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Abstract Ethylene oxide (EO), a valuable chemical feedstock in producing many
industrial chemicals, which is industrially produced by the partial oxidation of ethylene,
so-called ethylene epoxidation, has been of great interest in many global research studies.
In this work, the epoxidation of ethylene under a low-temperature dielectric barrier dis-
charge (DBD) was feasibly investigated to find the best operating conditions. It was
experimentally found that the EO yield decreased with increasing O,/C,H, feed molar
ratio, feed flow rate, input frequency, and electrode gap distance, while it increased with
increasing applied voltage up to 19 kV. The highest EO yield of 5.6% was obtained when
an input frequency of 500 Hz and an applied voltage of 19 kV were used, with an O,/C,H4
feed molar ratio of 1:1, a feed flow rate of 50 cm3/min, and an electrode gap distance of
10 mm. Under these best conditions, the power consumption was found to be as low as
6.07 x 10~'® Ws/molecule of EO produced.
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Introduction

Ethylene oxide (C,H40, EO) is an important industrial chemical, which is primarily used
as an intermediate in the production of various useful chemicals. Its major use is in the
production of ethylene glycol. It is also used for the manufacture of surfactants and
detergents by a process called ethoxylation, solvents, antifreezes, adhesives, polyurethane
foam, fumigants for agricultural products, and sterilants for medical equipment and sup-
plies, spices, and cosmetics [1, 2]. Since EO is a valuable chemical feedstock for many
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applications, the selective partial oxidation of ethylene to EO, so-called ethylene epoxi-
dation, has been of great interest in global research works.

As discovered by Lefort in 1931 [3], the gas phase epoxidation of ethylene to EO
using molecular oxygen and silver catalysts is one of the greatest findings in hetero-
geneous catalysis, being the most widely used method for ethylene epoxidation. Since
1940, almost all EO produced industrially has been made using this method [4]. To date,
silver catalysts supported on alpha-alumina (Ag/a-Al,O3) with alkali and transition metal
promoters [5-15], such as Cs, Cu, Re, and Au, or with addition of chlorine-containing
moderators into gaseous reactants [16-20], such as dichloroethane (C,H4Cl,) and vinyl
chloride (C,H;Cl), provide high selectivity for EO. However, the conventional catalytic
process normally requires high temperatures, i.e. implying high energy consumption, to
sufficiently activate the catalyst for the ethylene epoxidation, basically higher than
200°C. Moreover, the catalytic problems at high temperature operation, i.e. catalyst
deactivation, catalyst regeneration, and catalyst replacement, greatly reduces the working
efficiency of the process, as well as directly leads to a high production cost. These turn
out to become necessary for developing a new approach to overcome the mentioned
problems.

Non-thermal plasmas, such as dielectric barrier discharge (DBD), corona discharge,
and glow discharge, are a highly potential alternative for chemical reaction investigation
under non-equilibrium conditions operated at low temperatures and atmospheric pressure.
The main characteristic of the non-equilibrium plasma is its high electron temperatures
(10*-10° K), whereas the bulk gas temperature remains as low as room temperature [21,
22]. This implies comparatively lower energy consumption used for operating the
reaction system as compared with conventional catalytic processes. The non-equilibrium
plasma with the highly energetic electrons and low temperature in the bulk gas can
initiate several chemical reactions, which are normally not possible to occur at low
temperatures [23].

DBD is the most commonly used technique for atmospheric pressure plasma opera-
tion. The basic principle of this technique is to utilize non-equilibrium plasma, in which
the major part of electrical energy is transferred to energetic electrons and active radical
species generated from subsequent reactions [24]. A major advantage of DBD is that the
entire electrode area is effectively employed for discharge generation, resulting in the
comparatively high discharge volume with a very low temperature typically close to
room temperature. The uses of DBD for chemical syntheses and conversions have
become increasingly important for several applications, such as the partial oxidation of
methane to methanol [24], the ozone production from molecular oxygen [25], the
removal of gaseous H,S and NH; [26], the oxidation of propene [27], the decomposition
of trichloroethylene [28], the reforming of hydrocarbons and alcohols for hydrogen
production [29], and the methane conversion to C, hydrocarbons [30]. However, up to
now, the use of DBD for gas phase epoxidation reaction has been rarely investigated. To
our knowledge, only one recent published work described about gas phase epoxidation of
propylene [31]; however, there has been no any literature reporting the epoxidation of
ethylene using DBD yet.

