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5.1 Abstract

The effects of separate C2H4/O2 feed and C2H4 feed position on the ethylene 
epoxidation reaction in an AC cylindrical dielectric barrier discharge reactor were 
investigated. The highest EO selectivity of 34% and EO yield of 7.5%, as well as the 
lowest power consumption of 1.72xl0~16 พร/molecule of EO produced, were 
obtained at a C2H4 feed position of 0.25, an O2/C2H4 feed molar ratio of 1/4, an 
applied voltage of 13 kv, an input frequency of 550 Hz, and a total feed flow rate of 
75 cm3/min. The results demonstrated, for the first time, that the separate feed of 
C2H4 and O2 could provide better ethylene epoxidation performance in terms of 
higher EO selectivity and yield, and lower power consumption, as compared to the 
mixed feed. All undesired reactions including C2H4 cracking, dehydrogenation, 
oxidation, and coupling reactions are lowered by the ethylene separate feed because 
of a decrease in opportunity of ethylene molecules to be activated by generated 
electrons.
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5.2 Introduction

Ethylene epoxidation, the selective oxidation of ethylene, is an important 
reaction in the petrochemical industry because ethylene oxide (C2H4O, EO) can be 
produced commercially by the partial oxidation with high selectivity over silver 
(Ag)-based catalysts as discovered by Lefort [1], Ethylene oxide is used as a key 
feedstock or intermediate for the production of various useful chemicals such as
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surfactants, polyesters, antifreezes, automotive coolants, solvents, and adhesives. 
Besides, it is also used in the production of a sterilant for foodstuffs. Therefore, this 
epoxidation reaction has been investigated extensively.

Commercially, the conventional catalytic process for ethylene epoxidation 
uses low-surface-area a-alumina-supported silver catalysts (Ag/(LSA) (X-AI2O3). 
Although these commercial catalysts provide quite high EO selectivity, the ethylene 
and oxygen conversions are still very low ( 1-2 %); therefore, many studies have 
endeavored to develop more effective Ag catalysts for enhancing EO production. 
Several studies indicate that alkali and transition noble metals, especially Cs, Cu, Re, 
and Au, as well as halogen promoters such as Cl, can provide improved EO 
selectivity [2-15], However, the currently-used catalytic process still requires high 
temperatures for efficient operation, resulting in high energy consumption. In 
addition, catalyst deactivation results from both coke formation and sintering of 
active sites on the catalyst surface commonly occurs at high temperatures, leading to 
decreases in both catalytic activity and desired product selectivity. Hence, 
development of new techniques for solving these mentioned problems and enhancing 
the ethylene epoxidation activity are of great interest.

Non-thermal plasma is a promising technique for many potential 
applications, such as surface modification [16], chemical synthesis [15,17-19], 
hydrocarbon reforming [20-25], and gas treatment [26-29], An interesting 
characteristic of the non-thermal plasma is that the bulk gas temperature is still very 
low (close to ambient temperature) even though generated high energy electrons 
have a much higher temperature (approximately 1 o4-105 K) [26,30]. As a 
consequence, the non-thermal plasma can be operated at an ambient temperature and 
atmospheric pressure, leading to low energy consumption. Hence, catalyst 
deactivation under high-temperature operation can also be avoided by this technique. 
The plasma discharges can be generated by applying an electrical current with a 
sufficient voltage across metal electrodes. Subsequently, the reactant gases passing 
through the plasma discharge zone are collided with the generated electrons to create 
various high energetic species, leading to initiation of subsequent chemical reactions.

