CHAPTER VII
ETHYLENE EPOXIDATION IN AN AC DIELECTRIC BARRIER
DISCHARGE JET SYSTEM

(Being Prepared for International Journal of Chemical Engineering Journal)

7.1 Abstract

In this work, the ethylene epoxidation was investigated in a low-temperature
dielectric barrier discharge (DBD) jet system under high flow rate and o:-lean
conditions. The C2HA stream was directly injected at the end of the plasma zone in
order to reduce C2|'|40racking and other reactions, while the 02 balanced with argon
was fed through the plasma zone for generating active oxygen species. The effects of
various operating parameters, such as total feed flow rate, OZC2H4 feed molar ratio,
applied voltage, input frequency, and inner electrode position on the ethylene
epoxidation activity, were investigated to achieve the optimum operating conditions
for this new DBD jet system. The highest EO selectivity and yield, as well as the
lowest power consumption were obtained at a total feed How rate of 1,625 cm3min
(corresponding to a residence time of 0.0229 ), an OQ/C2HA feed molar ratio of
0.25:1, an applied voltage of 9 kv, an input frequency of 300 Hz, and an inner
electrode position 0f 0.3 mm.,

Keywords: Epoxidation; Ethylene oxide; Dielectric barrier discharge; Atmospheric
plasma jet

1.2 Introduction

Ethylene epoxidation is very important in the petrochemical industry.
Ethylene oxide (C2H40, EO)— a desired product from the partial oxidation of
ethylene, so-called ethylene epoxidation— is increasingly demanded as a chemical
feedstock for various downstream processes to produce several useful derivatives
such as antifreeze agents, automotive coolants, polyesters, detergents, etc [1], In



addition, it is also used as a sterilant for foodstuffs, in medical equipment and
supplies, and as a fumigant in agricultural products [2 ],

Commercially, the catalytic processes wusing silver-based catalysts,
especially low-surface-area (LSA) a-alumina-supported silver catalyst (Ag/(LSA) a-
Al1:03) are used in this reaction. Alkali and transition metals such as cesium (Cs),
copper (Cu), rhenium (Re), and gold (Au) were reported to significantly enhance EO
selectivity [3-13], Moreover, a small amount of chloride adding to reactant gases also
improved the ethylene epoxidation activity [10,14-16], Although the catalytic
processes exhibit high EO selectivity, high temperature is required to operate the
catalytic processes, leading to high energy consumption. The high-temperature
catalytic problems, including catalytic deactivation directly lowers process
efficiency. Therefore, there are many attempts to research a new technique in order
to solve these limitations and to provide a better ethylene epoxidation performance.

Non-thermal plasma, i.e. dielectric barrier discharge (DBD), corona
discharge, glow discharge, microwave, etc., is considered to he a promising
technique because of its various applications [17-25], Moreover, this technique has a
valuable characteristic that it can generate highly energetic electrons, while the bulk
gas temperature is comparatively low (at room temperature or slightly higher)
[26,27], These imply that the non-thermal plasma can be operated under atmospheric
pressure and ambient temperature, resulting in low energy consumption, as well as it
can overcome the above mentioned catalyst problems at high-temperature operation.

Recently, the ethylene epoxidation has been investigated in different non-
thermal plasma reactors— a corona discharge reactor, a parallel and cylindrical DBD
reactor [28-31], The cylindrical DBD was reported to exhibit the best performance in
terms of the highest EO selectivity with the lowest power consumption, as compared
to the other plasma systems. In spite of high EO selectivity, the ethylene conversion
was still low and other products were produced in the plasma zone. Therefore, a
cylindrical DBD reactor is necessary to be redesigned in order to improve ethylene
epoxidation performance.

Atmospheric plasma jets— dielectric barrier discharge (DBD) jets— have
currently been great of interest in current low-temperature plasma research [32], The
plasma jet reactors can generate highly reactive chemical species by using gas stream



to blow the plasma out of its production region, thus it is convenient to operate and
be employed in practical applications such as surface modification, thin-film
deposition, and biomedicine [33-38]. In addition, the plasma jet was investigated in
the epoxidation of 1-decene to produce the epoxy products— 1, -epoxydecane, i-
decanal, 1-nonanal, and 2-decanone [39], It was hypothesized that a plasma jet could
provide a better improvement for ethylene epoxidation performance. Therefore, a
cylindrical DBD reactor type was used to redesign a DBD jet reactor for this study.

