oxidation pathway from CH4 to CO and CO2.
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Replacing methane with ethane in an oxygen-rich feed stream did not show an 

increase in conversion in ethane, but the eV per atom of carbon converted is about

halved.

The current large-scale industrial process for methanol production, steam 

reforming of methane to synthesis gas and then methanol synthesis, requires about 

11 eV per molecule o f  methanol produced.'^ However, at a remote natural gas site 

the efficiency of this process would probably be lower because the plant size would 

have to be scaled down due to the limited gas reserves. The best result obtained in 

this work is 51 eV per molecule o f methane converted with a 13% selectivity o f COi. 

Thus, the system consumes 59 eV per molecule o f usable carbon products, which is 

less efficient than the industrial methanol synthesis process. However, this might not 

represent the true difference between the two processes because they are scaled to 

different sizes (Large industrial scale vs bench scale). Both processes would have to 

be of similar scale in order to make a fair comparison.

High methane conversion can be obtained in the silent electric discharge 

reactor, but at the expense o f energy efficiency. This problem can be lessened by 

having “staged” reactors in series with intermediate oxygen addition, which allowed 

high methane conversions with better energy efficiency. In fact, the “staged” 

experiments also produced a 35% liquid oxygenate yie/d, the best results to date.
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CHAPTER SIX: Organic Oxygenate Pathways from Partial Oxidation of 

Methane in a Silent Electric Discharge Reactor

6.1 Abstract

This study o f methane conversion involves the use o f  a glass dielectric 

interposed between metal electrodes, and applies kilovolt AC voltage and 118 watts 

power with frequencies in the range of 173 to 264 hertz. The geometry o f the system 

is cylindrical, with gas flowing axially in the annulus between two electrodes. The 

partial oxidation reactions in this configuration produce methanol, formaldehyde, 

formic acid, methyl formate, ethane, hydrogen, water, carbon monoxide, and carbon 

dioxide. The outer electrode is maintained at a low temperature (12 °C or 15 °C), 

allowing the organic oxygenates to condense on the plate itself inside the reactor. 

The results show, through residence time experiments, that methane and oxygen react 

to form methanol, which further reacts to form formaldehyde, methyl formate, and 

formic acid. Increasing the gas gap from 4.0 mm to 12.0 mm decreases the reduced 

electric field from 30 volts/cm/torr to 18 volts/cm/torr which results in a shift in the 

product distribution from organic oxygenate products to ethane, ethylene, and 

acetylene. This is because the energy deposition directed toward oxygen dissociation 

decreases and the energy deposition directed toward methane and oxygen excitations 

increases. Finally, this work shows that increasing the pressure from one to two 

atmospheres with a 1.9 mm gas gap decreases the energy consumption per methane 

converted o f the system by 35% because the feed concentration doubles, while
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maintaining 46% selectivity in organic oxygenate products because the reduced 

electric field strength has a significant fi-action o f the energy directed toward oxygen 

dissociation under these conditions.

6.2 Introduction

The electron energy distribution in a DBD reactor can be altered by changing 

various system parameters (e.g., gas gap and system pressure). This in turn affects 

the energy deposition directed toward the various electron-gas specie collision 

processes. Hence, the chemistry occurring within the reaction zone can be influenced 

by changing the electrical properties o f a gas phase system within the DBD reactor.

These electrical properties can be characterized through Bolsig, an electron 

Boltzmann equation by Kinema Software and CPAT.^ This electron boltzmann 

solver is designed for systems that have steady-state, uniform electric fields (E) with 

weakly ionized gases, which is the case for a DBD system.** This program 

numerically solves for the Boltzmann Equation, shown below, which describes the 

electron energy distribution function (j) in terms o f space (;0 , velocity (v), and time

(t)

— /(.v ,v ,r )+ a V j(x ,v ,r )+ v « V ^ /(x ,v ,/)  = y(/(x ,v ,r)] (eq. I)
at
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According to the presentation o f Baldur Eliasson et al.^ regarding the Boltzmann 

equation, the a is the acceleration term, a = (c E)/m (c= electron charge, m = mass of 

electron), which is proportional to the force from the electric field (E) acting upon the 

electron. The term on the right hand side of the equation, ], is the collision

term. It accounts for the electron energy distribution change due to collisions 

between electrons and gas species present in the reaction zone.^ Therefore, this 

program can determine the energy deposition directed toward the various collision 

processes: elastic, inelastic, ionization, and attachment. Since the DBD system has a 

steady state, uniform electric field at high pressure (1 atm or greater), the electron 

energy distribution becomes simply a function o f velocity. Once j[v) is known, the 

average electron energy (g«g.) can be found for a given reduced electric field, as 

shown in the following equation:®

= Je(v)/(v)i/v(eq. 2)

where e(v) =

In addition, since the electron energies within the system are affected by the electric 

field strength and interactions with gas species present, the average electron energy 

can be described as a function of the reduced electric field (E/P), which is the electric 

field divided by the system pressure (P), at the condition o f breakdown. Changes that 

increase the reduced electric field results in an increase in the average electron 

energy. The reduced electric field is also related to the breakdown strength and is a
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fimction of breakdown voltage (V), gas gap distance (D), and system pressure(E = 

V/D and therefore E/P = V/(D-P) ). Increasing the system pressure or gas gap 

distance will result in a decrease in the reduced electric field and, hence, the average 

electron energy within the system.^

This work, which is a continuation o f previous efforts '̂*®, uses a DBD reactor 

to directly partially oxidize methane to organic oxygenates, such as methanol. In 

order to determine the effects the reduced electric field and, therefore, the average 

electron energy has on product selectivities, methane and oxygen conversion, and the 

energy consumption within the system, the gas gap distance was varied. In addition, 

the effects of changing the system pressure firom one to two atmospheres is studied in 

order to determine the similarities with the results o f the gap distance experiments at 

similar reduced electric field strengths. Further, the effect pressure has at different 

gap distances in regards to organic oxygenate production is also investigated.

Previous results have shown that a 3:1 methane-oxygen feed has a greater 

methane conversion rate than a pure methane feed (all other experimental parameters 

are held constant).® In addition, organic oxygenate products were formed only when 

oxygen was present in the feed. This work examines the effect that partial pressure of 

oxygen has on methane reaction rate, energy efficiency, and product selectivity for 

methane-oxygen systems at one and two atmospheres. This is done at both o f these 

system pressures by decreasing the methane-oxygen ratio firom 5:1 to 2:1.
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Finally, this study conducts residence time experiments in a DBD reactor. 

These experiments are conducted in order to better understand the sequential and 

parallel product formation pathways that are occurring within the methane-oxygen

system.

6.3 Experimental Section

The breakdown voltage for the annular reactor is measured using a Tektronix 

P6015A high voltage probe in conjunction with a Tektronix TDS 754C digital 

oscilloscope. The power is measured with a Microvip 1.2 Energy Analyzer on the 

primary side. This allows the system’s energy consumption on a per molecule o f 

methane converted basis to be determined (The energy consumption as used in this 

work is eV per molecule of methane converted and 1 eV/molecule of CH4 converted 

= 96.4 kJ/mol = 1.67 * 10'  ̂kWh/g). As a result of measuring the power on the 

primary side, the energy losses from the DBD reactor, high voltage wires, and 

transformer are all included in the measured value. Additionally, the components 

(DBD reactor, high voltage wires, and transformer) have not been optimized to 

minimize these energy losses and, therefore, this work underestimates how energy 

efficient this process may be.
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In order to demonstrate that the experiments performed in this work can be 

acceptably reproduced, Table 6.1 compares two 5:1 methane-oxygen experiments at 

identical conditions. The material balances (carbon molar basis) for all the 

experiments done in this work are close to closing (80 to 100%). Potentially, the 

unaccounted carbon comes from undetected products in the gas phase since no solid 

residue has been found within the reactor after experiments.
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Table 6 .1 : Experimental Reproducibility

CH4 :Oz feed ratio = 5:1, Gap Distance = 1.9 mm. Power = 118 W, Pressure = 1 atm. Residence l  ime = 29 seconds,
Water Temp, in Water Jacket = 15 ”C

Experiment
#

Moles of 
CH4 conv. 

(moles/min)

eV/molecule
ofCH4
conv.

H2

sel.
Mole

%
CH4

conv.

Mole 
% O2 

conv.

% C Selectivity (mole Basis)
CO2 CO Ethane M MF FA F Sum

1 .0009 79 18 10 61 13 16 5 19 5 17 10 85
2 .0010 76 16 10 56 13 16 5 18 6 16 13 87

M = Methanol, MF = Methyl Formate, FA = Formic Acid, 
basis)

' = Formaldehyde, Sum = Sum of Carbon Product Selectivity (mole



In all the experiments, the power input was 118 watts which was sufficient to 

convert a significant amount o f the methane. The frequency in each experiment was 

set such that the power factor on the low voltage side of the transformer was one. 

The water temperature within the water jacket for this work was set at 12 °C or 15 °C 

(Only the residence time experimental series had a 12 °C water temperature). Both 

these temperatures allowed in situ removal o f organic oxygenates from the reaction 

zone, as seen in previous work^, for experiments with residence times of 5 seconds or 

greater.