Because of the mentioned advantages of non-thermal plasma, many research 
studies have increasingly investigated several chemical reactions by using various
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types of non-thermal plasmas, such as dielectric barrier discharges (DBD) 
[17,24,25,29,35,37-39], corona discharges [15,16,19,28], glow discharges [32], 
microwave discharges [23], and sliding discharge [22], The corona discharges, as 
well as parallel and cylindrical DBD, have been recently investigated for ethylene 
epoxidation in the presence and absence of silver catalysts [15,34,35,37,38], 
Ethylene epoxidation over Ag catalysts was, for first time, investigated in a corona 
discharge [34], and the effects of promoters, such as Cs, Cu, and Au, were 
subsequently studied [15], The ethylene epoxidation activity could be enhanced 
when appropriate Ag catalysts were applied in a plasma system. Furthermore, the 
ethylene epoxidation performance under a corona discharge was compared to that 
under parallel DBD, and the results showed that the parallel DBD provided better 
performance in terms of higher EO yield and lower power consumption per EO 
molecule produced [35], Subsequently, the DBD systems with two different 
electrode geometries, parallel and cylindrical electrodes, were comparatively 
investigated for ethylene epoxidation [37], The cylindrical DBD system exhibited 
superior epoxidation performance in terms of the high EO selectivity compared to 
the parallel DBD system. Recently, our group reported that ethylene epoxidation 
under a parallel DBD was improved by applying a suitable Si0 2 -supported Ag 
catalyst [38], For the combined parallel DBD with the Ag catalyst, the EO selectivity 
significantly increased as compared to the sole cylindrical DBD. However, several 
undesired reactions including deep oxidation, partial oxidation, cracking, 
dehydrogenation, and coupling reactions normally occur in plasma environments.

Generally, ethylene (C2H4), oxygen (O2), and helium (He, as a balance gas) 
are basically fed into a plasma reactor as the mixed feed for ethylene epoxidation 
reaction. Hence, both C2H4 and O2 molecules are collided by the energetic electrons 
to initiate several subsequential chemical reactions including ethylene epoxidation 
and undesired reactions. It was hypothesized that a separate feed of C2I I4 from <ว2 
with a suitable C2H4 feed position could reduce all the mentioned undesired reactions 
including cracking, dehydrogenation, coupling, and complete oxidation reactions of 
C2H4, resulting in a higher EO selectivity and lower by-product selectivities. To our 
knowledge, the effect of separate C2H4/O2 feed on the ethylene epoxidation 
performance using a cylindrical DBD system has never been investigated before.
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Therefore, this present work focused, for the first time, on optimizing the C2H4 feed 
position in a cylindrical DBD system to improve the ethylene epoxidation 
performance. Under the separate C2H4/O2 feed condition, various operational 
parameters, including O2/C2H4 feed molar ratio, applied voltage, input frequency, 
and total feed flow rate, were also investigated to obtain the best conditions for EO 
production. The ethylene epoxidation performance of the separate C2H4/O2 feed was 
compared to that of the mixed C2H4/O2 feed under their own optimum conditions.

5.3 Experimental

5.3.1 Reactant Gases
Gases used in this work were 99.995% helium (high purity grade), 

40% ethylene in helium (± 1% uncertainty), and 97% oxygen in helium (± 1% 
uncertainty). The 30% ethylene oxide in helium (± 1% uncertainty) was used as a 
standard gas to obtain the calibration curve of gas chromatography (GC) for EO 
analysis. All gases were specially blended by Thai Industrial Gas Co., Ltd.

5.3.2 Experimental Setup and Reaction Activity Experiments
The ethylene epoxidation reaction was investigated in a cylindrical 

dielectric barrier discharge reactor at ambient temperature (25-27°C) and 
atmospheric pressure. The schematic of the experimental setup is shown in Figure 
5.1(a). The reactor consisted of two electrode tubes made of stainless steel. The outer 
electrode had a 1.5 cm inner diameter (ID), a 1.9 cm outer diameter (OD), and a 16 
cm height whereas the inner electrode had a 0.5 cm OD and 14 cm height. For the 
adjustment of the C2H4 feed position, stainless steel tubes with a 0.3 cm OD were 
connected to the outside of the outer electrode at 5 equally-spaced positions on the 
electrode in a range from 0  (at the inlet of outer electrode) to 1 (at the outlet of outer 
electrode), as shown in Figure 5.1(b).
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(a)

Outlet gas
(b)

C2H4 feed positions

Figure 5.1 (a) Schematic of experimental setup of DBD plasma system for the 
ethylene epoxidation reaction and (b) the configuration of the cylindrical DBD 
reactor.