The main objective of this work was, for the first time, to investigate the
ethylene epoxidation in a low-temperature DBD jet system. The separate
ethylene/oxygen feed system— ethylene gas stream was directly injected at the end
of plasma region while oxygen balanced with argon was fed at the beginning plasma
zone to produce oxygen active species— was used to reduce all undesirable other
reactions such as cracking and dehydrogenation. The effects of total feed flow rate,
oxygen-to-ethylene feed molar ratio, applied voltage, input frequency, and inner
electrode position on the epoxidation reaction efficiency in the terms of reactant
conversions, EO yield, EO selectivity, and power consumption were examined to
obtain that the best conditions for ethylene epoxidation.

1.3 Experimental

7.3.1 Dielectric Barrier Discharge (DBD) Jet System

The configuration of DBD jet reactor and the schematic of
experimental setup for ethylene epoxidation reaction are shown in Figure 7.1(a) and
(b), respectively. The DBD jet reactor consisted of a quartz tube with 1 cm outer
diameter and 10.5 cm length, and two electrodes which made of stainless steel. An
outer electrode (high-voltage side) had an inner diameter of 1 ¢cm and a length of ¢
cm, whereas an inner electrode (ground side) had a diameter of 1 mm and a length of
17 ¢m. The gap distance between two electrodes was fixed at 7 mm, except in the
case of the effect of inner electrode position.
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Figure 7.1 (a) Configuration of the DBD jet reactor and (b) Schematic of
experimental setup of DBD jet system for ethylene epoxidation reaction.

7.3.2 Reaction Activity Experiments
The Calls epoxidation reaction was investigated in a DBD jet reactor
at ambient temperature (about of 25 C) and atmospheric pressure. In this study, the
flow rates of CoHs and Oz balanced with argon flowing through the DBD jet reactor
as illustrated in Figure 7.1(b) were regulated by rotameters (KOFLOC, accuracy
2% for C2H4, t1% for 0 2 and 5% for argon). After the compositions of the feed
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were invariant with time, a AC generator (Model PM 04015, TREK Inc) was turned
on. The voltage and discharge current were monitored by an oscilloscope (TDS3012,
Tektronix Inc). After the system reached equilibrium which normally spent 3 min
after turning AC generator, product gases were analyzed by a gas chromatograph
(SHIMADZU). The gas chromatograph was equipped with both a thermal
conductivity detector (TCD) and a flame ionization detector (FID). For the TCD
detector (SHIMADZU, GC-sA), a packed column (Molecular sieve 13X) was
employed for separating the product gases such as H: and O: while another column
(Parapak Q (2M)) was used to detect CO and CO:. For the FID detector
(SHIMADZU, GC-14B), the column (GS-GasPro) was used for analysis of CoH¢,
ethylene oxide (C:H:O, EQ), and other product gases, i.e. CH«, CiHz, CoHe, 2
CiH6, CsH8 n-C«H o, i-C+H 0, and 1,3-C+H 10.

To evaluate the process performance, the experimental data taken
under steady state were averaged (with a standard deviation of less than 5%) and
then used to calculate the conversions of ethylene, the selectivities for products,
including H2, EO, CH4, C:H2, C:H4, C:H6, CsH6, C3H8 n-CeH o, i-CeH o, and 1,3-
CtH1o, and the EO yield as following equations:

% Reactant conversion = (moles of reactant in - moles of reactant out) X 100  (7.1)
(moles of reactant in)

% Product selectivity = [(number of carbon atom in product) (moles of product produced)] X 100
[(number of carbon atom in C2H4) (moles of C2H4 converted)]