In this work, a low-temperature DBD system was employed for the first time for non-
catalytic ethylene epoxidation at atmospheric pressure. The effects of various operating
parameters, including O,/C,H, feed molar ratio, feed flow rate, input frequency, applied
voltage, and electrode gap distance, on the activity of ethylene epoxidation and the system
performance were extensively examined.
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Experimental
Reactant Gases

All gases used in this work, i.e. 99.995% helium (high purity grade), 40% ethylene bal-
anced with helium, and 97% oxygen balanced with helium, were supplied by Thai
Industrial Gas (Public) Co., Ltd.

Dielectric Barrier Discharge System

The experimental study of ethylene epoxidation was conducted in a low-temperature DBD
system, which was operated at atmospheric pressure and ambient temperature, around 25—
27°C (room temperature). The schematic of the DBD system is shown in Fig. la. The
acrylic plate-made DBD reactor sizes were 2 cm height x 3 cm width x 15 cm length for
the inner dimensions, and 3 cm height x 7 cm width x 19 cm length for the outer
dimensions. As shown in Fig. 1b, it consists of a 5S-mm-thick dielectric glass plate placed
between two parallel stainless steel electrodes, on the lower electrode. The gap distance
between the electrodes was varied from 10 to 14 mm. The input power used to generate
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Fig. 1 (a) Schematic of experimental setup for ethylene epoxidation reaction in dielectric barrier discharge
plasma system and (b) configuration of the dielectric barrier discharge reactor
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microdischarge plasma between the electrode gap was domestic alternating current (AC),
200 V and 50 Hz, which was transmitted to a high voltage current via a power supply unit.
The power supply unit consisted of three steps. For the first step, the domestic AC input of
220 V and 50 Hz was converted to a DC output of 70 V by a DC power supply converter.
For the second step, a 500 W power amplifier with a function generator was used to
transform the DC into AC current with a sinusoidal waveform and different frequencies.
For the third step, the outlet voltage was stepped up by using a high voltage transformer.
The description of the power supply unit was given elsewhere [32]. The output voltage and
frequency were controlled by the function generator. The voltage and current at the low
voltage side were measured instead of those at the high voltage side across the electrodes
since the plasma generated is non-equilibrium in nature. The high side voltage and current
were thereby calculated by multiplying and dividing by a factor of 130, respectively [32—
35]. A power analyzer was used to measure power, current, frequency, and voltage at the
low voltage side of the power supply unit.

Reaction Testing Procedure

Reactant gases (ethylene, oxygen, and helium) fed through the plasma reactor were con-
trolled by a set of electronic mass flow controllers and transducers, supplied by SIERRA®
Instrument Inc., to obtain a feed gas mixture having different flow rates and oxygen-to-
ethylene molar ratios. A 7-pum in-line filter was placed upstream of each mass flow con-
troller in order to trap any solid particles. A check valve was placed downstream of each
mass flow controller to prevent any back flow of the reactant gases. All of the reactant gases
were mixed inside a single line before being introduced into the DBD reactor. For any
studied conditions, the feed gas mixture was first introduced into the DBD system without
turning on the power supply unit. After the composition of outlet gas was invariant with
time, it was turned on. The outlet of the reactor was either vented to the atmosphere via
rubber tube exhaust or was connected to an on-line gas chromatograph (Perkin—Elmer,
AutoSystem GC) for analysis of the product gases. The moisture in the product gas stream
was trapped by a water trap filter before entering a heated stainless steel line to the on-line
gas chromatograph. The gas chromatograph was equipped with both a thermal conductivity
detector (TCD) and a flame ionization detector (FID). For the TCD channel, the packed
column (Carboxen 1000) was used for separating the product gases, which were hydrogen
(H»), oxygen (O,), carbon monoxide (CO), carbon dioxide (CO,), and ethylene (C,H,). For
the FID channel, the capillary column (OV-Plot U) was used for analysis of EO and other
by-product gases, i.e. CH4, CoH,, CoHg, and C3Hg. The composition of product gas stream
was analyzed by the on-line gas chromatograph every 20 min. After the system reached
steady state, an analysis of outlet gas composition was taken at least a few times. The
experimental data taken under steady state conditions were averaged, and these averages
were used to evaluate the performance of the plasma system. It is also worth noting that
during the reaction, the temperature at the reactor wall was found to be lower than the
melting temperature of acrylic plate (130°C), which was used to construct the DBD reactor.