A dielectric glass tube with a 1 mm thickness was placed on the outer 
surface of the inner electrode, between two concentric electrodes. The gap distance 
between the two electrodes was fixed at 0.5 cm and the studied DBD reactor had a 
working volume of 22 cm3. There were three steps to convert the domestic AC input
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to a high-voltage AC output. First, the domestic AC input power of 220 V and 50 Hz 
was transformed to the DC output of 70 V by a DC power supply converter. Next, a 
500 พ  power amplifier with a function generator was employed for converting the 
DC to the AC with a sinusoidal waveform and different frequencies. The outlet 
voltage was subsequently stepped up by using a high-voltage transformer. Finally, 
high-voltage AC was produced, and its output voltage and frequency were varied by 
the function generator, whereas its sinusoidal wave signal was monitored by an 
oscilloscope. The description of the power supply system and electrical 
measurements were given elsewhere [33]. Thus, the low-side voltage, input power, 
and current were measured by a power analyzer (Extech Instruments Corporation, 
True RMS Single Phase Power Analyzer, 380801). The high-side voltage and current 
were computed by multiplying and dividing the measured values by a factor of 130, 
respectively, since they were not able to be measured precisely across the electrodes 
(high-voltage side) because of its non-equilibrium in nature.

For the epoxidation reaction activity experiments, ethylene (C2H4), 
oxygen (O2), and helium (He, as a balance gas)—controlled by electronic mass flow 
controllers—were fed into a cylindrical DBD system. The studied DBD system was 
operated under the base conditions: an O2/C2H4 feed molar ratio of 1/4, an electrode 
gap distance of 0.5 cm, an input frequency of 500 Hz, and an applied voltage of 15 
kv, which were the optimum conditions (for a cylindrical DBD system with the 
mixed feed) obtained from our previous work [37], while the total feed flow rate was 
initially fixed at 75 cm3/min and the C2H4 feed position was varied in order to 
investigate the effect of separate C2H4/O2 feed on the ethylene epoxidation activity, 
and to obtain the optimum C2H4 feed position for maximum EO production 
performance. After obtaining the optimum C2H4 feed position, the effects of the feed 
molar ratio of 0 2-to-C2H4, applied voltage, input frequency, and total feed flow rate 
were examined. Table 5.1 shows the flow rates of the three gas streams (C2II4, O2, 
and He) for each total flow rate used in this study to investigate the effect of total 
feed flow rate. Finally, the ethylene epoxidation performance of the separate C2H4/O2 

feed was compared to that of the mixed C2H4/O2 feed. All reactant lines had a 0.7 pm 
in-line filter to entrap any solid particles before flowing through the mass flow 
controllers. After compositions of the outlet gas became invariant with time, the
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Table 5.1 Flow rates of three feed gases for each total feed flow rate used in this 
study

Flow rate (cni3/min)
40%C2H4 97% ๐ 2 Helium Total feed

24 2.4 33.6 60
30 3 42 75
40 4 56 1 0 0

50 5 70 125

power supply was turned on to create a discharge. The product gas was allowed to 
pass through a water trap filter before flowing to an on-line GC for analysis every 20 
min. The on-line GC (PerkinElmer, AutoSystem GC), equipped with both a thermal 
conductivity detector (TCD) and a flame ionization detector (FID), was used to 
analyze the compositions of both reactant and product gases. For the TCD channel, a 
packed column (Carboxen 1000) was used for the analysis of hydrogen (FI2), oxygen 
(O2), carbon monoxide (CO), and carbon dioxide (CO2). For the FID channel, a 
capillary column (OY-Plot บ) was used for EO and other hydrocarbon product 
analyses. For any studied conditions, the system was operated to reach steady state 
before taking outlet gas samples. At least 5 outlet gas samples were taken for 
analysis of gas composition using the online GC. To ensure reproducibility of the 
experimental data, the experiments were repeated for 3 times. All experimental data 
were averaged with a standard deviation of less than 5% and the average data were 
used to assess the process performance of the studied DBD system. Then, the 
experiment data were used to calculate the C2H4 and O2 conversions, the product 
selectivities, including H2, CO, C 02, EO, CH4, C2H6, C2H2, and traces of c 3, and the 
EO yield. These calculations were used for evaluating the process performance and 
are defined as follows:

% Reactant conversion = (moles of reactant in -  moles of reactant out) X 100 (5.1)
(moles of reactant in)
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% Product selectivity = moles of product produced X 100 (5.2)
total moles of products produced

% EO yield = (% C2H4 conversion) X (% EO selectivity) (5.3)
1 0 0

In addition, power consumption was calculated in a unit of พร per C2H4 

molecule converted or per EO molecule produced using the following equation:

Power consumption = P X 60 (5.4)
N X M

where p = Power (พ)
N = Avogadro’s number = 6.02 X 1023 molecules/mol 
M = Rate of converted C2H4 molecules in feed or rate of produced 

EO molecules (mol/min).