(7.2)
% EO yield = (% C2H« conversion) X (% EO selectivity) (7.3)
100
% Coke formation = ([R]Cr - X [Pi]Cpi) X 100 (7.4)
mc~R
% Water formation = ([R]Hr - X [Pi]Hpi) X 100 (7.5)
[RIHr

where [P] = moles of product in the outlet gas stream
[R] = moles of cans in the feed stream to be converted



Cp = number of carbon atoms in a product molecule
Cr=number of carbon atom in c2x4 molecule

Hp = number of H atoms in a product molecule
Hr=number of H atoms in c2ws molecule

To determine the energy efficiency of the plasma system, the electric
power, so-called input power, was estimated by Lissajous method [40] and then the
power consumption was calculated in a unit of per molecules of c2n4 converted
or per molecules of EO produced using the following equation:

Power consumption = P x 60 (7.6)
N XM
where p = Power( )
N = Avogadro’s number = 6.02 X 10:s molecules/mol

Rate of converted C2H: molecules In feed or rate of
produced EO molecules (mol/min).

M

7.4 Results and Discussion

7.4.1 Effect of Total Feed Flow Rate
To investigate the effect of total feed How rate on ethylene
epoxidation performance under the DBD plasma jet, the total feed flow rate is
experimentally varied, as shown in Table 7.1 while an 02/C:H¢« feed molar ratio, an
input frequency, and an applied voltage are fixed at 0.25, 500 Hz, and 7 kv,

respectively.
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Table 7.1 Flow rates of three feed gases for each total feed flow rate used in this

study
Flow rate (cms/min) Residence time
40% C:H:  97% 0.  Argon  Total feed ()
100 25 1,500 1,625 0.0229
117 29 1,750 1,896 0.0196
133 33 1,000 2,167 0.0172
150 38 2,250 2,438 0.0153
167 42 2,500 2,708 0.0137
101 50 3,000 3,250 0.0114
233 58 3,500 3,792 0.0099

From the experiments, a total feed flow rate, especially lower than
1.625 cms/min, was found to be not sufficient to blow the plasma out, resulting in a
very high discharge temperature inside the plasma zone between inner and outer
electrodes. This led to the appearance of little flame at the corner of the CoH: feed
point and after that discharges extinguished. Therefore, the total feed flow rate of
1.625 cm3dmin was a minimum operationalable flow rate in this study. Figure 7.2(a),
shows the effect of total feed flow rate on bhoth C:H« and O: conversions. The (:
conversion significantly decreased over entire total feed flow ranges of 1,625-3,792
cms/min, whereas the C:H« conversion gradually decreased with increasing total feed
flow rate from 1,625 to 1,896 cms/min, then slightly increased with further
increasing total feed flow rate to 3,250 cms/min, and finally decreased slightly at the
highest total feed flow rate of 3,792 cnrVmin. The selectivities for EQO and other
products and EO yield are showed in Figure 7.2(b) and (c). Small amounts of CH4,
C:FE, CsHs, CsHe, and C«Fli were produced over the entire total feed flow rate range
while both C:H: and CO: were not produced. The H: selectivity, EO selectivity and
yield had the same trend with O: conversion that decreased with increasing total feed
flow rate from 1,625 to 3,792 cms/min. This is because an increase in total feed flow
rate reduced the contact time of highly active species and energetic electron
collisions, leading to reduction of EO and : selectivities, EO yield, Oz conversion,
and C:H: conversion. The generated plasma jet length significantly increased with



increasing total feed flow rate, leading to the enhancement of plasma reaction
volume. Hence, the C2HA conversion slightly increased when total feed flow rate
increased from 1,896 to 3,250 cmVmin. However, the DBD jet system under the
highest total flow rate (3,792 cmVmin) seemed to have insufficient contact time for
ethylene epoxidation. The C:H:¢ recombination occurred instead, resulting in
decreasing C:H: conversion in the total feed flow rate range of 3,250-3,792 cmVmin.
In contrast to EO selectivity, the CO selectivity remained almost unchanged in the
total feed flow rate range of 1,625-2,438 cm3min but it increased nearly linearly
with increasing total feed flow rate beyond the total feed flow rate of 2,438 cm:/min,
The CH¢ selectivity was relatively low and reached zero when the total feed flow rate
exceeded 3,250 cms/min. The results indicate that the DBD jet system operated at a
high total feed flow rate in the range of 2,708-3,792 cm3min was more like to
promote the combustion or deep oxidation, resulting in lowering EO selectivity.