The first series of experiments varied the gas gap distance from 1.9 mm to 

1 2 .0  mm in order to determine how changes in the reduced electric field strength 

affected the results of a 2:1 methane-oxygen system. The residence time for these 

experiments was 1 minute and the reaction area was 6 8 8  cm". When changing from a 

gap distance of 1.9 mm to 12.0 mm, the frequency was increased from 174 Hz to 216 

Hz in order to maintain the power factor at a value o f 1, due to the fact that the 

capacitance of the system changes when the gas gap is altered.

The second series o f experiments varied the system pressure from one to two 

atmospheres for a 2:1 methane-oxygen system with a residence time o f 29 seconds in 

order to have methane and oxygen conversions similar to those o f the gap distance 

experiments. This provides a comparison o f product selectivities between the 

pressure and gap distance experimental series at similar reduced electric fields. The
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pressure experimental series had a gap distance of 4.0 mm and a reaction electrode 

area was 688 cm^. At one atmosphere the frequency was set at 173 Hz and at two 

atmospheres it was 241 Hz.

For the third series o f experiments the methane-oxygen feed ratio was varied 

from 5:1 to 2:1 at one and two atmospheres with a gap distance o f 4.0 mm, an 

electrode reaction area of 688 cm^, and a residence time of 29 seconds. The 

frequency was 173 Hz at one atmosphere and 241 Hz at two atmospheres.

The fourth series o f experiments varied system pressure from one to three 

atmospheres, while maintaining the gap distance at 1.9 mm and a 5:1 methane- 

oxygen feed ratio. This was done in order to determine the effects pressure had on a 

system in which a significant amount of the energy input into the system was directed 

toward oxygen dissociation at all system pressures as a result o f the smaller gap 

distance (1.9 mm as opposed to 4.0 mm). The electrode reaction area for these 

experiments was 688 cm^ and the residence time was 29 seconds. The frequency was 

adjusted to maintain the power factor at one and at one atmosphere this was 167 Hz, 

at two atmosphere it was 217 Hz, and at three atmospheres it was 264 Hz.

The last series o f experiments varied the residence time from 2.5 to 40 

seconds in order to better determine the carbon pathways occurring within the system. 

The reaction area for these experiments was 430 cm^ and the frequency was 198 Hz.
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Finally, Bolsig, the numerical electron boltzmann solver by Kinema Software 

and CPAT, was used to plot all the energy deposition graphs (energy deposition 

directed toward a given collision process as a function o f reduced electric field 

strength). In addition, it was used to determine the average electron energy within 

methane-oxygen systems for given reduced electric field strengths.'*’

6.4 Results and Discussion

As previously mentioned, altering the gas gap affects the reduced electric field 

of a DBD system. Table 6.2 shows how the electrical and discharge properties 

change when the gas gap is varied from 1.9 nun to 12.0 mm. Increasing the gas gap 

distance decreases the reduced electric field strength (E/P), and this results in a 

decrease in the average electron energy o f  the plasma. Decreasing the reaction zone’s 

average electron energy in turn affects the energy deposition directed toward the 

various types of collision processes. Figure 6.1 shows the energy deposition for the 

significant collision processes as a function o f reduced electric field strength (E/P) in 

a barrier discharge reactor for a 2:1 methane-oxygen system. The experimental 

operating region for this study lies within the gray region seen in this figure. Within 

this operating region at least 97% o f the energy being input into the reaction zone is 

directed toward inelastic methane and oxygen collision processes. Processes such as 

attachment (e + A2 -> A{), ionization (e + A%^ A 2* + 2e), and elastic (e + A2 -> e + 

A2) collision processes are not significant in this range.
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Table 6.2: Eleclricai Parameters

2:1 CH4 :Oz System at 1 atmosphere
Gap Distance (mm) 1.9 4.0 6.7 12.0
E/P (volts/cm/torr) 49.0 30.0 24.0 18.0
Average Electron Energy 
(eV)

5.0 4.2 4.0 3.6



Figure 6.1; Energy Deposition (Group Processes) vs. E/P (2:1 CI I4 O2 System)
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Figure 6.2 separates the energy deposition for the inelastic methane collision 

processes into its two primary components: methane excitation and methane

dissociation. The two components have electron impact formation energy ranges o f 

.2 to .4 eV and from 9.0 to 12.0 eV, respectively. The figure shows that, within the 

experimental operating region, when the reduced electric field is decreased, the 

energy deposition directed toward methane excitation increases while that towards 

methane dissociation decreases. When the reduced electric field is decreased, the 

average electron energies decrease and the firaction of electrons capable of 

dissociating methane is reduced. This also means the fraction of electrons 

capable of exciting, but not dissociating, methane molecules increases and 

the energy fraction deposited into the excitation process increases.
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Figure 6.2: Energy Deposition vs. E/F (2:1 C !l4 : 0 2  System)
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Figure 6.3 separates the energy deposition for the inelastic oxygen collision 

processes into its two components: oxygen excitation and oxygen dissociation. The 

two components have electron impact formation energy ranges o f .2 to 4.0 eV and 

from 6.0 to 8.4 eV, respectively. Within the experimental operating region seen in 

this figure, a decrease in the reduced electric field strength results in an increase in the 

energy deposition directed toward the excitation o f the oxygen molecules without 

dissociation. In this same range, the energy deposition directed toward oxygen 

dissociation remains around 40% for reduced electric field values above 30 

volts/cm/torr and drops off significantly below this value. This drop-off occurs 

because the average electron energy decreases to the point that there is a significant 

reduction in the fraction o f electrons having enough energy to dissociate oxygen 

molecules and an increasing portion of the electrons will only have enough energy to 

excite oxygen (and methane) molecules.

In addition to the inelastic oxygen collision processes, Figure 6.3 also shows 

the organic oxygenate product selectivity (organic oxygenate product selectivity = 

sum of organic oxygenate selectivities) as a function of reduced electric field. The 

results show that when going from 48 volts/cm/torr to 30 volts/cm/torr, the organic 

oxygenate selectivity and the energy deposition going into oxygen dissociation stay 

relatively constant. However, from 30 volts/cm/torr to 18 volts/cm/torr, the organic 

oxygenate product selectivity and the energy deposition going into oxygen 

dissociation both sharply decrease. Finally, the energy deposition going into oxygen
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excitation without dissociation does not follow the organic oxygenate product 

selectivity trend since it increases over the entire operating range, 48 volts/cm/torr to 

18 volts/cm/torr. These results suggest that an atomic oxygen species generated from 

oxygen dissociation is responsible for the direct partial oxidation o f methane to 

organic oxygenate species.
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Figure 6.3: Energy Deposition & Organic Oxygenate Product Selectivity vs E/P (2:1 CH4 :0 ? System, 118 Watts Power Input,
15 “C Water Jacket Temp)
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Figure 6.4 shows the CO and CO2 selectivities for the gap distance 

experiments as a function o f reduced electric field. In addition, the Hz selectivity and 

energy deposition directed toward the two inelastic oxygen processes are included in 

this figure. As can be seen in the figure, the CO and CO2 selectivities and energy 

deposition directed toward oxygen dissociation remain relatively constant in the range 

from 48 volts/cm/torr to 30 volts/cm/torr, but from 30 volts/cm/torr to 18 

volts/cm/torr, the CO selectivity increases while the CO2 selectivity decreases. Since 

the energy deposition directed toward oxygen dissociation decreases over this same 

reduced electric field range, atomic oxygen species are evidently involved in 

oxidation o f CO to CO2. However, as will be seen in the discussion of the pressure 

experiments, a high CO/CO2 ratio can be obtained under conditions where significant 

O2 dissociation does occur and this appears to be inconsistent with the above 

explanation. This will be discussed further in that section.
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Figure 6.4; Energy Deposition, CO* Selectivity, H2 Selectivity vs E/P (2:1 CH4 O2 System, 118 Watts Power Input, 15 “C
Water Jacket Temp)
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Another factor affecting the CO and CO2 selectivities, shown in previous 

work, is that increasing the partial pressure o f CO in a methane-carbon monoxide- 

oxygen system shifts the selectivity between CO and CO2 via the water-gas shift 

pathway.* In the range where the CO selectivity is higher, the hydrogen selectivity 

(and partial pressure) is also increasing, also shown in Figure 6.4. In addition, 

significant in situ removal o f water from the reaction zone via condensation occurs at 

these conditions over the entire range o f reduced electric field. This is shown by the 

fact that 72% of the water exiting the 12 mm gap reactor was collected in the liquid 

phase. Both these factors inhibit the water-gas shift reaction and CO2 formation from 

this pathway.

Finally, Figure 6.4 shows that the energy deposition directed toward the 

excitation o f the oxygen molecules without dissociation increases over the entire 

operating range, and this also suggests that excited oxygen molecules are not nearly 

as effective at oxidizing CO to CO2 and are not significantly involved in direct 

oxidation of other species to CO2.

