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Abstract

The present work discusses the direct oxidative conversion of methane to organic oxygenates (methanol, formaldehyde,
methyl formate, and formic acid) using a dielectric barrier discharge (DBD) reactor. The DBD reactor can be considered an
analog to a catalytic reactor because, just as with the catalytic reactor, the DBD reactor reduces the required temperature and
pressurc needed for reactions to occur within it as well as control product selectivity. In this study, the effects of changing the
clectrical properties within a methane—oxygen DBD system were investigated. Increasing the gas gap from 4.0 to 12.0 mm
caused the reduced electric field to decrease from 30 to 18 V/em/Torr, which resulted in a shift in the product distribution from
organic oxygenate liquids to ethane and acetylene. The effects of temperature on product selectivity were also studied through
the use of a water jacket. Lowering the temperature of water within the water jacket from 75 to 28”C resulted in a 54% increase
in organic oxygenate selectivity and a 56% decrease in CO, selectivity. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction CH4 4+ H;0 <« 3Hy + CO,
AHyogg = 206 k] /mol  (reaction 1)

Natural gas is looked upon as a desirable fuel, since
itis clean burning with vast reserves worldwide. Many
of the these reserves, however, are located in remote C04- 0.6 C0p ~-Hg,
areas and, therefore, it is economically infeasible to AHyggg = —41kl/mol (reaction 2)
transport the gas via pipeline. One alternative is to
convert the natural gas into an organic liquid, such as
methanol, at the production site which would greatly
reduce the transportation cost. The current commer-
cial methanol synthesis technology is an energy in-
tensive two-step process in which the first step is
methane-steam reforming. In this first step, shown be-
low, a nickel base catalyst is used with an operating
temperature range 500—1100°C and an operating pres-
sure range 15-30atm [1,2].

The methane-steam reforming reaction (reaction 1),
which is endothermic, 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 and the overall reaction
is endothermic

CHy4 + 2H20 < CO» + 4H> 0,

* Corresponding author, A Hygg = 165kJ/mol  (reaction 3)
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Thus, furnaces are required for additional heat input.
Two-thirds of the operating costs of the overall process
come from this first step [1-3]. This product stream
is then fed to the methanol synthesis stage (second
step). The catalyst used in this step is a Cu/ZnO/Al> 03
catalyst (operating lemperature range is 220-300°C
and the operating pressure range is 50-100atm). The
two important reactions that occur within this stage.
shown below, are exothermic [1,2]:

CO + H-0 < H» + CO»,
AngsK =—4].2 kJ,fmol,
AGagk = —28.6kJ/mol (reaction4)

CO> + 3H> < CH3OH + H»0,
AH})H K = —49.5 k.l/mol,
AGrgg = —3.3k]/mol (reaction 5)

The overall reaction, in which for every 3 mol of feed
converted (1 mol CO+2 mol of Hy), 1 mol of methanol
is formed. is exothermic

CO + 2H»> < CH30H, AHgkg = —90.6kJ/mol,
AGagk = —25.3kJ/mol (reaction 6)

Due to the fact that the commercial methanol syn-
thesis process is energy intensive, it may not be eco-
nomical when the natural gas is in remote places or
expensive. However, a desirable alternative maybe the
direct partial oxidation of methane to methanol since
a one-step process could potentially reduce both capi-
tal and operating costs. Currently, there is no econom-
ical one-step direct partial oxidation of methane to
methanol process; however, a non-equilibrium plasma
reactor (dielectric barrier discharge (DBD) reactor)
might be a possible solution. Non-equilibrium plas-
mas are plasmas in which the electron kinetic energies
are much higher than those of neutral species [4].

Further, a DBD reactor (non-equilibrium plasma re-
actor) can be considered an analog to a catalytic reac-
tor. This is because both reactors reduce the pressure
and temperature needed for reactions to occur within
them. In the case of catalytic reactor, this is done by
the catalyst lowering the activation energy required
for a reaction to occur. On the other hand, the DBD
reactor is able to do this by using high energy elec-
trons to initiate reactions. Thus for the DBD reactor,

the operating temperature and pressure within the re-
action zone can be quite low (e.g., room temperature
and atmospheric pressure).

[n addition, both catalytic and non-equilibrium
plasma reactor systems are used to control the product
selectivity. An example for controlling selectivity in
a catalytic system is shown in the second step of the
commercial methanol synthesis process, in which un-
desirable side reactions to hydrocarbons, ethers, and
higher alcohols are thermodynamically more favored
than the formation of methanol. Therefore, the 99.9%
selectivity for methanol obtained in the commercial
process is due to the fact that methanol selectivity
is controlled by the catalyst favoring the methanol
pathway [1.2].