Figure 7.2(d) illustrates the effect of total feed flow rate on the power
consumption per CHE molecule converted or EO molecule produced. With
increasing total feed flow rate, both the power consumptions per C2HA molecule
converted and EO molecule produced tended to significantly increase while the
current was nearly unchanged over the entire total feed flow rate range (Figure
7.2(e)). Interestingly, the coke and water formation (Figure 7.2 (f)) mirrored the
C2HA conversion in the way that they initially decreased at the low total feed flow
rate range of 1,625-1,896 cms/min, then tended to increase with increasing total feed
flow rate from 1,896 to 3,250 cms/min, and finally decreased with further increasing
total feed flow rate above 3,250 cmVmin. The results indicate that the system should
be operated at low total feed flow rate in order to minimize water formation. From
the above mentioned results, a total feed flow rate of 1,625 cnrVmin was considered
to be an optimum value when it could provide the highest EO selectivity and yield,
and C2HA and 0 2conversions with the lowest power consumption per C2HA molecule
converted or EO molecule produced and a relatively low water formation.
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Figure 7.2 (a) C2H4 and O2 conversions, (b) EO selectivity and yield, (c) other
product selectivities, (d) power consumption, and (e) coke and water formation as a
function of total flow rate (an O2/C2H4 feed molar ratio of 1/4, an applied voltage of

7 kv, and an input frequency of 500 Hz).
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1.4.2 Effect of 0:/C.H. Feed Molar Ratio

To study the effect of O2/C2H: feed molar ratio, the DBD jet system
was operated at different Oo/C2H: feed molar ratios of 0.2:1, 0.25:1, 0.3:1, 0.35:1,
0.41, and 0.5:1 with a fixed C;Hs flow rate of 100 cm3min and a total flow rate of
1,625 cma/min. As shown in Figure 7.3(a), the O. conversion tends to gradually
increase with increasing Qz/C.H: feed molar ratio over the entire range of 0.2:1-
0.5:1. The CoH: conversion significantly increased when Q2/C2H: feed molar ratio
increased from 0.21 to 0.3:1, and then it remained almost unchanged with further
increasing Oz/C.H. feed molar ratio above 0.3:1. From the results as shown in Figure
1.3(h), the EO selectivity and yield significantly increases when the Q:/CoHs feed
molar ratio increases from 0.2:1 to 0.25:1, and then adversely decreases with further
increasing 0/CzH. feed molar ratio from 0.25:1 to 0.4:1. However, when the
02/C2H. feed molar ratio increased beyond 0.4:1, both EO selectivity and yield
slightly increased. The results can be explained hy the fact that the studied DBD jet
system was operated under the o2-lean conditions; thus the Oz is the limiting
reactant. However, an increase in O:/CzH: feed molar ratio beyond 0.3:1 promoted
the combustion reaction to form CO more than ethylene epoxidation. From the
results, the O/C.H: feed molar ratio of 0.25:1 was considered to be an appropriate
value for the ethylene epoxidation.

Figure 7.3(c) shows the effect of 0./C:H. feed molar ratio on
selectivities for H. and CO, whereas the selectivities of other by-products, 1. CH.,
C2Hs, and CzHs, are not shown here because of their extremely low values (less than
1% for cH« and 0.05% for CzHs, and CzHs). The H. selectivity decreased with
Increasing 0./CzH. feed molar ratio from 0.2:1 to 0.3:1, whereas it increased with
further increasing 0./C.H. feed molar ratio beyond 0.3:1. The co selectivity was
found to increase with increasing 0./C2H. feed molar ratio throughout the entire
studied range. The results confirm that high 0./C.H. feed molar ratios (0.3:1-0.5:1)
are not appropriate for the ethylene epoxidation because they prefer the hydrogen
formation and hydrocarbon combustion, resulting in increasing H. and co
selectivities.