Reaction Performance Assessment
To evaluate the process performance, the conversions of ethylene and oxygen and the

selectivities for products, including EO, CO, CO,, H,, CHy4, C;H,, C,Hg, and traces of Cs,
were considered. The conversion of either ethylene or oxygen is defined as:
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9 Reactant . (moles of reactant in — moles of reactant our)(100)
© Reactantconversion =

(moles of reactant in)

The product selectivity is calculated from the following equation:

% Product selectivity
[(number of carbon or hydrogen atom in product) (moles of product produced)](100)

[(number of carbonor hydrogen atom in ethylene )(moles of ethylene converted)]

The EO yield is calculated from the following equation:
% EO yield = (% ethylene conversion) (% EOselectivity) (100)

To determine the energy efficiency of the plasma system, the specific power con-
sumption is calculated in a unit of Ws per molecule of converted ethylene or per molecule
of produced EO using the following equation:

(P)(60)

Specific power consumption =
(N)(M)

where P = Power (W), N = Avogadro’s number = 6.02 x 10** molecules/mol, M = Rate
of converted ethylene molecules in feed or rate of produced EO molecules (mol/min).

Results and Discussion
Effect of Feed Molar Ratio of O,/C,H,

The effect of O,/C,H, feed molar ratio was initially studied in order to obtain the most
suitable feed gas composition for ethylene epoxidation reaction under the low-temperature
DBD system. In this study, the O,/C,H, feed molar ratio was investigated in the range of
1:1-4:1, while an applied voltage of 17 kV, an input frequency of 550 Hz, and a residence
time of 0.45 min were used as base conditions to operate the DBD system. The residence
time is calculated by the inside volume of the DBD reactor divided by a feed flow rate. The
effect of O,/C,H, feed molar ratio on the C,Hy and O, conversions and the EO yield is
shown in Fig. 2a, and that on the selectivities for EO, CO, CO,, H,, CHy, C,H,, C,Hg, and
C5Hg is shown in Fig. 2b. The increase in the O,/C,H, feed molar ratio slightly affected
the reactant conversions, but it mainly affected the EO and CO, selectivities, especially in
the O,/C,H, feed molar ratio range between 1:1 and 3:1. This can be explained in that a
higher O,/C,H, feed molar ratio leads to more O, content available to react with various
hydrocarbon molecules, as well as EO and CO, to convert to CO,. However, the con-
version of O, reached a maximum in the O,/C,H, feed molar ratio range between 2:1 and
3:1, which is about the theoretical ratio for C,H, complete combustion, as shown in the
following equation. At a feed molar ratio higher than 3:1 or excess O, condition, the
conversion of O, tended to decrease since O, is probably consumed at the same level.

C2H4 + 302 — 2C02 + 2H20

For the DBD system operated under the studied conditions, the yield of EO and the
selectivities for EO, H,, C;H,, and C,Hg tended to decrease, but in contrast, the selectivity
for CO, increased with increasing O,/C,H; feed molar ratio, as aforementioned.
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Fig. 2 (a) Conversions of ethylene and oxygen and yield of EO, (b) product selectivities, and (¢) power
consumptions as a function of O,/C,H, feed molar ratio (feed flow rate = 50 cm®/min; electrode gap
distance = 10 mm; applied voltage = 17 kV; input frequency = 550 Hz; and residence time = 0.45 min)