In the case of the DBD reactor, the selectivity is
controlled by the electron energy distribution within
the system. 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 species collision processes.
Hence, the chemistry occurring within the reaction
zone is controlled by changing the electrical proper-
ties of a gas-phase system within the DBD reactor.

These clectrical propertics can be characterized
through Bolsig, an electron Boltzmann equation
by Kinema Software and CPAT [6]. 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 [6].
This program numerically solves for the Boltzmann
equation, shown below. which describes the electron
encrgy distribution function (f) in terms of space (x),
velocity (v), and time (1) [4-6]:

¢ f )+ af( 1)+ af( 1)
e X, U, a— g B U— Xy Uy
ot 20" ox

d
— rf(-f»v»”fr (1)

d
According to the presentation of Eliasson and
Kogelschatz [4] regarding the Boltzmann equation,
a the acceleration term, ¢ = (cE)/m (c: electron
charge; m: mass of electron), which is proportional
to the force [rom the electric field (£) acting upon
the electron. The term on the right-hand side of the
equation, (8/d1) f(x, v.1)|c. is the collision term. It
accounts for the electron energy distribution change
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due to collisions between electrons and gas species
present in the reaction zone [4]. Therefore, this pro-
egram can determine the energy deposition directed
toward the various collision processes: elastic, in-
elastic, ionization, and attachment. Since the DBD
system has a steady-state, uniform electric field at
high pressure (1 atm or greater), the clectron energy
distribution becomes simply a function of velocity.
Once f(v) is known, the average electron energy
(€aye) can be found for a given reduced electric field,
as shown in the following equation [7]:

o0 ] ”
FoI—— [ e(v) f(vydv, elv)=-mv~ (2)
= Jo 2

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 (), al the condition of
breakdown. Changes that increase the reduced elec-
tric field result in an increase in the average electron
energy. The reduced electric field is also related to the
breakdown strength and is a function of breakdown
voltage (V), gas gap distance (D), and system pressure
(E = V/D and, therefore, E/P = V/DP). Increas-
ing 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 [4].

This method, which has been described in de-
tail earlier [8—11], uses a DBD reactor to directly
partially oxidize methane to organic oxygenates,
such as methanol. Results have shown that a 3:1
methane—oxygen feed has a greater methane conver-
sion rate than a pure methane feed (all other experi-
mental parameters are held constant) [9]. In addition,
organic oxygenate products were formed only when
oxygen was present in the feed. Here the effect that
the partial pressure of oxygen has on methane reac-
tion rate, energy elficiency, and product selectivity
for a methane—oxygen system is discussed.

The effects reduced the electric field and, therefore,
the average electron energy has on product selectiv-
ities are discussed. Also, residence time experiments
that help to explain the sequential and parallel prod-
uct formation pathways that are occurring within the
methane—oxygen system are discussed.

Finally, the effect of varying reactor wall tempera-
ture allowing increases in organic oxygenate produc-
tion, while decreasing CO, production in the partial
oxidation of methane are presented.

2. Experimental

Methane and oxygen are fed to the DBD reactor,
shown in Fig. 1, by mass flow controllers (Porter In-
strument). The methane—oxygen feed enters through
the top of the reactor and flows down axially in a
gas gap belween two concentric cylinders. The in-
ner cylinder is made of glass and acts as the dielec-
tric. This glass dielectric cylinder has a stainless steel
metal foil on its inner wall, that acts as an electrode.
The outer cylinder is also made of stainless steel and
its inner wall acts as the other electrode. Thus, the
DBD reactor has a capacitive nature with a glass di-
electric that evenly distributes the “micro-discharges”
and limits their duration [12]. The reactor 1s cooled
by a water jacket that surrounds the outer reactor
shell.

The product stream exits from the bottom of the
reactor and flows to a liquid trap cooled by dry ice
and acetone (—55°C). Organic oxygenates (principally
methanol, formaldehyde, methy!l formate, and formic
acid) and water are collected in the trap. Some of these
products can potentially condense within the reactor
due to the low system temperature, and are carried out
by the gas stream. The remaining effluent gas stream
exits the liquid trap and flows to a Carle 400 AGC with
a hydrogen analysis system. The liquid product that
was collected from the liquid trap is analyzed with a
Varian 3300 GC on a Porapak Q column.