5.4 Results and Discussion

5.4.1 Possible Chemical Reactions in the Studied DBD System
To obtain a better understanding of chemical pathways for ethylene 

epoxidation and other reactions under the studied conditions, all possible chemical 
pathways that may appear in the cylindrical DBD system are proposed in the 
following equations [40-45]:

Active oxygen formation:
O2 + 2 e" 2 0  + 2 ๙ (5.5)

Ethylene epoxidation:
C2H4 + 0 —» c 2h4o (5.6)
C2H4 + 1/2๐2 -» C2H4O (5.7)

Combustion or deep oxidation:
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Cracking:

C2H4 + 20 2 -> 2H20  + 2C0 (5.8)
C2H4 + 302 -» 2H20  + 2C02 (5.9)
C2H4 + 20 —> 2H2 + 2C0 (5.10)
C2H4 + 40 2H20  + 2C0 (5.11)
C2H40  + 3/202 2H20  + 2C0 (5.12)
C2H40  + 5/202 —> 2H20  + 2C02 (5.13)
c 2h4o + 0 -» 2H2 + 2C0 (5.14)
C2H40  + 30 -> 2H20  + 2C0 (5.15)
C2H40  + 50 -> 2H20  + 2C02 (5.16)
ion or Acetylene formation:
H20  + 2๙ -> H + OH + 2e‘ (5.17)
H2 + 2๙ —» 2H + 2e‘ (5.18)
C2H4 + 0 -> OH + C2H3 (5.19)
C2H3 + 0 -» OH + C2H2 (5.20)
C2H4 + H -> h 2 + C2H3 (5.21)
C2H3 + H -> h 2 + C2H2 (5.22)
C2H4 + OH -> h 20  + c 2h 3 (5.23)
C2H3 + OH -> h 20  + c 2h 2 (5.24)
C2H4 -> h 2 + C2H2 (5.25)

C2H4 + e -> 2C + 2H2 + e (5.26)
C2H4 + e -> 2CH2 + e (5.27)
CH2 + e -> c + H2 + e (5.28)
C2H4 + e C2H3 + H + e (5.29)
C2H3 + e C2H2 + H + e (5.30)
C2H2 + e -> C2H + H + e (5.31)
C2H2 + e -> 2CH + e (5.32)
CH + e -> c  + H + e (5.33)
C2H + e -> 2C + H + e (5.34)

Coupling:
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CH + CH -» c 2h 2 (5.35)
CH + 3 FI —> c h 4 (5.36)
3CH2 + 2H —> c 3h 8 (5.37)
C2H4 + CH2 + 2H -» c 3h 8 (5.38)
C2H2 + CH3 + 3H —> c 3h 8 (5.39)
CFE + CH3 —> c 2h 6 (5.40)

5.4.2 Effect of Ethylene Feed Position
The effect of the C2H4 feed position in the cylindrical DBD system 

was initially investigated for the ethylene epoxidation reaction. The C2H4 and O2 

conversions, product selectivities and concentrations, EO yield, and power 
consumption in the relation to the C2H4 feed position are shown in Figure 5.2. From 
the results, the C2H4 feed position greatly influenced the <ว2 conversion but only 
slightly affected the C2H4 conversion (Figure 5.2(a)). The O2 conversion 
significantly decreased with increasing C2H4 feed position from 0 to 1. These results 
can be explained by the fact that an increase in the C2H4 feed position from 0 to 1 
results in a decrease in reaction time between the 0 2 and C2FI4, as well as a decrease 
in opportunity for the C2H4 molecules to be activated by the generated electrons to 
form various active species. Therefore, the O2 conversion decreased with increasing 
C2H4 feed position up to 1. In addition, when comparing the C2H4 and 0 2 

conversions, it was clearly observed that the O2 conversion was much higher than the 
C2H4 conversion over the entire studied range of C2II4 feed positions. This is 
possible because 1 mole of C2H4 requires 1/2, 2, and 3 moles of O2 for the formation 
of EO, CO, and CO2, respectively. Interestingly, the EO yield exhibits a similar trend 
as the O2 conversion. The EO yield rapidly decreased with increasing C2II4 feed 
position up to 0.75, and there was no EO production at the C2H4 feed position range 
from 0.75 to 1 (Figure 5.2(a)).