Figure 6.5 shows the gap distance experiments for C2 hydrocarbon selectivity 

(sum of acetylene, ethylene, and ethane), the energy deposition directed toward the 

inelastic methane collision processes and its two components, and the two 

components for the inelastic oxygen collision processes, as functions o f reduced 

electric field. Table 6.3 shows the acetylene-ethylene-ethane ratio at a given reduced
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electric field for these experiments. The results show that when the energy deposition 

directed toward oxygen dissociation drops off and the energy deposition directed 

toward the inelastic methane collision process increases (the latter due to the increase 

in the energy deposition directed toward methane excitation), the C2 hydrocarbon 

selectivity increases. The increased C2 hydrocarbon selectivity is due to increases in 

ethane and acetylene production. Caldwell has shown in a pure methane system that, 

when varying the gas gap and, therefore, the reduced electric field over the same 

range, the product distribution is composed of ethane and hydrogen with some higher 

alkanes, but no ethylene o f acetylene and is relatively constant.'^ Those pure 

methane results suggest that ethane formation in the 2:1 methane-oxygen system at 

the lower reduced electric field strengths (where oxygen dissociation is not 

significant) comes from methane coupling from direct methane activation, as 

diagrammed in Figure 6.6. In this range of reduced electric field, oxygen dissociation 

and its consumption of activated methane is not significant. Also in this same range, 

with oxygen, increased oxygen excitation occurs (O2 ) with significant acetylene 

selectivity. This suggests O2* involvement in the production of acetylene, as shown 

in Figure 6.6. Additional evidence that active molecular oxygen species are 

involved in C2 hydrocarbon formation comes from the fact that methane conversion 

rates for the pure methane results'"* are less than the methane conversion rates in this 

study. Further, the C0:C02 ratio is increasing over this same reduced electric field 

range, which suggests that CO formation is favored over CO2 formation, as already 

discussed.
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At high reduced electric field strengths (E/P > 30 volts/cm/torr) the energy 

deposition directed toward molecular oxygen excitation is small and, therefore, the 

O2* hydrocarbon pathway shown in Figure 6.6 is a minor one with little acetylene 

formation. The dissociated 0* species lead to organic oxygenate formation in part by 

reacting with activated methane thus reducing ethane selectivity firom the ethane 

production pathway shown in both figures 6.6 and 6.7. In addition, previous work, as 

well as residence time experiments discussed later in this study, provide evidence that 

a direct oxidative pathway to CO and/or CO2 exists.*® Hence, the overall carbon 

pathway for the 2:1 methane-oxygen system at high reduced electric field strengths 

includes direct and indirect pathways for C0% formation as well as the pathway for 

organic oxygenate formation, as shown in Figure 6.7.

For all reduced electric field strengths, little to no ethylene is observed and 

this may suggest that acetylene may be formed, as diagramed in Figure 6.6, firom the 

coupling of two CH group species as opposed to ethane reacting sequentially to form 

ethylene and then acetylene since the reactions’ thermodynamics suggests that this is 

unlikely to preferentially not favor ethylene. Evidence for the presence o f CH groups 

in low temperature plasmas has been shown by M. Okumoto et al.* ,̂ in which CH 

groups were detected spectroscopically in a methane-oxygen system using a pulsed 

DBD reactor. In addition, Caldwell *"* has shown in a DBD reactor that increasing 

the partial pressure of hydrogen in an ethane-hydrogen system inhibits the production 

of ethylene and acetylene. In contrast, these results show that acetylene selectivity
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increases when hydrogen selectivity increases, and this also suggests a different 

pathway other than sequential dehydrogenation.
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Figure 6.5: Energy Deposition & C2 Selectivity vs. E/P (2:1 CH4 : 0 2  System, 118 Watts Power Input, 15 “C Water Jacket
lem p)
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Table 6.3: Acetylene:Ethylene:Ethane Ratio for Gap Distance Experiments

2:1 CH4 :0 2  System at 1 atmosp lere
Gap Distance (mm) 1.9 4.0 6.7 1 2 .0

E/P (volts/cm/torr) 49.0 30.0 24.0 18.0
Acetylene:Ethylene:Ethane 0 :0 :1 1 :0 :2 1 :0 :2 10:1:7
C2 hydrocarbon sum 3 3 6 18

Figure 6 .6 : Hydrocarbon Formation Pathways for Cj Hydrocarbons at Low Reduced 
Electric Fields (E/P less than 30 volts/cm/torr)

CH4 + electron CzHe + Hz

CH4 + Oi C2H2 +  3H2

Figure 6.7: Hydrocarbon Formation Pathways at High Reduced Electric Fields (E/P 
greater than 30 volts/cm/torr)

CH4 + electron

Organic Oxygenates

CO,

Note: This figure includes CH4 activation that occurs in Figure 7a
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Figure 6.8 plots the methane conversion, oxygen conversion, and energy 

consumption as functions o f reduced electric field for the gap distance experiments. 

The figure shows that when going from 48 volts/cm/torr to 18 volts/cm/torr, the 

methane and oxygen conversions decrease 61% and 71%, respectively. The system’s 

energy consumption per molecule o f methane converted, however, decreases over the 

same change in the reduced electric Held because the methane throughput increased 

by 82%. The decrease in energy consumption per molecule o f methane converted 

seen when going from 30 volts/cm/torr to 18 volts/cm/torr is largely because o f the 

shift in the energy deposition from oxygen dissociation to methane excitation. In 

other words, energy is shifting from collision processes that form atomic oxygen, 

which can react with methane and also carbon monoxide, organic oxygenate 

products, and hydrogen, to a collision process that forms excited methane, which 

when it reacts with other species always consumes methane thereby increasing the 

methane reaction rate and, hence, decreases the energy consumption per methane 

converted. In addition, excited oxygen molecules may have a  higher probability of 

reacting with methane than other species at the lower reduced electric fields (e.g., CO 

does not seem to become over oxidized to CO2 when the energy deposition directed 

toward oxygen excitation increases).
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Figure 6 .8 : CII4  Conversion, O2 Conversion, & Energy Consumption (2:1 CI 1 4 : 0 2  System, 118 Watts Power Input, 15 "C
Water Jacket Temp)
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The system’s energy consumption can also be affected by the reaction volume 

to electrode surface area ratio. Previous work has shown that the ratio o f reactor wall 

quenching to gas phase quenching for atomic oxygen is around one when the atomic 

oxygen is within 1 mm of the cylindrical reactor wall (p = 1 bar, bulk gas = helium, 

reactor temperature = 500 °C). However, when atomic oxygen is within 6 mm of the 

wall, the reactor wall quenching to gas phase quenching ratio for atomic oxygen 

significantly decreases.*^ Other research has given evidence that significant oxygen 

recombination can take place in a DBD reactor with a 1 mm gas gap.^® Hence, 

electrode surfaces can quench radical species thereby wasting the energy consumed in 

forming these species since they are no longer able to initiate or propagate reactions. 

Therefore, increasing the reaction volume to electrode surface area ratio decreases the 

overall effect radical quenching on the electrode surface has on the overall chemical 

processes. Figure 6.9 plots the system’s energy consumption as a function o f reaction 

volume to electrode surface area ratio and shows that the energy consumption does 

decrease when increasing the ratio from .2 to 1.2.
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Figure 6.9: Energy Consumption vs. Reaction Volume to Electrode Surface Area Ratio (2:1 CH4 : 0 2  System, 118 Watts Power,
15 °C Water Jacket Temp)
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Another way of decreasing the reduced electric field strength is by increasing 

the pressure within the system. In this series o f experiments, the system pressure was 

increased from one to two atmospheres in a 2:1 methane-oxygen system with a 4 mm 

gap distance. This was done in order to support the conclusion that changes to the 

reduced electric field and the resultant change in electron energy is a key variable that 

controls selectivity between organic oxygenates and C^s and between CO and CO2. 

The results of the 4 mm gap 2:1 methane-oxygen experiments, presented in Table 6.4, 

show that, when going from one to two atmospheres, the organic oxygenate sum 

decreases from 59% to 37% and C2 selectivity increases from 1% to 17%. The 

change in the reduced electric field from 30 volts/cm/torr to 23 volts/cm/torr is in the 

region where the energy deposition directed toward oxygen dissociation decreases 

and that of methane and oxygen excitations increases, as was shown in Figures 6.2 

and 6.3. This is consistent with the behavior in the gap-distance experiments. In 

addition, doubling the system pressure causes the methane feed concentration to 

double, which also promotes methane coupling reactions. As for CO and CO2, when 

going from one to two atmospheres, the C0:C02 ratio increases from 1.2:1 to 4.1:1. 

This is also consistent with the observations from the gap-distance results. At two 

atmospheres, 81% o f the water exiting the reactor was in the liquid phase. Thus, 

water in the gas phase, which can participate in the water-gas shift reaction, does not 

appear to participate in a major reaction pathway. Finally, increasing the system 

pressure from one to two atmospheres decreases the energy consumption per methane 

converted by 46%. Assuming positive order kinetics, the methane reaction rate may
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be expected to increase due to the doubling o f the feed partial pressure. In addition, 

the energy consumption per molecule of methane converted also decreases because 

some o f the energy input into the system is shifted firom processes that don’t directly 

consume methane to processes that do. Further, the energy consumption decreases 

because the energy deposition directed toward oxygen excitation increases as already 

explained in the gap distance results.
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Table 6.4; Pressure Expérimental Results (4.0 mm Gap Distance, E/P = 30 volt/cm/torr at 1 atmosphere, E/P = 23 volts/cm/torr 
at 2  atmosphere)

Reactor
Pressure

(atm)

eV per 
molecule of 

CH4 
Conv.

Moles of 
CH4 conv. 

(moles/min)

% CH4 
Conv.