The DBD reactor receives its AC power from an
Elgar model 501 SL power supply. The voltage range
for the Elgar is from 0 to 130V, its current range is
from 0 to 5.8 A, and its frequency range is from 45 to
5000 Hz. It has a maximum power output of 500W.,
A CBK precision generator allows the Elgar power
system to produce a sinusoidal waveform at a desired
frequency. A 15060 P Franceformer transformer steps
up the voltage and applies it to the DBD reactor. The
breakdown voltage for the annular reactor is measured
using a Tektronix P6015A high voltage probe in con-
junction with a Tektronix TDS 754C digital oscillo-
scope.
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Fig. 1. Annular reactor.

The power is measured with a Microvip 1.2 en-
ergy analyzer on the primary side. This allows the
system’s energy consumption on a per molecule of
methane converted basis to be determined (the energy
consumption as used in this work is eV per molecule
of methane converted and 1 eV per molecule of CHy
converted = 96.4kJ/mol = 1.67 x 1073 kW h/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 mea-
sured value. The components (DBD reactor, high volt-
age wires, and transformer) have not been optimized
to minimize these energy losses and, therefore, the real
energy cfficiency of this process is underestimated.

For the first series of experiments the methane—
oxygen feed ratio was varied from 5:1 to 2:1 at 1 atm
with a gap distance of 4.0 mm, an electrode reaction
arca of 688 cm?, and a residence time of 29 s. The fre-
quency was 173 Hz at | atm and the water temperature
within the water jacket was 15°C. The power input
was 118 W.

The second series of experiments varied the gas gap
distance from 1.9 to 12.0mm in order to determine
how changes in the reduced electric field strength af-
fected the results of a 2:1 methane—oxygen system.
The residence time for these experiments was [ min
and the reaction area was 688 cm®. When changing

from a gap distance of 1.9-12.0mm, the frequency
was increased from 174 to 216 Hz in order to maintain
the power factor at a value of 1, due to the fact that the
capacitance of the system changes when the gas gap
is altered. The power input was 118 W and the water
temperature within the water jacket was 15°C.

The third series of experiments varied the residence
time from 2.5 to 40's in order to better determine the
carbon pathways occurring within the system. The re-
action area for these experiments was 430 cm?, the fre-
quency was 198 Hz, and the power input was 118 W,
The water temperature within the water jacket was
12°C.

The last series of experiments examined the effect
of in situ product condensation on product selectivi-
ties. Methane and oxygen are fed to the reactor at a
ratio of 3:1 with a total low rate of 200 cc/min. This
gives a residence time of 1min. The frequency and
voltage are set at 100 Hz and 7.6 kV, respectively. The
experimental variable for the [our experiments con-
ducted is the water-jacket temperature.

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
of reduced electric field strength). In addition, it was
used to determine the average electron energy within




DW. Larkin et al. /Catalysis Today 71 (2004) 199-210

methane—oxygen systems for a given reduced electric
field strengths [5,13].

3. Results and discussion
3.1. Oxygen activation

It has been 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 oxy-
gen species. In addition, organic oxygenate products
are formed only when oxygen is present [9]. This work
varies the methane—oxygen feed ratio from 5:1 to 2:1
al 1 atm in order to illustrate the effect of the partial
pressure of oxygen on the methane reaction rate, the
system’s energy consumption per methane converted,
and product selectivities. Table 1 shows that increas-
ing the oxygen partial pressure decreases the system’s
energy consumption per methane converted, when go-
ing from 5:1 to 2:1 methane—oxygen system. This is
because the methane conversion increased enough to
compensate for the 20% decrease in methane partial
pressure and throughput. 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.

Table 2 shows the product-selectivity results for
the methane—oxygen feed ratio experiments. The
results show that when going from 5:1 to 2:1
methane—oxygen feed ratio, the COy, Cy, and or-
ganic oxygenate selectivities remain relatively con-
stant. Previous work as well as the residence time
experiments discussed later in this work provide
evidence that there is a pathway for partial oxida-
tion of methane directly to CO and/or CO» in the
DBD methane-oxygen system [11]. With this in
mind, the CO, and organic oxygenate selectivities

Table 1
CHy:0> ratio experimental resules®

203

remain relatively constant when the partial pressure
of oxygen is increased in the feed because both path-
ways are enhanced. The net effect is that changes
in the rates of these two oxidative pathways balance
out one another. In addition, the ethane selectivity
always remains low because, enough atomic oxygen
is present to inhibit significant amounts of methane
coupling.