As shown in Figure 5.2(b), the EO selectivity slightly increases with 
increasing C2H4 feed position from 0 to 0.5, and reaches a maximum at the C2H4 feed 
position of 0.5. When the C2H4 feed position increased from 0.5 to 0.75 and 1, the 
EO selectivity became zero. The FI 2 and C2H2 selectivities decreased with increasing
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C2H4 feed position up to 1, whereas only traces of CO2, CH4, C2H6, and C3H8 (lower 
than 3%) were produced over the entire C2H4 feed position range. It is interesting to 
point out that C3H8 was the largest hydrocarbon with a small fraction produced under 
the studied conditions. In addition, it was observed that only the CO selectivity 
greatly increased with increasing C2H4 feed position from 0  to 1 .

(a) (b)

(c) (d)

Figure 5.2 (a) C2H4 and 0 2 conversions and EO yield, (b) product selectivities, (c) 
outlet gas concentrations, and (d) power consumption as a function of C2H4 feed 
position (a O2/C2H4 feed molar ratio of 1/4, an applied voltage of 15 kv, an input 
frequency of 500 Hz, and a total feed flow rate of 75 cm3/min) as compared with the 
mixed feed.

Figure 5.2(c) shows the concentrations of outlet gas stream, including 
C2H4 and O2 residual reactants, EO, and other main products (แ 2, CO, and C2H2) as a
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function of the C2H4 feed position, whereas the concentrations of other by-products, 
i.e. CO2, CH4, and C3H8, are not shown here because of their extremely low 
concentrations (lower than 0.1 mol%). The results suggest that under the lean oxygen 
condition with a short resident time for the feed C2H4, only three dominant reactions 
of CO formation, ethylene epoxidation, and dehydrogenation can occur in the studied 
DBD system. The EO and all other main product concentrations markedly decreased 
with increasing C2H4 feed position from 0 to 1, whereas the C2H4 concentration 
remained almost unchanged and the O2 concentration increased. The decreases in all 
product concentrations with increasing C2H4 feed position are due to the reduction of 
C2H4 residence time.

Figure 5.2(d) shows the power consumption as a function of the C2H4 

feed position. The power consumption per EO molecule produced increased with 
increasing C2H4 feed position up to 0.5. Beyond the C2H4 feed position of 0.5, the 
system could not produce EO; thus, the power consumption per EO molecule 
produced was not calculated. The power consumption per C2H4 molecule converted 
increased with increasing C2H4 feed position and reached a maximum at the C2H4 

feed position of 0.25, and then decreased with further increasing C2H4 feed position 
from 0.25 to 0.5. After that, it increased again with increasing C2EI4 feed position 
from 0.5 to 1.

When comparing the mixed C2H4/O2 feed and the separate C2H4/O2 

feed, especially at two C2EI4 feed positions of 0.25 and 0.5, the separate feed could 
reduce ethylene cracking, dehydrogenation, and coupling reactions, as shown 
experimentally by an increase in the EO selectivity and decreases in the H2 and C2H2 

selectivities. For the two short C2H4 feed positions (0.25 and 0.5), the cylindrical 
DBD system provided comparatively high O2 conversion as compared with the other 
two long C2H4 feed positions (0.75 and 1). This is the result of more C2H4 molecules 
being activated by the generated electrons, which were further reacted with the 
oxygen active species in the system. The high EO yield and selectivity, as well as 
high selectivities for several other products, were obtained from the cylindrical DBD 
system with the two short C2H4 feed positions. In contrast, with two long C2H4 feed 
positions (0.75 and 1), the C2H4 molecules had less of a chance to be activated by the 
energetic electrons, which led to lower cracking and oxidation reaction rates, as well
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as the epoxidation reaction. As a consequence, all the product concentrations and the 
EO yield decreased. Hence, the system should be operated with a suitable C2H4 feed 
position, which can provide both high EO yield and selectivity with lower 
selectivities for other products. From all these results, the C2H4 feed position of 0.25 
was considered to be an optimum value for ethylene epoxidation in the cylindrical 
DBD system and used in further experiments because it provided comparatively high 
EO selectivity and EO yield, as well as reasonably low power consumption per EO 
molecule produced. It is worth whole mentioning that even though the separate 
C2H4/O2 feed did not show significant enhancement of ethylene epoxidation 
performance as compared to the mixed C2H4/O2 feed, we hypothesize that the DBD 
system with the separate C2H4/O2 feed was not yet operated under its own optimum 
conditions. Hence, next experiments were performed to obtain the optimum 
conditions of the separate C2H4/O2 feed system for the ethylene epoxidation reaction.