% 0 2

Conv.
% M2 

Select.
%CO
Select.

% C02 
Select.

% C2  Select.
(Ethane, 

Ethylene, & 
Acetylene)

% Org. 
Oxy. 

Liquids’ 
Select.

Sum

1 48 .0015 8 2 2 8 16 13 1 59 89
2 26 .0028 9 17 39 33 8 17 37 95



Previous work has shown that when going from a pure methane feed to a 3:1 

methane-oxygen feed, the methane reaction rate is enhanced due to active oxygen 

species. In addition, organic oxygenate products are formed only when oxygen is 

present.* This work varies the methane-oxygen feed ratio from 5:1 to 2:1 at one and 

two atmospheres. This is done in order to determine the effect o f the partial pressure 

of oxygen on the methane reaction rate, the system’s energy consumption per 

methane converted, and product selectivities. Table 6.5 shows that, at both one and 

two atmospheres, increasing the oxygen partial pressure decreases the systems’ 

energy consumption per methane converted when going from a 5:1 to 2:1 methane- 

oxygen system. This is because the methane conversion increased enough to more 

than compensate for the 20% decrease in methane partial pressure and throughput in 

both cases. The methane reaction rate, therefore, increased with increasing partial 

pressure of oxygen in the feed, which caused the decrease in energy consumption per 

methane converted.
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Table 6.5: CH4 :Oz Ratio Expérimental Results

4 mni G as Gap, 118 Watt Power Input, Water Jacket Temp. = 15 “C
CH4 .O2 Pressure (atm) E/P

(volt/cm/torr)
% Cl I4 

conv.
% O2 conv. eV per 

molecule of 
CH4  conv.

Moles of 
CH4  conv. 

(moles/min)

5 1 1 30 6 31 61 . 0 0 1 2

4 1 1 30 6 27 60 . 0 0 1 2

3 1 I 30 7 23 58 .0013
2 1 I 30 9 2 2 48 .0015
5 1 2 23 5 2 1 39 .0019
4 1 2 23 6 19 32 .0023
3 I 2 23 7 19 27 .0027
2 1 2 23 8 17 26 .0028

LA
OO



Figure 6.10 shows the energy deposition directed toward methane and oxygen 

inelastic collision processes as a function o f reduced electric field for the 5:1 to 2:1 

experiments. The figure shows that, as the methane-oxygen ratio decreases, the 

energy deposition directed toward inelastic methane collision processes decreases and 

the energy deposition directed toward inelastic oxygen collision processes increases. 

This is because the probability o f methane colliding with an electron decreases and 

that of oxygen increases, when the methane-oxygen ratio decreases. However, the 

trends seen in each inelastic methane and oxygen collision process curve are similar 

to the trends seen in all the other inelastic collision process curves for the same group. 

Figures 6.11, 6.12, and 6.13 show the 5:1 to 2:1 methane-oxygen systems’ energy 

deposition directed toward methane excitation, oxygen excitation, and oxygen 

dissociation, respectively. Here again, as the methane-oxygen ratio decreases, the 

energy deposition directed toward methane excitation decreases while energy directed 

toward oxygen excitation and dissociation increases due to the decreased probability 

of electrons impacting methane molecules rather than oxygen molecules. However, 

the trend in each curve within a group (methane excitation group, oxygen excitation 

group, and oxygen dissociation group) is similar to the trend of all the other curves 

within that group. Hence, regardless o f the methane-oxygen ratio, the trends o f the 

changes in the energy deposition directed toward these collision processes due to 

changes of the reduced electric field are the same.
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Figure 6 .10: Energy Deposition (Group Process) vs. E/P
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I'igure 6.11: CH4 Excitation Energy Deposition vs. E/P
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Figure 6.12; O2 Excitation Energy Deposition vs. E/P
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Figure 6.13: O2 Dissociation Fnergy Déposition vs. E/P
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Table 6.6 shows the product selectivity results for the methane-oxygen feed 

ratio experiments at one and two atmospheres. At a system pressure o f one 

atmosphere, the results show that when going from a 5:1 to 2:1 methane-oxygen feed 

ratio, the C0%, C], and organic oxygenate selectivities remain relatively constant. 

Previous work as well as the residence time experiments discussed later in this work 

provide evidence that there is a pathway for partial oxidation o f methane directly to 

CO and CO: in the dielectric barrier discharge methane-oxygen system.'® With this 

is mind, the C0% and organic oxygenate selectivities remain relatively constant when 

the partial pressure of oxygen is increased in the feed because both pathways are 

enhanced. The net effect is that changes in the rates o f these two oxidative pathways 

balance one another out. In addition, the ethane selectivity always remains low 

because enough atomic oxygen is present at this reduced electric field strength to 

consume activated methane which limits methane coupling.
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Table 6.6: CH4.O2 Ratio Experimental Results

4 nun  G as G ap , 118 W att P ow er Input, W ate r Jack e t T em p. =  15 d eg rees C , E /P  = 30  v o ll/cm /to rr a t I a tm ospiiere, E /P  =  23 volts/cm /torr a t 2 a tm osphere
C H ^O z P ressure

(aü n )
% H z
Select.

% C O
Select.

%  C O 2 
Select.

%
E tliane
Select.

%
E thylene
Select.

%
A cetylene
Select.

% M
Select.

% F
Select.

% M F
Select,

%  FA 
Select.

Cz
sum

O rg.
O xy.

Liquid
sum

S

5 1 1 12 16 10 4 0 0 19 12 8 13 4 51 81
4 1 1 II 16 10 4 0 0 19 15 10 15 4 59 89
3 1 1 9 15 10 2 0 0 16 15 7 16 2 53 80
2 1 1 8 16 13 1 0 0 15 14 10 20 1 59 89
5 1 2 48 26 8 14 5 14 5 7 2 11 33 24 91
4 1 2 42 25 7 II 3 II 5 8 2 12 25 27 84
3 1 2 39 27 7 9 2 10 5 8 2 13 21 29 84
2 1 2 39 33 8 7 1 9 7 10 3 17 17 37 95

M  =  M ethanol, F  =  F onnaldchyde , M F  =  M ethy l F orm ate , FA  =  Form ic A cid , S electiv ity  fo r C arb o n  C om pounds is on  a C arbon  M ole B asis, S =  Sum  o f  
ca rbon  se lec tiv ity  (m o le  basis)a



At a system pressure of two atmospheres, Table 6.6 shows that, when going 

from a 5:1 to a 2:1 methane-oxygen system, the Cz selectivity decreases and the 

organic oxygenate selectivity increases. At this reduced electric field the energy 

deposition directed toward oxygen dissociation becomes sufficiently limited that 

increasing the partial pressure o f oxygen in the feed increases the energy deposition 

directed to oxygen dissociation enough to result in shifting the selectivity from Czs to 

organic oxygenate products. Finally, the CO* selectivity in this range remains 

relatively constant because both the direct and indirect methane oxidation routes to 

COx as well as the methane oxidation routes to organic oxygenates are being 

enhanced.

Increasing the system’s pressure increases the feed concentration and, 

therefore, contributes (assuming positive order kinetics) to the enhancement of the 

methane reaction rate, resulting in a decrease in the energy consumption per methane 

converted, as was shown in Table 6.5. However, as shown in Table 6.6, the increase 

in pressure also results in a decrease in the organic oxygenate selectivities because 

energy deposition directed toward oxygen dissociation significantly drops off.

The next series of experiments increased the system pressure from one to two 

atmospheres in a 5:1 methane-system with a  1.9 mm gas gap, to compare the other 

results to those of the 4 mm gas gap. In addition, a 3 atm experiment with a 1.9 mm 

gas gap (5:1 methane-oxygen system) was also done. Table 6.7 shows that when
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going from one to two atmospheres, the 1.9 mm and 4.0 mm gap distance systems 

show 25% and 22% decreases in methane conversion, respectively. The energy 

consumption per molecule converted decreases 35% for the 1.9 mm gap distance 

experiment and 36% for the 4.0 mm gap distance system because the methane 

throughput doubled for both systems. This means the methane reaction rate increased 

for both gap distances. Assuming positive order kinetics, this increase could be 

expected since the feed concentration was doubled in both cases. In addition, for the 

4.0 mm gap distance experiment, the energy consumption per methane converted also 

decreased which is attributable to an increase in the energy deposition directed toward 

methane and oxygen excitations and a decrease in the energy deposition directed 

toward oxygen dissociation. The 4 mm gap system’s energy consumption per 

methane converted was 22% less at one atmosphere and 23% less at two 

atmospheres, than the 1.9 mm gap system’s energy consumption per methane 

converted. The difference seen in energy consumption per converted methane at one 

atmosphere is due to the fact that the reaction volume to electrode surface area ratio 

decreases (increases radical quenching) when going from the 4.0 mm to the 1.9 mm 

gap distance.
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Table 6.7: Pressure Experimental Results ( 1.9 mm and 4.0 mm Gap Distance)

5:1 C lU iO z R atio , 118 W att P ow er Input, 15 “C  W ater Jacket T em p.
R eactor
Pressure

(atm )

G ap
D istance

(m m )

E /P
(vo lts/cm /to rr)

eV  p e r 
m olecu le  o f  

C H 4 
C onv.

M oles o f  
C H 4 conv. 