3.2. Selectivity control

The next series of experiments varies in the gas
gap from 1.9 to 12.0mm in a 2:]1 methane—oxygen
system. As previously mentioned, altering the gas gap
affects the reduced electric field of a DBD system,
which ultimately controls the product distribution.
This is analogous to a system controlling the product
selectivity through the use of a catalyst. Therefore to
begin with, Table 3 shows how the electrical and dis-
charge properties change when the gas gap is varied
from 1.9 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 of the plasma. Decreasing the reaction zone's
average electron energy in turn affects the energy
deposition directed toward the various types of col-
lision processes, Fig. 2 shows the energy deposition
for the significant collision processes as a function
of 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% of the energy being
put into the reaction zone is directed toward inelastic
methane and oxygen collision processes. Processes
such as attachment (e + A; — As™), ionization
(e+A> — AxT +2e), and elastic (e + Ay — e+ Aj)
collision processes are not significant in this range.

CHy:0 EIP (Viem/Torr) % CHjy conv. G0 02 conv. eV per molecule Moles of CHy
of CHy conv. conv, (mol/min)

51 30 6 3l 6l 0.0012

4:1 30 3] 27 60 0.0012

31 30 T 23 58 0.0013

2:1 30 9 22 48 0.0015

“4mm gas gap, 118 W power input, waler-jacket temperature = 15°C, 1 atm.
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Table 3
Electrical parameters and acetylenciethylenezethane ratio for gap
distance experiments®

Gap distance {(mm)

1.9 4.0 6.7 12.0
EIP (Viem/Torr) 49.0 30.0 24.0 18.0
Average electron encrgy (eV) 5.0 4.2 4.0 3.6
Acetyleneethyleneiethane 0:0:1 102 1020 1007

a9:1 CHy:0, systern at 1 atm.

Fig. 3 separates the energy deposition for the inelas-
tic methane collision processes into its two primary
components: methane excitation and methane disso-
ciation. The two components have electron collision
formation energy ranges of 0.2-0.4 and 9.0-12.0¢€V,
respectively. The collisions involve electrons colliding
with methane molecules. The figure shows that, within
the experimental operating region, when the reduced
clectric ficld is decreased, the cnergy deposition di-
rected toward methane excitation increases, while that
towards methane dissociation decreases. When the re-
duced clectric field is decreased, the average electron
energies decrease and the fraction of electrons capable

205

of dissociating methane is reduced. This also means
the fraction of electrons capable of exciting, but not
dissociating, methane molecules increases and the en-
ergy fraction deposited into the excitation process in-
creases.

Fig. 4 separates the energy deposition for the in-
elastic oxygen collision processes into its (wo com-
ponents: oxygen excitation and oxygen dissociation.
The two components have electron collision formation
energy ranges of 0.2-4.0 and 6.0-8.4 ¢V, respectively.
The collisions involve electrons colliding with oxygen
molecules. Within the experimental operating region
seen in this figure, a decrease in the reduced electric
field strength results in an increase in the energy de-
position directed toward the excitation of the oxygen
molecules without dissociation. In this same range,
the energy deposition directed toward oxygen disso-
ciation remains around 40% for reduced electric field
values above 30 V/em/Torr and drops off significantly
below this value. This drop-off occurs because the av-
erage electron energy decreascs to the point that there
is a significant reduction in the fraction of electrons
having enough energy to dissociate oxygen molecules
and an increasing portion of the electrons will only

1007
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Fig. 2. Energy inputted into collision processes vs. E/P (2:1 CH4:0; system).
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Fig. 3. Energy inputted into CHy inelastic collision processes vs. E/P (2:1 CHy:0z system).

have enough energy to excite oxygen (and methane)
molecules.