As shown in Figure 7.3(d), the 02/C:H. feed molar ratio predominantly
influenced the power required for the DBD jet system while the current remained
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almost unchanged when the 0:/C:H« feed molar ratio increased in the range o 0.2:1-
0.3:1. Figure 7.3(e) illustrates the power consumption per C:H« molecule converted
or EO molecule produced as a function of O:2/C:H: feed molar ratio. The power
consumption per C:He molecule converted tended to decrease with increasing
0:/C:2H: feed molar ratio up to 0.5:1, whereas the power consumption per EO
molecule produced rapidly decreased to reach a minimum value at an O:/C2H: feed
molar ratio of 0.25:1, then increased with increasing O:/C:H« feed molar ratio from
0.25:1 to 0.4:1, and finally decreased with further increasing O:/C:H« feed molar
ratio beyond 0.4:1.

Beside the desired EO, H2 and CO products, coke and water were
produced by the studied DBD jet system. Coke deposited on the inner electrode
while water vapor could not be collected to measure the amount of produced water.
Therefore, the coke and water formations were computed by carbon and hydrogen
balances, as shown on Figure 7.3(f). With increasing O:/C2H« feed molar ratio from
0.2:1 to 0.3:1, the proportion of available oxygen free radicals increased in the DBD
jet system and then caused enhancement of hydrocarbon combustion, resulting in
significantly increasing coke and water formations. However, both coke and water
formations decreased with further increasing 0:/C2H« feed molar ratio above 0.3:1.
This may be possible that an increase in oxygen available in the system simply
promotes the formation of CO with less coke formation. Moreover, the DBD jet
system under the 02/C:Hy feed molar ratio range of 0.3:1-0.5:1 seemed to prefer H:
formation reaction rather than water formation. Thus, the H: selectivity increased
with increasing 0:/C:H« feed molar ratio from 0.3:1 to 0.5:1. From the results, the
0:/C2H+ feed molar ratio of 0.25:1 was considered to be an optimum value for
ethylene epoxidation because it provided the highest EO selectivity and yield, as well
as the lowest Hz selectivity and power consumption per EO molecule produced.
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Figure 7.3 (a) CoH: and O: conversions, (b) EO selectivity and yield, (c) other
product selectivities, (d) input power and discharge current, (¢) power consumption,
and (f) coke and water formation as a function of 0:2/C2H« feed molar ratio (a total
flow rate of 1,625 cms/min, an applied voltage of 7 kv, and an input frequency of

500 Hz).
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7.4.3 Effect of Applied Voltage

From the preliminary results on the voltage range, it was found that
the breakdown voltage, or the lowest voltage needed to generate discharges, was
about 7 kV, and the discharge was not uniform and stable at a voltage above 15 kV.
Therefore, the effect of applied voltage was investigated in the range of 7-15 kV. As
shown in Figure 7.4(a), the ( 2 conversion gradually increased over the entire applied
voltage range of 7-15 kV while the C:H: conversion was almost unchanged.
Interestingly, the EO selectivity and yield significantly increased when the applied
voltage increased from 7 to 9 kV (Figure 7.4(b)). This is because an increase in the
applied voltage increases the generated current and consequently leads to a higher
power for production of plasma discharges, as illustrated in Figure 7.4(c). However,
both EO selectivity and yield tended to decrease with further increasing applied
voltage over 9 kV. The IT and CO selectivities significantly increased with
increasing applied voltage from 7 to 15 kV, while CH« selectivity remained nearly
unchanged (Figure 7.4(d)).