(m oles/m in )

%  C II4 
C onv.

% 0 2
C onv.

% H z
Select.

% C O
Select.

%  C O 2 
Select.

Cz
Sum

O rganic 
O xy. 

L iq. Sum

S

1 1.9 4 9 79 .0009 10 61 18 16 13 5 51 85
2 1.9 37 51 .0014 8 37 32 19 7 29 46 101
3 1.9 32 43 .0017 6 24 40 22 6 30 42 100
1 4 .0 30 61 .0012 6 31 12 16 10 4 51 81
2 4 .0 23 39 .0019 5 21 48 26 8 33 24 91

Selec tiv ity  Tor C arbon  C om pounds is on  a  C arb o n  M o le  B asis, S =  Sum  o f  carbon  se lec tiv ity  (m o le  basis)

S



At two atmospheres pressure, the increase in energy consumption per 

methane converted when going from the 4.0 mm to the 1.9 mm gap distance is 

because o f radical quenching (the reaction volume to electrode surface area ratio is 

decreasing). Once again, the energy consumption per methane converted also 

increases when decreasing the gap distance because o f the shift in the energy 

deposition from excitations o f methane and oxygen to oxygen dissociation. Finally, 

going from two to three atmospheres in the 1.9 mm gas gap resulted in a 20% 

decrease in the methane conversion. However, the energy consumption per methane 

converted decreased 17% because the methane throughput increased 33%. More 

specifically, the energy consumption per methane converted decreased due to an 

increase in the methane reaction rate because o f the increase in the feed 

concentration.

Table 6.7 shows that going from one to two atmospheres in the 1.9 mm gas 

gap system shifts the selectivity from organic oxygenate products to Cjs. Again, the 

increase in pressure promotes methane coupling. In this same range, however, the 

CO selectivity increases and the CO2 selectivity decreases, despite the fact that the 

energy deposition directed toward oxygen dissociation remains significant. This 

suggests that oxidation of CiS to CO is favored over complete over-oxidation to CO2. 

In addition, shifts in selectivity from CO to CO2 via the water-gas shift reaction are 

not seen because the selectivity to hydrogen is high and, therefore, the reverse water- 

gas shift reaction prevents an overall shift back to CO2, as previously explained.
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Table 6.7 also shows that the product selectivities at one atmosphere for the 1.9 mm 

and 4 mm gap distance systems are similar. This is because the energy depositions 

into inelastic methane and oxygen collisions processes are similar. However, when 

going from one to two atmospheres, there is a greater shift in selectivity from organic 

oxygenate products to Czs in the 4 mm gas gap system because of both the increase in 

pressure and the change in energy deposition. Thus, under all of the system variables 

tested, higher energy deposition directed toward oxygen dissociation enhances the 

organic oxygenate production.

The last experimental series studied the organic oxygenate pathways that 

occur once atomic oxygen initiates the process. This was done by varying the 

residence time for a 3:1 methane-oxygen system at one atmosphere. In addition, the 

effects of residence time on C0% and ethane selectivity as well as methane and 

oxygen conversion were examined. Figure 6.14 shows the results o f the latter. As 

the residence time is increased from 2.5 seconds to 40 seconds, both the methane and 

oxygen conversions increase 89%. The increase for both methane and oxygen 

conversion was linear over this range, but previous work has shown that at greater 

methane and oxygen conversions the methane and oxygen conversions become 

nonlinear, and therefore, methane and oxygen concentrations do affect the methane 

reaction rate.'°
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I'igure 6.14: Cl Lj & O2 Conversion vs. Residence l ime
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Figure 6.15 shows the effects of residence time on CO, CO2, and ethane 

selectivity. As can be seen in the figure, the CO and CO: selectivities were always 

high. This suggests a direct oxidative pathway from methane to CO and/or 00%. In 

addition, the CO: selectivity remains constant throughout the entire residence time 

range, but the CO selectivity decreases initially and then levels off at about 20 

seconds residence time where it then remains constant at longer residence times. The 

initial decrease in the CO selectivity is due to the water-gas shift reaction and the fact 

that in situ organic oxygenate product removal is starting to occur as these partial 

pressures increase above their vapor pressures with longer residence times resulting 

in condensation within the reaction zone.® In situ product removal also causes a 

decrease in the CO: production since less over oxidation results. The water-gas shift 

reaction, which increases CO: production, balances this out and, as shown in earlier 

work®, the CO: selectivity remains relatively constant.
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Figure 6.15: CO, CO2, & C 2H6 Selectivity vs. Residence Time
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Figure 6.16 shows the residence time experiment results for the organic 

oxygenate selectivities. The figure shows that when the residence time increases 

from 2.5 seconds to 40 seconds, the methanol selectivity initially decreases rapidly 

and then decreases more gradually over time. The formic acid selectivity initially 

increases rapidly, then at a lower rate. Formaldehyde and methyl formate selectivities 

increase at a uniform rate. These results indicate that methane and oxygen react to 

form methanol as an initial product, which further reacts to form formic acid and 

formaldehyde. Significant amounts o f formic acid are evidently formed from 

methanol at relatively short residence times and can then react with methanol to form 

methyl formate. Finally, the organic oxygenate selectivities at 40 seconds residence 

time represent the typical selectivities seen with longer residence time experiments 

(residence time > 40 seconds).
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Figure 6.16; Organic Oxygenate Select, vs. Residence Time
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6.5 Conclusions

The product selectivities in a methane-oxygen system within a DBD system 

can be affected by altering the reduced electric field strength by changing the 

geometry or operating conditions. These changes affect the average electron energy 

within the system and can shift the energy deposition among the various collision 

processes. This was shown in a 2:1 methane-oxygen system through the shift in 

product selectivities from organic oxygenate products to CiS when the reduced 

electric field strength is changed from 30 volts/cm/torr to 18 volts/cm/torr by 

increasing the gap distance from 4.0 mm to 12.0 mm.

The results for a 2:1 methane-oxygen system with a 4 mm gap distance at elevated 

pressure verified that the shift in product selectivities from organic oxygenates to Cis 

could be attributed to the decrease in the reduced electric field. The effect o f pressure 

on the results showed a similar shift in product selectivities when the reduced electric 

field was changed over the same range as in the gap distance experiments. However, 

it was found that increasing the system pressure also promotes methane coupling.

Energy consumption per methane converted was affected by the methane- 

oxygen feed ratio, the system pressure, the reduced electric field strength, and the 

reaction volume to electrode surface area ratio. Higher partial pressures o f oxygen in 

the feed were found to decrease the energy consumption per methane converted and 

is consistent with prior work.^ Increasing the pressure also reduces the system’s 

energy consumption per molecule o f methane converted due to increases in the feed 

concentration. However, significant reductions in the organic oxygenate selectivity
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occur if the reduced electric field strength is too low. Large decreases in the system’s 

energy consumption per methane converted (as high as 55%) which are solely due to 

decreases in the reduced electric field strength (at constant feed concentration) come 

with significant losses (as high as 65%) in the organic oxygenate product selectivity.

The increase in the COiCO; ratio when the pressure is increased fi:om one to 

two atmospheres, or the gap distance is increased fi-om 4.0 mm to 12.0 mm, may be a 

result of partial oxidation of Cis to CO being favored over complete over-oxidation to 

COi. In addition, if the reduced electric field is low enough that a drop-off in energy 

deposition directed toward atomic oxygen occurs, the CG:CÜ2 ratio may be expected 

to increase.

Residence time studies showed that methane partially oxidizes to form 

methanol, which further reacts to form formic acid, formaldehyde, and methyl 

formate. This experimental series supports the conclusion that there is a direct 

oxidative route from methane to CO and/or CO2 since there is a significant amount of 

both of them present at even low residence times, and this is consistent with 

previous work.‘° All o f the results are consistent with the changes o f the populations 

of active species with changes in energy deposition due to changes in the reduced 

electric field. In the range studied, a lower reduced electric field reduces oxygen 

dissociation and increases methane and oxygen excitations. Lower oxygen 

dissociation reduces organic oxygenates, but higher methane and oxygen excitations 

decrease energy consumption per molecule o f methane converted.
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Finally, in regards to energy usage, the best results in this study are 26 eV per 

molecule o f methane converted. Since all products except for CO2 might be 

considered useful, the system requires 28 eV per molecule o f useable carbon 

produced. A large-scale commercial methanol synthesis process consumes 11 eV per 

molecule of methanol produced.'’ However, at a remote site the one-step partial 

oxidation of methane to organic oxygenates using a DBD reactor may be feasible 

despite higher energy consumptions due to increase simplicity and lower capital costs 

than conventional processes. Therefore, further reductions in power consumption 

remain desirable, but the exact level that is required will depend on the specifics o f a 

given gas conversion project.
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CHAPTER SEVEN: CONCLUSIONS AND FUTURE WORK

7.1 General Conclusions

The direct partial oxidation of methane to organic oxygenates requires oxygen 

activation. Oxygen cannot be replaced with carbon dioxide or carbon monoxide and 

still produce significant amoimts o f organic oxygenates. However, the presence of 

carbon dioxide in a methane-oxygen-carbon dioxide feed results in inhibition of 

production o f carbon dioxide via the reverse water-gas shift reaction.