In addition to the inelastic oxygen collision pro-
cesses, Fig. 4 also shows the organic oxygenate prod-
uct selectivity (organic oxygenate product selectivity
is equal to the sum of organic oxygenate selectivities)
as a function of reduced electric field. The results

show that when going [rom 48 to 30 V/em/Torr, the
organic oxygenate selectivity and the energy depo-
sition going into oxygen dissociation stay relatively
constant. However, from 30 to 18 V/iem/Torr, the
organic oxygenate product selectivity and the en-
ergy deposition going into oxygen dissociation both
sharply decrease. Finally, the energy deposition going

o [— —Inelastic (O,
Dissociation)
B - = = Inelastic (O,
—. 1 50 excitation)
gl —— Sum of O,'s inelastic
. \ collisions (group
o ——
2 P =y 0 proce.ss)
@ —— E 2| | Organic Oxygenate
=3 g G = Product Selectivit
- 3 9
o Sa
o .-
0
& D Es
% 5%
Ly 5. ot
i === L0 &
. — . 0
40 &0 80 100
E/P (volis/cm/torr)

Fig. 4. Energy inputted into Qs inelastic collision processes and organic oxygenate product selectivity vs. E/P (2:1 CHy:Oz system. 118W

power input. [5°C water-jacket temperature).
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into oxygen excitation without dissociation does
not follow the organic oxygenate product selectiv-
ity trend, since it increases over the entire operating
range. from 48 to 18 V/em/Torr. These results suggest
that an atomic oxygen species generated from oxy-
gen dissociation is responsible for the direct partial
oxidation of methane to organic oxygenate species.
Fig. 5 shows the gap distance experiments for
C> hydrocarbon selectivity (sum of acetylene, ethy-
lene, 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 func-
tions of reduced electric field. Table 3 shows the
acetylene—ethylene—ethane ratio at a given reduced
clectric field for these experiments. The results show
that when the energy deposition directed toward oxy-
gen 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 o
hydrocarbon selectivity increases. The increased Cs
hydrocarbon selectivity is due to increases in ethane
and acetylene production. Caldwell [14] 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 ethy-

% Energy Deposition

E/P (volts/cmitorr)

— 80
ﬁ 80 F—-—Sum of CHa's inelastic

~ e

—p —p —p GHg+H

CHs + electron

CH,4 + O — e — CyH; + 3H;

Fig. 6. Hydrocarbon formation pathways for C» hydrocarbons at
low reduced electric fields (E/P < 30V/em/Torr).

lene or 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 shown in Fig. 6. In this
range of reduced electric field, oxygen dissociation
and its consumption of methane is not significant.
Also in this same range, with oxygen, increased oxy-
gen excitation occurs (O2*) with significant acetylene
selectivity. This suggests (O2*) involvement in the
production of acetylene, as shown in Fig. 6. Addi-
tional evidence that active molecular oxygen species
are involved in C hydrocarbon formation comes from
the fact that methane conversion rates for the pure
methane experiments [14] are less than the methane
conversion rates in this study. Further, acetylene pro-
duction becomes negligible at higher reduced electric
field strengths, in which the energy deposition directed

100

collisions(group process)
+70 | — —nelastic (CHa excitation)|

|
|- = - Inelastic (CHa ‘
‘ Dissociation)
s C» Selectivity (Ethane,
Ethylene, Acetylene)
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Fig. 5. Energy inputied into CHy and O, inelastic collision processes and Ca selectivily vs. EIP (2:1 CHy:05 system, 118 W power input,

15"C walter-jacket temperature).
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Note: This figure includes CHj activation that occurs in Figure 6

Fig. 7. Hydrocarbon formation pathways at high reduced electric
fields (E/P = 30V /cm/Torr) (note: this figure includes CHy
activation that occurs in Fig, 6).

toward oxygen excitation (O2") is significantly less
than that of oxygen dissociation (O*). Pathways in-
volving the atomic oxygen (O*) at higher reduced
electric field strengths are shown in Fig. 7.

For all reduced electric field strengths, little to no
ethylene is observed and this may suggest that acety-
lene may be formed, as shown in Fig. 6, from the cou-
pling of two CH group species as opposed to ethane
reacting sequentially to form ethylene and then acety-
lene, since the reactions’ thermodynamics suggests
that this is unlikely to preferentially not favor ethy-
lene. Evidence for the presence of CH groups in low
temperature plasmas has been shown by Okumoto and
coworkers [15], in which CH groups were detected
spectroscopically in a methane—oxygen system using
a pulsed DBD reactor. In addition, Caldwell [14] has
shown in a DBD reactor that increasing the partial
pressure of hydrogen in an ethane-hydrogen system
inhibits the production of ethylenc and acetylene. In
contrast, these results show that acetylene selectivity
increases when hydrogen selectivity increases, and this
also suggests a different pathway other than sequential
dehydrogenation.

The reduced electric field may also be altered by
changing the pressure instead of the gap. Results at
2atm and 4.0 mm gap gives a reduced electric field of
23 V/em/Torr, giving a variation in the same range of
the gap distance experiments.