The power consumption per C2H: molecule converted or EO molecule
produced as a function of the applied voltage is shown in Figure 7.4(e). Both power
consumptions had the same trend that they decreased with increasing applied voltage
from 7 to 9 kV, and then tended to increase with further increasing applied voltage
up to 15 kV. The coke formation slightly decreased when the applied voltage
increased from 7 to 9 kV, then gradually increased with increasing applied voltage
from 9 to 11 kV, and finally remained almost unchanged with further increasing
applied voltage above 11 kV (Figure 7.4(f)). As shown in Figure 7.4(f), the applied
voltage shows more influences on the water formation than coke formation. The
water formation decreased with increasing applied voltage from 7 to 9 kV, then
increased with further increasing applied voltage above 9 kV, and finally it gradually
decreased when the applied voltage increased from 9 to 15 kV. It indicated that at the
high applied voltage in the range of 9 to 15 kV, the main reactions were the
hydrocarbon combustion, IT formation, and coke formation instead of ethylene
epoxidation. From the results, the applied voltage of 9 kV was an optimum value for
ethylene epoxidation and then was employed to further investigate in the effect of the
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Figure 74 (a) CoH« and Q. conversions, (b) EO selectivity and yield, (c) other
product selectivities, (d) input power and discharge current, (g) power consumption,
and (f) coke and water formation as a function of applied voltage (a total flow rate of
1,625 cms/min, an 0./C.H: feed molar ratio of 0.25, and an input frequency of 500

Hz).
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input frequency because it provided the highest EQ selectivity and yield, as well as
the lowest powerconsumption, coke and water formations.

7.4.4 EffectoflInput Frequency

The input frequency is an important parameter, directly affecting the
field strength in the plasma zone. To investigate the effect of the input frequency on
the ethylene epoxidation, the input frequency was varied in the range 0f300-900 Hz.
The plasma could not exist at the input frequency lower than 300 Hz, while plasma
strength was very high intensity at the input frequency higherthan 900 Hz, leading to
a large amount of coke formation. Figure 7.5(a) shows the effect of input frequency
on the C-Ha. and O conversions. The input frequency significantly affected the 0.
conversion that decreased with increasing input frequency from 300 to 900 Hz,
whereas C2Ha. conversion remained almost unchanged over the entire input
frequency range 0f 300-900 Hz. The EO selectivity and yield had the same trend as
Ozconversion that they decreased with increasing input frequency from 300 to 900
Hz (Figure 7.5(b)). In contrast to EQ selectivity, the H. selectivity significantly
increased with increasing input frequency from 300 to 900 Hz while CO selectivity
increased in the input frequency range of 300-800 Hz, and then slightly decreased at
high input frequency of 900 Hz (Figure 7.5(c)). The CH . selectivity rapidly increased
with increasing input frequency from 300 to 500 Hz, and finally tended to decrease
with further increasing input frequency.

Figure 7.5(d) illustrates that an increase in the input frequency results
In-an increase in current and power, required for operating the DBD jet system. In
this work, the AC/DC generator was employed to monitor the current, expressing the
average current in a second. The current increased with increasing input frequency
had the opposite trend, as shown in the previous work [28], because the current in the
previous work was based on a discharge, resulting in decreasing current with
increasing input frequency. Both power consumptions per C=lla molecule converted
and EO molecule produced significantly increased when the input frequency
increased, especially from 500 to 900 Hz (Figure 7.5(e)). The coke formation
gradually increased over the entire input frequency range of 300-900 Hz, while the
water formation initially decreased with increasing input frequency from 300 to 500
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Figure 7.5 (a) C2Ha and 02 conversions, (b) EQ selectivity and yield, (c) other
product selectivities, (d) input power and discharge current, (e) power consumption,
and (f) coke and water formation as a function ofapplied voltage (a total flow rate of
1,625 cms/min, an 02/C2H. feed molar ratio of0.25, and an applied voltage of 9 kV).



130

Hz, and then slightly increased with further increasing input frequency above 500 Hz
(Figure 7.5(f)).

From the results, the input frequency of 300 Hz was considered to be
an optimum value for ethylene epoxidation because it provided the highest EO
selectivity and yield as well as the lowest power consumption, selectivities for H2,
Co, CH4, and coke formation.