Lowering the reactor wall temperature from 75 °C to 28 °C enhances the 

organic oxygenate selectivity. This is due to in situ removal of organic oxygenates in 

the reaction zone via condensation By lowering the reactor wall temperature to the 

point where the organic oxygenates’ partial pressures are above their equilibrium 

partial pressures, condensation is allowed to occur.

In carbon dioxide reforming of methane, the partial pressure o f carbon dioxide 

in the feed affects product selectivities (carbon monoxide and ethane) and methane 

and carbon dioxide conversions. Increasing the partial pressure o f helium in a 

methane-carbon dioxide-helium feed (1:1 methane-carbon dioxide ratio) shifts the 

product selectivity from ethane to carbon monoxide. Potentially, this is due to the 

fact that increasing the partial pressure o f helium in the feed both causes an increase 

in the average electron energies within the system and dilutes the methane in the feed.
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For a DBD reactor with a methane-oxygen feed, an increase in energy 

consumption results in an increase in methane conversion within the system. This 

occurs because o f lower partial pressures o f oxygen in the reaction zone. However, a 

methane-oxygen feed with intermediate oxygen addition, as opposed to without such 

addition, can decrease the energy consumption required for high methane conversion 

as well as increase the organic oxygenate yield.

A methane-oxygen system within a DBD reactor can also have its product 

selectivities altered by changing the reduced electric field strengths because the 

change affects the energy deposition directed toward the various collision processes 

that provide activation and reaction. In addition, it appears that atomic oxygen 

species play an important role in organic oxygenate formation. This is due to the fact 

that a significant decrease in the energy deposition directed toward oxygen 

dissociation results in a decrease in organic oxygenate selectivity.

In regards to carbon pathways present in the direct partial oxidation of 

methane in a DBD system, methane and oxygen react to form methanol. Methanol 

further reacts to form formaldehyde, methyl formate, and formic acid. In addition, 

the fact that significant selectivities toward CO* still exist at low residence times 

suggests a direct partial oxidation route 6om  methane to carbon monoxide and/or 

carbon dioxide.
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The industrial methanol synthesis process requires 11 eV per molecule o f 

methanol produced. This works best result is 28 eV per molecule of useable carbon 

produced. However, at a remote site the direct partial oxidation o f methane to 

organic oxygenates might be feasible because o f increased simplicity and lower 

capital costs than conventional processes.

7.2 Recommendations for Further Work

The current work uses glass as the dielectric. However, a study varying the 

type of dielectric used in this system should be done in order to determine if  changing 

the dielectric affects the methane and oxygen conversions, product selectivities, and 

energy consumption of the system. Studies o f other systems have shown that the type 

of dielectric material used does affect the experimental results."’̂  For example, a 

study of nitric oxide destruction within a DBD reactor has shown that when changing 

from a glass dielectric to a Teflon PFA (perflouroalkoxy) dielectric, it resulted in a 

23% decrease in the eV per molecule o f NO oxidized. Due to the facts that the power 

levels used for both dielectric systems (glass and Teflon PFA) were the same and no 

differences in the discharge characteristics were observed, the authors concluded that 

the decrease in energy consumption was due to a chemical effect.^ In addition, Khan 

has seen increased ozone conversion efficiency when using a P.T.F.E 

(polytetrafluoroethylene) coated glass dielectric and has attributed the increase in
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efficiency to the fact that a P.T.F.E. siuface exhibits lower recombination rates o f 

atomic oxygen than does a silica surface.^

Another area that should be studied is the use o f a pulsed DBD reactor. In a 

DBD system, an extremely fast rising voltages (comparable to the duration of a 

microdischarge) causes a large number o f discharges to start simultaneously.'* This 

might increase the number gas molecules exposed to the discharge and, therefore, 

potentially enhance the direct partial oxidation of methane to organic oxygenates.

Currently, the energy consumption o f the system is determined on the primary 

side of the transformer. Obtaining the power usage within the reaction zone, 

however, would indicate the energy consumption the system used to enable chemical 

reactions to take place. Assuming the power consumed in the reaction zone is 

significantly less than the system’s overall power consumption, studying how system 

components (e.g. transformer) can be altered in order to decrease energy losses from 

them should be done.

Studies have shown the potential importance of OH groups in the partial 

oxidation o f methane in a DBD reactor.^’® Hence, methane-oxygen-water systems in 

a DBD reactor should be investigated in order to determine the effects water has on 

the system. For example, it could be useful to examine whether water enhances the 

organic oxygenate liquid selectivities.
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Finally, an economic analysis o f the direct partial oxidation o f methane to 

organic oxygenates in a DBD reactor should be conducted. In addition, an economic 

analysis o f the current commercial methanol process should also be completed for 

comparison purposes. However, the scale o f both systems when implementing the 

economic analyses should be similar in order to make an accurate comparison.
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APPENDIX A. Sample Set of Mass Flow Controller and GC Calibrations

A. 1 Sample Set o f Mass Flow Controller Calibrations

GAS Controller Full Scale 
(SCCM), Serial # (S/N)

Mass Flow Controller 
Calibration Equations 
(F.R. = Flow Rate in 
cc/min, S = set point)

C E, He (1000), S/N 9201904 F.R. = 5.99*S-.I8
CH4 CH4 (1000), S/N 9201909 F.R. = 11.70*8 +13.59
CH4 CH4 (200). S/N 9100015 F.R. = 2 .28*8- 5.02
CH4 CzHg (20). S/N 9100014 F.R. = .33*S-.18
O2 He (1000), S/N 88C0327 F.R. = 7.11*8 + 10.25
O2 C2H6 (20), S/N 9100014 F.R. = .44*8 - .35
O2 O2 (250), S/N 9201910 F.R. = 2 .63*8-1.63
CO C2H6 (20), S/N 9100014 F.R. = .45*8 - .25
CO CH4 (300). S/N 90CO251 F.R. = 4.54*8+3.17
CO2 C2H6 (20). S/N 9100014 F.R. = .34*8 - .33
CO2 CH4 (200). S/N 9100015 F.R. = 2.21*8 +5.22
C2H6 C2H6 (20), 8/N 9100014 F.R. = .23*8 - .47
C2H6 He (1000), 8/N 88C0327 F.R. = 3.47*8+ 8.27
C2H6 CH4 (100), 8/N 9702202 F.R = .74*8+ .34

H2 C2H6 (20), 8/N 9100014 F.R. = .45*8 -.37
H2 He (1000), 8/N 88C0327 F.R. = 7.76*8 + 3.65
Hz He (200), 8/N 9056138 F.R. = 1.55*8-3.62

C2H6 (20). 8/N 9100014 F.R. = .46*8 - .45
N2 CR, (200), 9100015) F.R. = 2 .95*8-6 .18

C2H4 CH4 (100). S/N 9702202 F.R. = .89*8+ 1.16
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A.2 Sample Set o f Gas Chromatography (GC) Calibrations

Gas GCType GC Calibration Equations 
(M = mole percent o f  gas, 

W = w e i^ t percent of 
organic oxygneate,

T = TCD area coimt)
CH4 EG&G Carle Series 400 

AGC gas chromatograph
M = 1 .2 9 *  10"‘ * T -3 .4 1

O2 EG&G Carle Series 400 
AGC gas chromatograph

M =1.18* 10"‘ * T  + .03

CO2 EG&G Carle Series 400 
AGC gas chromatograph

M = 9.02 * 10"* * T + .07

CO EG&G Carle Series 400 
AGC gas chromatograph

M = 1 .0 8 *  10"'*T  + .44

C2H6 EG&G Carle Series 400 
AGC gas chromatograph

M = 8.19* 1 0 " * T ..0 4

C2H4 EG&G Carle Series 400 
AGC gas chromatograph

M = 8 .9 2 M 0 * '* T

C2H2 EG&G Carle Series 400 
AGC gas chromatograph

M = 9.80* 1 0 " * T  + .02

H2 EG&G Carle Series 400 
AGC gas chromatograph

M = 5.30* 10’̂ * T  + .04

N2 EG&G Carle Series 400 
AGC gas chromatograph

M = 1 .1 0 *  10"‘ * T  + .41

CH3OH Varian 3300 GC W = 3.32* 10‘'* T + .7 9
HCH O Varian 3300 GC W = 4.41 • 10‘̂ * T  + 3.36

HCOOCH3 Varian 3300 GC W = 4.00* 10'" * T + .64
H CO O H Varian 3300 GC W = 4.68* 10*'*T + 2.97

CH3CH2OH Varian 3300 GC W = 3.65* 10 '"*T  + .55
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APPENDIX B. Methane and Oxygen Conversion as a function of Energy Effieciency

riow rate (cc/min) Power (watts) eV per molecule of 
methane converted

% Methane conversion % Oxygen conversion

423 118 51 12 26
222 118 57 21 48
123 118 63 34 81
70 118 86 44 100
39 118 128 53 100
70 26 56 15 36
70 90 73 40 96
70 118 86 44 100
70 178 116 50 100



APPENDIX C Gap Distance Experiments

2:1 CH4 :Oz feed ratio, 118 Watts, 1 inin. residence time, 15 “C water temperature in water jacket, 6 8 8  cm  ̂avg. electrode area
Gap Distance 

(cm)
Reaction 

V olume/electrode 
surface area (cm)

Moles of 
CH4  conv. 