The organic oxygenate pathways that occur once
atomic oxygen initiates the process can be followed by
varying the residence time for a 3:1 methane-oxygen
system at 1 atm. As the residence time is increased

from 2.5 to 40 s, both the methane and oxygen conver-
sions increase 89%. The increase for both methane and
oxygen conversions were linear over this range, but
previous work has shown that at greater methane and
oxygen conversions, the methane and oxygen conver-
sions become non-linear and, therefore, methane and
oxygen concentrations do alfect the methane reaction
rate [11].

Fig. 8 shows the residence time experiment results
for the organic oxygenate selectivities. The figure
shows that when the residence time increases from
2.5 to 40 s, 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 for-
mate selectivities increase at a uniform rate. This indi-
cates that methane and oxygen react to form methanol
as an initial product, which further reacts to form
formic acid and formaldehyde. Significant amounts
of 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 s residence time
represent the typical selectivities seen with longer
residence time experiments (residence time > 40s).

3.3. In situ separation

A significant benefit of lowering the operating
temperature, well below that of many heterogencous
catalysis, is the possibility of in situ separations using
polymer membranes or product condensation. This is
done to assist control of selectivity in a manner that
a catalyst might.

The results obtained for partial oxidation experi-
mental series when the reactor wall temperature is
varied is shown in Table 4. The results show that
changes in water-jacket temperature from 6 to 75°C
results in only small changes in methane conversion,
while oxygen conversion increased significantly from
67 to 88%. The ethane selectivity remains relatively
constant with increasing temperature but the CO and
CO» selectivities both increase. The “liquid”™ selectiv-
ities, except for methyl formate and ethanol, which
shows little change, generally decrease with increas-
ing temperature. Thus, as can be seen in the last two
columns of Table 4, the overall trend for increasing
water-jacket temperature is that the sum of the liquid
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Table 4
Organic oxygenate in situ removal experiments”

H20 temperature CHs conv. 0> conv. % C selectivity (mole basis)
(°C) (mol%) (mol% ) =
co. €O Et M MF FA I E % Org. G Gus
liguid sum  phase sum

6 23 67 10 11 3 1M 3 15 15 1 45 24

28 24 74 13 14 4 17 5 16 13 1 52 3

54 24 81 22 25 + 9 5 12 7 1 34 51

75 25 88 26 36 3 9 4 7 4 0 24 65

a Cylindrical reactor, 3:1 CH4:0-,
formuldehyde; E: ethanol; Et: ethane.

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 of the reactor. the partial pressures
of 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

7.6kV. 100Hz, 200cc/min flow rate. M: methanol:

ME: methyl formate; FA: formic acid; F:

result in low partial pressures of these products in
the gas phase, thus minimizing their availability to be
further oxidized to gas products COx.

4. Conclusions

The product selectivities in a methane—oxygen
system within a DBD system can be affected by al-
tering the reduced electric field strength by changing
the geometry or operating conditions. These changes
affect the average electron energy within the sys-
tem and can shift the energy deposition among the



210 D.W. Larkin et al /Catalysis Today 71 (2001) 199-210

various collision processes. This was shown in a 2:1
methane—oxygen system through the shift in product
sclectivities from organic oxygenate products to C2S
when the reduced electric field strength went from 30
to 18 V/em/Torr by increasing the gap distance from
4.0 to 12.0 mm. Residence time studies showed that
methane partially oxidizes to form methanol, which
further reacts to form formic acid, formaldehyde,
and methyl formate. These results also support the
conclusion that there is a direct oxidative route from
methane to CO and/or CO; since there is a signif-
icant amount of both of them present at even low
residence times, and this is consistent with previous
work [11]. All of the results are consistent with the
changes of 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 decreases
energy consumption per molecule of methane con-
verted.

In addition, the results of this study show that prod-
uct selectivities are strongly influenced by in situ prod-
uct condensation in partial oxidation of methane in a
DBD reactor when reactor wall temperature is varied.
At 28°C, 52% of the reacted carbon is recovered as
these liquid organic oxygenates. At 75°C, only 24% of
the reacted carbon is recovered as liquid organic prod-
ucts. When the temperature of the system is lowered
sufficiently the vapor pressures of the liquid organic
oxygenates are reduced and condensation can oceur,
thus limiting the partial pressures of these desirable
products in the gas phase. This results in reduced ox-
idation of these products to CO,.
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