7.4.5 Effect of the Spacing of Inner Pin Electrode and C2H¢ Feed Point

The effect of the spacing of an inner pin electrode and C2HA feed point
on the ethylene epoxidation reaction is shown in Figure 7.6. The spacing of an inner
pin electrode and C2HA feed point was defined as a distance between the middle of
C2HA feed stream and the tip of the inner pin electrode. The shorter the spacing of an
inner pin electrode and CZH4 feed point, the higher the opportunity of collision of
C2HA molecules with highly energetic electrons and active oxygen species, to yield
leading to subsequent reactions, especially deep combustion and H: formation. From
the results as shown in Figure 7.7(a), the spacing of an inner pin electrode and C:H:
feed point greatly affects the C2HA conversion but the 02 conversion remained almost
unchanged. The C2HA conversion increased with increasing spacing of an inner pin
electrode and C2HA feed point from 0 to 3 mm, and reached a maximum at the
spacing of an inner pin electrode and C2HA feed point of 3 mm. The EO selectivity
and yield had the same trend as the C2HA conversion (Figure 7.7(b)). The highest EO
selectivity and yield were obtained at the spacing of an inner pin electrode and CH
feed point of 3 mm whereas the selectivities for H2, CO, and CH4 decreased with
increasing spacing of an inner pin electrode and C2HA feed point from 0 to s mm
(Figure 7.7(c)). These results can be explained by the fact that a decrease in spacing
of an inner pin electrode and C2HA feed point increases the reaction volume or
reaction time, leading to higher opportunity of C2H4 cracking and further reactions
including H: formation and deep combustion. As a consequence, both EO selectivity
and yield decreased with decreasing spacing of an inner pin electrode and C2HA feed
point. However, the spacing of an inner pin electrode and C2HA feed point of s mm
was too far from the C2HA feed point in which most generated active oxygen species
were recombined before reacting with C2HE molecules, leading to lowering EO



131

formation. From the results, the spacing of an inner pin electrode and C2HA feed
point of 3 mm gave the highest activity toward ethylene epoxidation reaction (Figure

7.6(b)).
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Figure 7.6 Images of generated plasma at different spacing of an inner pin electrode
and C:H« feed point: (a) 0 mm, (b) 3 mm, and (c) «+ mm (a total flow rate of 1,625
cms/min, an O:2/C2H¢ feed molar ratio of 0.25, an applied voltage of 9 kV, and an

input frequency of 300 Hz).
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Figure 7.7 (a) C2Ha and O conversions, (h) EO selectivity and yield, (c) other
product selectivities, (d) input power and discharge current, (¢) power consumption,

and (f) coke and water formation as a function of inner electrode position (a total

flow rate of 1,625 cnrVmin, an 0./C.H . feed molar ratio of 0.25, an applied voltage

of 9 kV, and an input frequency 0f500 Hz).
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The spacing of an inner pin electrode and C2HA feed point slightly
influences the generated current and consumed power, as shown in Figure 7.7(d),
while the power consumption per CHE molecule converted or EO molecule
produced slightly varies in the range of the spacing of an inner pin electrode and
C2HA feed point of 0-3 mm, and then rapidly rises up with further increasing spacing
ofan inner pin electrode and C2HA feed point above 3 mm, as shown in Figure 7.7(e).
As shown in Figure 7.7(f), the coke and water formations remain almost unchanged
in the range of the spacing of an inner pin electrode and C2HA feed point of 0-3 mm,
and then decreased with further increasing from 3 to « mm. For the results, the
spacing of an inner pin electrode and C2HA feed point of 3mm was considered to be
an optimum value for ethylene epoxidation because it gave the highest EO selectivity
and yield as well as the lowest power consumption.

75 Conclusions

In this work, the epoxidation of ethylene was investigated in a low-
temperature DBD jet system. A high flow rate with o2 -lean conditions was needed to
form the plasma jet. The C:H: stream was separately injected at the end of the
plasma zone in order to reduce C2H4 cracking and further reactions, while the O:
balanced with argon was thoroughly fed into a DBD jet reactor. The DBD jet
provided obviously high potential for ethylene epoxidation with very low power
consumption. For further study, active catalysts are interesting to apply in the DBD
jet system for solving the coke formation. The highest EO selectivity and yield, as
well as the lowest power consumption were obtained at a total feed flow rate of
1,625 cms/min, an O:/C2H: feed molar ratio 0f 0.25:1, an applied voltage of 9 kV, an
input frequency of 300 Hz, and an inner electrode position 0f 0.3 mm.
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