(moles/min)

eV per 
molecule of 

methane 
converted

% methane 
converted

% oxygen 
converted

% hydrogen 
selectivity

1.9 . 2 . 0 0 1 2 61 33 75 13
4.0 .4 .0013 58 17 34 9
6.7 .7 .0014 54 1 1 26 16
1 2 . 0 1 . 2 .0026 28 13 2 1 45

2:1 CH4 :Oz feed ratio, 118 Watts Power Input, 1 min. residence time, 15 "C water temperature in water jacket, 6 8 8  cm  ̂avg. 
electrode area

Gap
Distance

(cm)

Selectivity (Carbon Mole Basis)

CO2 CO Ethane Ethylene Acetylene M F MF FA Sum
1.9 16 15 2 0 0 15 1 2 6 19 8 6

4.0 16 16 2 0 1 14 15 6 18 8 8

6.7 1 2 24 4 0 2 1 2 9 3 14 81
1 2 . 0 9 41 7 1 1 0 5 5 1 1 2 92

M = Methanol, MF = Met lyl Formate, FA = Formic Acid, F = Formaldehyde, Sum = Sum of Carbon Selectivity



APPENDIX D. Residence Time Experiments

3:1 CH4 :Oz feet ratio, 118 Walls Power Input, 15 "C water temperature in water jacket, 430 cm  ̂avg. electrode area
Res.
Time
(sec)

Moles of 
CH4 conv. 

(moles/min)

eV per 
molecule 

of 
methane 

converted

%
CH4

conv.

“/0 O2

conv.
%Hz
select.

Selectivity (Carbon Mole Basis)
CO2 CO Ethane M F MF FA Sum

2.5 .0014 52 3 9 9 11 26 0 31 5 5 6 83
5.0 .0010 71 4 13 12 12 25 1 19 5 4 14 81
10.0 .0009 82 6 25 13 13 22 3 14 6 5 16 80
20.0 .0008 92 11 40 12 12 17 3 14 8 7 19 80
40.0 .0008 94 22 81 16 13 17 4 12 10 12 21 89

M = Methano , MF = Met lyl Formate, FA = Formic Acid, F = Formaldehyde, Sum = Sum of Carbon Se ectivity



APPENDIX E. Energy Deposition Direeted Toward a Collision Process

E.l Energy Deposition Directed Toward a Collision Process for a 5; 1 CH^zO; System within a DBD Reactor

% eng. = % energy depositic 
inelastic collision process, 4 
process, 7 = O2 inelastic co

>n directed toward, 1 = C H 4  attachment collision process, 2 = C H 4  elastic collision process, 3 = C I I 4  

=  C H 4  ionization collision process, 5 = 0% attachment collision process, 6  = O2 elastic collision 
lision process, 8 = O2 ionization collision process

E/P 1 4 7 10 15 20 25 30 35 40 45 50 55
%eng 1 0 0 0 0 0 0 0 0 0 0 0 0 0
% eng2 0 0 0 0 0 0 0 0 0 0 0 0 0
%eng 3 97 95 93 91 83 74 70 69 69 69 70 71 71
% eng4 0 0 0 0 0 0 0 0 1 1 2 2 3
%eng 5 0 0 0 0 0 0 0 0 0 0 0 0 0
% eng6 0 0 0 0 0 0 0 0 0 0 0 0 0
% eng 7 3 5 7 9 17 26 30 31 30 29 28 27 25
% eng 8 0 0 0 0 0 0 0 0 0 0 0 0 0



E.2 Energy Deposition Directed Toward a  Collision Process for a 5; 1 CH4;02 System within a DBD Reactor

% eng. = % energy deposition directed toward, 1 = C H 4  attachmt 
inelastic collision process, 4 = C H 4  ionization collision process, 
process, 7 = O2 inelastic collision process, 8 = O2 ionization col

;nt collision process, 2 = Cl I4  elastic collision process, 3 = C H 4  

5 = O2 attachment collision process, 6 -  O2 elastic collision 
ision process

E/P 60 65 70 75 80 85 90 95 100
% eng 1 0 0 0 0 0 0 0 0 0
% eng 2 0 0 0 0 0 0 0 0 0
% eng 3 71 72 72 72 72 71 71 71 71
% eng 4 4 5 6 7 8 9 10 11 12
%eng 5 0 0 0 0 0 0 0 0 0
% eng 6 0 0 0 0 0 0 0 0 0
% eng7 24 23 22 21 20 19 18 17 17
% eng 8 0 0 I 1 1 1 1 1 1



E.3 Energy Deposition Directed Toward a Collision Process for a 4:1 Cl EzOz System witliin a DBD Reactor

% eng. = % energy depositic 
inelastic collision process, 4 
process, 7 = 0% inelastic co

>n directed toward, 1 = CI I4  attachment collision process, 2 = C H 4  elastic collision process, 3 = C H 4  

=  C H 4  ionization collision process, 5 = O2 attachment collision process, 6 = O2 elastic collision 
lision process, 8 = O2 ionization collision process

E/P I 4 7 10 15 20 25 30 35 40 45 50 55
%eng 1 0 0 0 0 0 0 0 0 0 0 0 0 0
% eng2 0 0 0 0 0 0 0 0 0 0 0 0 0
% eng 3 96 94 92 89 79 70 66 64 64 65 66 66 67
% eng4 0 0 0 0 0 0 0 0 1 1 2 2 3
%eng 5 0 0 0 0 0 0 0 0 0 0 0 0 0
% eng6 0 0 0 0 0 0 0 0 0 0 0 0 0
% eng7 4 6 8 11 21 30 34 36 35 34 32 31 31
% eng 8 0 0 0 0 0 0 0 0 0 0 0 0 0



E.4 Energy Deposition Directed Toward a Collision Process for a 4:1 Cl EzOz System within a DBD Reactor

% eng. = % energy deposition directed toward, 1 = CR» attachmc 
inelastic collision process, 4 = CH4 ionization collision process, 
process, 7 = O2 inelastic collision process, 8  = O2 ionization col

:nt collision process, 2 = CH4  elastic collision process, 3 = CR» 
5 = O2 attachment collision process, 6  = O2 elastic collision 
ision process

E/P 60 65 70 75 80 85 90 95 1 0 0

% eng 1 0 0 0 0 0 0 0 0 0

% eng 2 0 0 0 0 0 0 0 0 0

% eng3 67 6 8 6 8 6 8 6 8 6 8 6 8 6 8 6 8

% eng4 4 5 6 7 8 9 1 0 1 0 1 1

%eng 5 0 0 0 0 0 0 0 0 0

% eng 6 0 0 0 0 0 0 0 0 0

% eng? 28 27 25 24 23 2 2 2 1 2 1 2 0

%eng 8 1 1 1 1 1 I 1 1 1
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E.5 Energy Deposition Direeted Toward a Collision Process for a 3:1 CH4 :Oz System within a DBD Reactor

% eng. = % energy depositic 
inelastic collision process, 4 
process, 7 = O2 inelastic co

»n directed toward, 1 = C I I 4  attachment collision process, 2 = C H 4  elastic collision process, 3 = CI I4  

=  C H 4  ionization collision process, 5 = O2 attachment collision process, 6 = O2 elastic collision 
lision process, 8 = O2 ionization collision process

E/P 1 4 7 10 15 20 25 30 35 40 45 50 55
% eng 1 0 0 0 0 0 0 0 0 0 0 0 0 0
% eng 2 0 0 0 0 0 0 0 0 0 0 0 0 0
%eng 3 95 91 89 85 73 65 59 57 58 58 59 60 61
%eng4 0 0 0 0 0 0 0 0 1 1 2 2 3
% eng 5 0 0 0 0 0 0 0 0 0 0 0 0 0
% eng6 0 0 0 0 0 0 0 0 0 0 0 0 0
%eng 7 5 9 11 15 27 35 41 42 42 40 39 37 35
%eng 8 0 0 0 0 0 0 0 0 0 0 0 0 1

g



E.6 Energy Deposition Directed Toward a Collision Process for a 3:1 Cl 1 4 :0 2  System within a DBD Reactor

% eng. = % energy deposition directed toward, 1 = CH4  attachmi 
inelastic collision process, 4 = CH4 ionization collision process, 
process, 7 = O2 inelastic collision process, 8  = O2 ionization col

ïnt collision process, 2 = CH4 elastic collision process, 3 = CH4  

5 = O2 attachment collision process, 6  = O2  elastic collision 
ision process

E/P 60 65 70 75 80 85 90 95 1 0 0

% eng 1 0 0 0 0 0 0 0 0 0

% eng 2 0 0 0 0 0 0 0 0 0

% eng 3 62 62 63 63 63 63 63 63 63
% cng4 4 5 6 7 7 8 9 1 0 1 1

%eng 5 0 0 0 0 0 0 0 0 0

% eng 6 0 0 0 0 0 0 0 0 0

% eng 7 34 32 31 30 28 27 26 25 24
%eng 8 1 1 1 1 1 I 1 1 2



E.7 Energy Deposition Direeted Toward a Collision Process for a 2:1 CH.j:02 System within a DBD Reactor

% eng. = % energy depositic 
inelastic collision process, 4 
process, 7 - O 2 inelastic co

>n directed toward, I = C H 4  attachment collision process, 2 = C I I 4  elastic collision process, 3 = C H 4  