Interestingly, the selectivity for CH4 remained almost constant in the studied range of O,/
C,H, feed molar ratio. The CO selectivity increased when the O,/C,H, feed molar ratio
increased, and it reached a maximum at the O,/C,H, feed molar ratio of 2:1. Beyond the
0,/C,H, feed molar ratio of 2:1, the CO selectivity decreased and reached a plateau at the
theoretical O,/C,H, feed molar ratio for complete combustion of 3:1. Under the studied
conditions, the main products were CO and CO, with significant amounts of EO, H,, CHy,
and C, products (C,H, and C,Hg). The highest hydrocarbon, i.e. C3Hg, was found in a very
small fraction. The results can be explained by the fact that under the presence of oxygen,
both complete and partial oxidation reactions are dominant. The decrease in the selec-
tivities for these hydrocarbons and H, and the increase in the selectivity for CO, with
increasing oxygen fraction in feed clearly reveal that the oxidative dehydrogenation and
coupling reactions unfavorably occurred under O,-rich conditions, as expected. The EO
selectivity was found to be the highest at the O,/C,H, feed molar ratio of 1:1 and decreased
with increasing O,/C,H, feed molar ratio. Furthermore, at a very high O,/C,H, feed molar
ratio of 4:1, the selectivity for EO dropped to zero level since this high O,/C,H, feed molar
ratio induced the complete combustion to occur more favorably than the partial oxidation,
as well as the epoxidation, indicating that the epoxidation reaction to produce EO is more
likely to occur under O,-lean conditions.

Figure 2c shows the power consumptions used to convert an ethylene molecule and to
produce an EO molecule at different O,/C,H, feed molar ratios. The power consumption
per molecule of converted ethylene reached a maximum when the O,/C,H, feed molar
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ratio increased up to 2:1 and slightly decreased with further increasing feed molar ratio.
However, there was a significant increase in the power consumption per molecule of
produced EO with increasing O,/C,H, feed molar ratio, especially at the feed molar ratio
higher than 3:1. It is also worth noting that the power consumption per molecule of EO
produced was approximately two orders of magnitude higher than that per molecule of
ethylene converted. Hence, an O,/C,H, feed molar ratio of 1:1 was therefore selected for
further investigation because it provided the highest selectivity and yield for EO and the
lowest power consumption per molecule of EO produced.

Effect of Feed Flow Rate

The feed flow rate plays a significant role on the residence time of gas molecules within the
plasma zone, affecting the performance of the plasma system. The experiments were
performed by varying feed flow rate from 50 to 75, 100, and 125 cm’/min, corresponding
to the residence time of 0.45, 0.3, 0.225, and 0.18 min, respectively. At a feed flow rate
lower than 50 cm>/min, the O, flow rate cannot be adjusted due to the limitation of a mass
flow controller. The studied plasma system was operated at an O,/C,H, feed molar ratio of
1:1, an applied voltage of 17 kV, and an input frequency of 550 Hz. Figure 3a illustrates
the influences of the feed flow rate on the C,H, and O, conversions. The conversion of O,
gradually decreased with increasing the feed flow rate from 50 to 125 cm®/min while the
conversion of C,H, more sharply decreased. An increase in the feed flow rate generally
reduces the gas residence time in the reaction system, resulting in having a shorter contact
time of ethylene and oxygen molecules to collide with electrons. As a result, a reduction in
the feed flow rate enhances the conversions of both C,H; and O,, which leads to an
increase in the yield of EO, as also shown in Fig. 3a.

The feed flow rate dependence of product selectivities is depicted in Fig. 3b. It is
apparent that increasing feed flow rate predominantly resulted in decreases in the selec-
tivities for EO and CO. This is because a higher feed flow rate reduces the opportunity of
collision between electrons/oxygen active species and reactant/intermediate molecules to
render the partial oxidation and epoxidation reactions. But for other products, especially
C,H, and CsHg, their selectivities tended to increase at shorter residence times due to
higher feed flow rates, suggesting that the oxidative dehydrogenation and coupling reaction
are more favorable to occur than the partial oxidation when the residence time is decreased.

Figure 3c shows the effect of feed flow rate on the power consumptions. The power
consumption per molecule of converted ethylene slightly decreased, but the power con-
sumption per molecule of produced EO tended to greatly increase with increasing feed
flow rate. The lower feed flow rate gave comparatively low power consumption per
molecule of produced EO, as well as much higher reactant conversions and desired product
selectivity. Therefore, the feed flow rate of 50 cm®/min was selected as a best condition
and used for further investigation.

Effect of Input Frequency

Input frequency is one of the most important parameters in plasma reactor operation,
significantly affecting the field strength in the plasma zone. The studied DBD system was
operated in the frequency range of 500-800 Hz. At a frequency lower than 500 Hz, the
plasma distribution was not fairly uniform over the whole electrode surface, and it tended
to appear as a single strong stream of plasma discharge, whereas the plasma could not exist
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Fig. 3 (a) Conversions of ethylene and oxygen and yield of EO, (b) product selectivities, and (c¢) power
consumptions as a function of feed flow rate (feed molar ratio of O,/C,H, = 1:1; electrode gap
distance = 10 mm, applied voltage = 17 kV, and input frequency = 550 Hz)

at a frequency higher than 800 Hz. The effect of input frequency on the C,H, and O,
conversions and the yield of EO is illustrated in Fig. 4a. When the input frequency was
increased in the range of 500-650 Hz, the O, and C,H4 conversions and EO yield
decreased dramatically, and they turned to slightly decrease with further increasing input
frequency from 650 up to 800 Hz. The explanation is that a higher frequency results in a
lower current that corresponds to the reduction of the number of electrons generated
(weaker field strength), as shown in Fig. 4b. It therefore causes the decrease in amount of
active species for further reactions, resulting in the decrease in the C;H4 and O, conver-
sions and subsequently leading to the lower yield of EO.

The effect of input frequency on the product selectivities is shown in Fig. 4c. The
selectivities for EO and CO tended to slightly decrease with increasing input frequency up
to 650 Hz. At a higher frequency than 650 Hz, the partial oxidation, oxidative dehydro-
genation, and coupling reactions to form various products increasingly occurred. Beyond
650 Hz, the selectivity for EO also gradually increased with increasing frequency and
reached a maximum of 7.3% at 800 Hz, as compared with 5.0% at 500 Hz for the low
frequency range between 500 and 650 Hz. However, the input frequency of 500 Hz was
considered as a potentially best value, exhibiting the highest EO yield with a reasonably
high EO selectivity and a relatively low CO selectivity.
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Fig. 4 (a) Conversions of ethylene and oxygen and yield of EO, (b) generated current, (¢) product
selectivities, and (d) power consumptions as a function of input frequency (feed molar ratio of O,/
C,H, = 1:1; feed flow rate = 50 cm?/min; electrode gap distance = 10 mm; applied voltage = 17 kV; and
residence time = 0.45 min)

The effect of input frequency on the power consumptions to break down each C,Hy
molecule and to create each EO molecule is shown in Fig. 4d. The results showed that both
the power consumptions per C,H, molecule converted and per EO molecule produced
tended to increase with increasing input frequency, especially at an input frequency higher
than 600 Hz. Based upon the relatively high EO yield and the lowest power consumption
per molecule of EO produced, the best input frequency of 500 Hz was selected for further
investigation.

Effect of Applied Voltage

Under the studied conditions, the break-down voltage or the lowest voltage to generate
plasma (onset voltage) was found to be about 13 kV, and the DBD system could not be
operated at the applied voltage higher than 21 kV since the generated plasma was found to
have the non-uniform distribution characteristic. Therefore, the reaction experiments were
conducted in the voltage range of 13-21 kV in order to determine the effect of the applied
voltage. The effect of applied voltage on the C,;H, and O, conversions and EO yield is
illustrated in Fig. 5a. The oxygen conversion and EO yield tended to considerably increase
with increasing applied voltage in the range of 13—-19 kV, whereas the ethylene conversion
slightly increased. With further increasing applied voltage higher than 19 kV, the reactant
conversions and the EO yield did not significantly change. The explanation for the rapid
increment in the O, conversion with increasing applied voltage is that a higher voltage
results in a higher current (stronger field strength), as shown in Fig. 5b, leading to more
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Fig. 5 (a) Conversions of ethylene and oxygen and yield of EO, (b) generated current, (¢) product
selectivities, and (d) power consumptions as a function of applied voltage (feed molar ratio of O,/
C,H, = 1:1; feed flow rate = 50 cm*/min; electrode gap distance = 10 mm; input frequency = 500 Hz;
and residence time = 0.45 min)