=  C H 4  ionization collision process, 5 = O2 attachment collision process, 6  = O2 elastic collision 
lision process, 8 = O2 ionization collision process

E/P 1 4 7 10 15 20 25 30 35 40 45 50 55
% eng 1 0 0 0 0 0 0 0 0 0 0 0 0 0
% eng 2 0 0 0 0 0 0 0 0 0 0 0 0 0
% eng 3 93 89 84 77 64 54 49 48 48 49 50 51 52
% eng4 0 0 0 0 0 0 0 0 I I 2 2 3
%eng 5 0 0 0 0 0 0 0 0 0 0 0 0 0
% eng6 0 0 0 0 0 0 0 0 0 0 0 0 0
%eng 7 7 II 16 23 36 46 51 52 51 50 48 46 44
%eng 8 0 0 0 0 0 0 0 0 0 0 0 I I

§



E .8  Energy Deposition Directed Toward a Collision Process for a 2; I CI EzO; System within a DBD Reactor

% eng. = % energy deposition directed toward, 1 = Cl I4  attacluni 
inelastic collision process, 4 = CH4 ionization collision process, 
process, 7 = O2 inelastic collision process, 8  = 0? ionization col

:nt collision process, 2 = C H 4  clastic collision process, 3 = C H 4  

5 = O2 attachment collision process, 6  = O2 elastic collision 
ision process

E/P 60 65 70 75 80 85 90 95 1 0 0

% eng 1 0 0 0 0 0 0 0 0 0

%eng 2 0 0 0 0 0 0 0 0 0

% eng3 53 54 54 55 55 56 56 56 56
% eng4 4 4 5 6 7 8 9 1 0 1 0

%eng 5 0 0 0 0 0 0 0 0 0

% eng 6 0 0 0 0 0 0 0 0 0

% eng? 42 41 39 38 36 35 34 33 31
% eng 8 1 I 1 I 2 2 2 2 2



E.9 Energy Deposition Directed Toward Excitation and Dissociation for CH4 and O2 (5:1 C lU .O j system within a DBD reactor)

% eng. = % energy deposition direeted toward, 9 = C H 4  excitation, 10 = C H 4  dissociation, 11 = O2 excitation, 12 = O2 

dissociation
E/P 1 4 7 1 0 15 2 0 25 30 35 40 45 50 55
% eng 9 97 95 93 91 81 65 53 42 34 29 25 2 2 2 0

% eng 1 0 0 0 0 0 2 9 18 27 35 40 45 49 51
% eng 1 1 3 5 6 8 1 0 1 0 9 7 6 5 4 4 3
% eng 1 2 0 0 0 1 7 16 2 1 24 24 24 24 23 2 2

E.IO Energy Deposition Directed Toward Excitation and Dissociation for CH4  and O2 (5:1 CfLizOi system within a DBD 
reactor)

S % eng. = % energy deposition directed toward, 9 = CH4  excitation, 10 = CH4 dissociation, 11 = O2 excitation, 12 = O2 

dissociation
E/P 60 65 70 75 80 85 90 95 1 0 0

% eng9 18 16 15 14 13 1 2 1 1 1 1 1 0

%eng 1 0 54 55 57 58 59 59 60 60 61
% eng 1 1 3 3 2 2 2 2 2 2 1

%eng 1 2 2 1 2 0 19 19 18 17 16 16 15



E.l 1 Energy Deposition Directed Toward Excitation and Dissociation for CH4 and O2 (4:1 CfEzO; system within a DBD
reactor)

% eng. = % energy deposition directed toward, 9 = CH4 excitation, 1 0  = CH4 dissociation, 11 = O2 excitation, 12 = O2 

dissociation
E/P 1 4 7 1 0 15 2 0 25 30 35 40 45 50 55
%eng 9 96 94 92 89 77 62 49 39 31 27 23 2 0 19
% eng 1 0 0 0 0 0 2 8 17 25 33 38 43 46 48
% eng 1 1 4 6 8 1 0 1 2 1 2 1 0 8 7 6 5 4 4
%eng 1 2 0 0 0 1 9 18 24 27 28 28 27 26 26

S

E .l2  Energy Deposition Directed Toward Excitation and Dissociation for C H 4  and O 2  ( 4 : 1  C H 4 : 0 2  system within a DBD 
reactor)

% eng. = % energy deposition directed toward, 9 = C H 4  excitation, 10 = C H 4  dissociation, 11 = O2 excitation, 12 = O2 

dissociation
E/P 60 65 70 75 80 85 90 95 1 0 0

% eng9 16 15 14 13 1 2 1 1 1 1 1 0 9
%eng 1 0 51 53 54 55 56 57 57 58 58
% eng 1 1 3 3 3 3 2 2 2 2 2

%eng 1 2 24 23 23 2 2 2 1 2 0 19 19 18



12.13 Energy Deposition Directed Toward Excitation and Dissociation for CH4 and O2 (3:1 CH 4 ; 0 2  system within a DBD
reactor)

% eng. = % energy deposition directed toward, 9 = C H 4  excitation, 1 0  = C H 4  dissociation, 11 = O2 excitation, 12 = O2 

dissociation
E/P 1 4 7 1 0 15 2 0 25 30 35 40 45 50 55
% eng 9 95 91 89 85 72 58 44 34 28 24 2 1 19 17
% eng 1 0 0 0 0 0 2 7 15 23 30 35 38 42 44
% eng 1 1 5 9 1 1 13 15 14 1 2 1 0 8 7 6 5 5
% eng 1 2 0 0 0 2 1 1 2 1 29 32 33 33 33 32 31

2

E.14 Energy Deposition Directed Toward Excitation and Dissociation for C H 4  and O 2  ( 3 : 1  C H 4 : 0 2  system within a DBD 
reactor)

% eng. = % energy deposition directed toward, 9 = C H 4  excitation, 10 = C H 4  dissociation, 11 = O2 excitation, 12 = O2 

dissociation
E/P 60 65 70 75 80 85 90 95 1 0 0

% eng9 15 14 13 1 2 1 1 1 0 1 0 9 9
%eng 1 0 47 48 50 51 52 53 53 54 54
% eng 1 1 4 4 3 3 3 3 2 2 2

%eng 1 2 30 28 27 26 25 25 24 23 2 2



E .l5 Energy Deposition Directed Toward Excitation and Dissociation for CH4 and O2 (2:1 C l^ iO ; system within a DBD
reactor)

% eng. = % energy deposition directed toward, 9 = CI I4  excitation, 10 = CI I4  dissociation, 11 = O2 excitation, 12 = O2 

dissociation
E/P 1 4 7 1 0 15 2 0 25 30 35 40 45 50 55
% eng 9 93 89 84 77 62 48 36 29 24 2 1 18 16 14
% eng 1 0 0 0 0 0 2 6 13 18 24 29 33 36 38
% eng 1 1 7 1 1 15 19 2 0 18 15 1 2 1 0 9 8 7 6

%eng 1 2 0 0 0 4 16 28 36 39 41 41 40 39 38

E.16 Energy Deposition Directed Toward Excitation and Dissociation for C H 4 and O 2  ( 2 :1 CITiiO; system within a DBD 
reactor)

% eng. = % energy deposition directed toward, 9 = C H 4  excitation, 10 = C H 4  dissociation, 11 = O2 excitation, 12 = O2 

dissociation
E/P 60 65 70 75 80 85 90 95 1 0 0

% eng 9 13 1 2 1 1 1 0 9 9 8 8 8

% eng 1 0 40 42 44 44 46 47 47 48 48
% eng 1 1 5 5 4 4 4 3 3 3 3
% eng 1 2 37 36 35 34 32 31 30 30 29



APPENDIX F. Error Propagation Results

2:1 CH4 - . 0 2  feed ratio, 4 mm Gas Gap, 118 Watt Power Input, Water Jacket I cmp. = 15 degrees C, E/P = 30 volt/cm/torr at 1 
atmosphere

% c m
conv.

% 0 2

conv.
Moles of 
CI I4 conv. 

(moles/min)

%CO
Select.

% CO2 

Select.
% Ethane 
Select.

%M
Select.

%F
Select.

%MF
Select.

%FA
Select.

9.3 ± . 6 2 2  ± 1 .00152 ± 
.00009

15.7 ± . 8 1 2 . 8  ± . 8 1 .2 ± .l 15± 1 14 ± 1 1 0 ± 2 2 0  ± 2

M = Methanol, F = Formaldehyde, MF = Methyl Formate, FA = Formic Acid, Selectivity for Car 
Carbon Mole Basis

xm Compounds is on a

200 cc/m in flow  rate & 3:1 CH4:02, 200 H z, 16 kV

% CH4 

conv.
"/0 O2

conv.
Moles of 
CH4 conv. 

(moles/min)

%CO
Select.

% CO2 

Select.
% Ethane 
Select.

%M
Select.

% F
Select.

%MF
Select.

%FA
Select.

14.0 ± .4 48.0 ± .5 .00091 ± 
.00009

18.2 ±.7 15.3 ± . 6 4.7 ±.l 13.3 ± . 8 11.9 ± 4 8 . 8  ± . 6 16±2

M = Methanol, F = Formaldehyde, MF = Methyl Formate, FA = Formic Acid, Selectivity for Car 
Carbon Mole Basis

x>n Compounds is on a