available electrons to increase an opportunity for collision with oxygen. The results cor-
respond well with the previous works [32-37]. In contrast, it is unexpected that the C,Hy
conversion only slightly increased with increasing applied voltage. This can be explained
in that the bond dissociation energy of C,H4 (16.7 eV) is much higher than that of O,
(12.2 eV), particularly causing O, molecules to be converted more easily than C,Hy.

The effect of applied voltage on the selectivities for EO, CO, H,, CHy4, C,H,, C,Hg, and
C5Hg is shown in Fig. 5c. The selectivities for EO, CO, H,, and other hydrocarbon
products, except C,H, selectivity, increased with increasing applied voltage. When the
applied voltage increased, corresponding to increasing O active species as mentioned
above, C,H, and other hydrocarbons are easily oxidized to form more CO and EO.
Interestingly, no CO, was detected under the studied conditions since the system was
operated under the O,-lean condition (the O,/C,H, feed molar ratio of 1:1). The results
therefore suggest that a higher applied voltage is more favorable for EO production under
the O,-lean condition. Only the selectivity for C,H, was observed to decrease with
increasing applied voltage. This might be because the formed C,H, further reacts with
largely available O active species to form other products more easily. Interestingly, the
further increase in applied voltage higher than 19 kV did not help enhance the EO
production.

Figure 5d shows the effect of applied voltage on the power consumptions. With
increasing applied voltage, the power consumption per molecule of converted C,Hy
remained almost unchanged, whereas the power consumption per molecule of produced
EO substantially decreased. As mentioned earlier, the slight increase in ethylene
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conversion with increasing applied voltage caused insignificant change in the power
consumption per molecule of ethylene converted. In contrast, an increase in the selectivity
for EO was comparatively high as increasing applied voltage, resulting in lower power
consumption per molecule of produced EO.

From the results, the applied voltage of 19 kV was selected to be the best value because
this voltage provided the reasonably high conversions of C,H, and O,, and the highest
selectivity and yield for EO. At a higher voltage, it did not affect any of reactant con-
version, EO selectivity, and EO yield. Moreover, at the applied voltage of 19 kV, the
lowest power consumption per EO molecule produced was obtained.

Effect of Electrode Gap Distance

The effects of electrode gap distance and corresponding residence time have been shown to
be very important in plasma system operation [35, 37-39]. The effect of electrode gap
distance was studied under the best conditions achieved above; an O,/C,H, feed molar
ratio of 1:1, a feed flow rate of 50 cm>/min, an input frequency of 500 Hz, and an applied
voltage of 19 kV. The electrode gap distance was varied from 10 to 11, 12, 13, and 14 nm,
corresponding to the residence time of 0.45, 0.54, 0.63, 0.72, and 0.81 min, respectively.
The lowest electrode gap distance for the studied DBD system was limited at 10 mm due to
its configuration. At an electrode gap distance higher than 14 mm, the generated plasma
became unfavorably non-uniform. Therefore, the reaction experiments were conducted in
the range of electrode gap distance between 10 and 14 mm in order to determine the effect
of the electrode gap distance.

The effect of electrode gap distance on the C,;H, and O, conversions and EO yield is
illustrated in Fig. 6a. The ethylene conversion and EO yield tended to decrease with
increasing the electrode gap distance, whereas the oxygen conversion tended to be almost
unchanged. The explanation for slight ethylene conversion decrement is that a wider
electrode gap distance results in a higher residence time for several hydrocarbon species to
recombine via coupling reactions, including backward reaction to form ethylene, causing
lower conversion of ethylene. The unexpected nearly constant O, conversion with
increasing electrode gap distance can be explained in that the current slightly increases with
increasing electrode gap distance, as shown in Fig. 6b, while the residence time is also
increased. The results suggest that for the O, conversion, the higher probability in con-
verting O, molecules due to higher electron density might trade off the higher probability in
oxygen active species recombination due to a longer residence time of gas flow. The
expected increase in current, i.e. electron density, might be contributed to the special
characteristic of the DBD system containing the dielectric plate, as well as the various
compositions of gaseous species inside the plasma zone. At a higher electrode gap distance,
the dielectric plate might sustain the discharge a little bit more effectively due to less loss of
electrons via various reactions, under the identical input frequency and applied voltage.

The effect of electrode gap distance on the selectivities for EO, CO, H,, CHy, C,H,,
C,Hg, and C;5Hg is shown in Fig. 6¢. The selectivities for EO, CO, H,, and CH, decreased
with increasing gap distance while the opposite trend was observed for C,H,, C,Hg, and
C;Hg. These may be implied that when increasing electrode gap distance, the opportunity
of coupling reactions more favorably occur as secondary reactions than the partial oxi-
dation, as above explained.

Figure 6d shows the effect of electrode gap distance on the power consumptions. It is
clearly seen that both the power consumptions per molecule of converted C,H,4 conversion
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Fig. 6 (a) Conversions of ethylene and oxygen and yield of EO, (b) generated current, (¢) product
selectivities, and (d) power consumptions as a function of electrode gap distance (feed molar ratio of O,/
C,H, = 1:1; feed flow rate = 50 cm®/min; applied voltage = 19 kV; and input frequency = 500 Hz)

and per molecule of produced EO substantially increased with increasing electrode gap
distance. A higher electrode gap distance causes a higher probability of secondary reac-
tions, which unavoidably uses up some power. From the results, the electrode gap distance
of 10 mm was considered as a best value because at 10 mm gap distance, the highest EO
selectivity and EO yield with the lowest power consumption per EO molecule produced
were achieved.

In comparisons, although the maximum EO yield of 5.6% obtained under the afore-
mentioned best conditions (an O,/C,H, feed molar ratio of 1:1, a feed flow rate of 50 cm?/
min, an input frequency of 500 Hz, an applied voltage of 19 kV, and an electrode gap
distance of 10 mm) using the studied DBD system was lower than the EO yields of 30 and
10% obtained from the catalytic epoxidation process using 15 wt.% Ag/Al,O; at reaction
temperatures of 280 and 350°C, respectively [15], the DBD system is still considered to
exhibit a high potential to be employed for EO production under much lower operating
temperatures. Again, the present work is the first time to demonstrate the use of the sole
DBD system to synthesize EO without the presence of catalysts. As shown in the afore-
mentioned results, there were several reactions occurring in the plasma reaction zone so it
is not possible to easily carry out the kinetic consideration of the ethylene epoxidation
reaction. Future works will then be focused on the combination of the low-temperature
DBD system with various reported catalytically active catalysts used in the conventional
catalytic process, especially Ag/Al,O5-based catalysts [5-15, 20], aiming to enhance the
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EO yield. The comparative study of ethylene epoxidation under different kinds of low-
temperature plasma discharges, such as corona discharge system with pin and plate
electrodes, is also of our strong interest. Moreover, the kinetic studies of the ethylene
epoxidation reaction will be conducted in order to optimize the DBD process. The
experimental results will be presented in the next contribution.

Conclusions

In this work, the epoxidation reaction of ethylene was investigated in the low-temperature
DBD plasma system. The effects of various operating parameters, including feed molar ratio
of O,/C,Hy, feed flow rate, input frequency, applied voltage, and electrode gap distance, on
the ethylene epoxidation reaction was studied in order to achieve the best conditions. In
order to obtain the highest EO yield of 5.6% and the highest selectivity of 6.2%, the DBD
system must be operated at an O,/C,H, feed molar ratio of 1:1, a feed flow rate of 50 cm®/
min, an input frequency of 500 Hz, an applied voltage of 19 kV, and an electrode gap
distance of 10 mm. At these best conditions, the power consumptions to break down each
C,H, molecule and to create EO molecule were found to be 0.37 x 10~'® Ws/molecule of
C,H,4 converted and 6.07 x 10~ Ws/molecule of EO produced.
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