5.4.3 Effect of O9/C7H4 Feed Molar Ratio
The O2/C2H4 feed molar ratio was varied in the range of 1/5-1/0.67 to 

determine its effect on ethylene epoxidation in the cylindrical DBD system. As 
shown in Figure 5.3(a), the C2H4 conversion remains almost unchanged at around 
3% with the exception of the O2/C2FI4 feed molar ratio of 1/0.67, which provides a 
slightly higher C2H4 conversion of 9%; while the O2 conversion tends to decrease 
with increasing O2/C2H4 feed molar ratio. The results indicate that the increasing 
O2/C2H4 feed molar ratio has more negative influence on the O2 conversion than on 
the C2H4 conversion. As shown in Figure 5.3(a), the EO yield rapidly increases when 
the O2/C2H4 feed molar ratio increases from 1/5 to 1/4, and then adversely decreases 
with further increasing O2/C2H4 feed molar ratio beyond 1/4. Interestingly, the 
O2/C2H4 feed molar ratio of 1/4 provided the highest EO yield. Beyond the O2/C2H4 

feed molar ratio of 1/4, the EO yield greatly decreased with further increasing 
O2/C2H4 feed molar ratio.

The EO selectivity slightly decreased with increasing O2/C2H4 feed 
molar ratio while the CO selectivity increased (Figure 5.3(b)). The H2 selectivity also 
tended to slightly increase, whereas the C2H2 selectivity seemed to fluctuate with an 
increase in the O2/C2H4 feed molar ratio. The results can be explained by the fact that
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the quantity of oxygen free radicals increased when the O2/C2H4 feed molar ratio 
increased, leading to the promotion of hydrocarbon combustion rather than ethylene 
epoxidation, as experimentally evidenced by the increase in CO selectivity and 
concentration and the decrease in EO selectivity and concentration (Figure 5.3(b) and 
Figure 5.3(c)). The present results confirm that an 0 2 -lean condition is basically 
required to maximize ethylene epoxidation. However, there was a reduction of 
ethylene epoxidation activity when the system had insufficient available oxygen free 
radicals, especially at the lowest O2/C2H4 feed molar ratio of 1/5. This resulted in 
decreased EO yield, as well as lower H2, CO, and C2H2 selectivities, as compared to 
those at the O2/C2H4 feed molar ratio of 1/4 (Figure 5.3(a)).
(a) (b)

''Ç ๐x

(c) (d)

Figure 5.3 a) C2H4 and 0 2 conversions and EO yield, (b) product selectivities, (c) 
outlet gas concentrations, and (d) power consumption as a function of O2/C2H4 feed 
molar ratio (a C2H4 feed position of 0.25, an applied voltage of 15 kv, an input 
frequency of 500 Hz, and a total feed flow rate of 75 cm3/min).
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The C 2 H 4  concentration was nearly unchanged even though the 
O 2 / C 2 H 4  feed molar ratio increased from 1/5 to 1/0.67, while the O 2  concentration 
tended to increase with increasing O 2 / C 2 H 4  feed molar ratio, which agreed well with 
the decrease in the O 2  conversion (Figure 5.3(a) and Figure 5.3(c)). The EO and F I 2  

concentrations increased with increasing O 2 / C 2 F I 4  feed molar ratio from 1/5 to 
1/3.33, and then decreased when the O 2 / C 2 H 4  feed molar ratio further increased 
beyond 1/3.33. A maximum C 2 H 2  concentration was also found at the O 2 / C 2 H 4  feed 
molar ratio of 1/3.33, whereas the C O  concentration had the same trend as the C O  

selectivity, which tended to increase with increasing O 2 / C 2 H 4  feed molar ratio.
The power consumption per C2F14 molecule converted tended to 

decrease with increasing O 2 / C 2 H 4  feed molar ratios, whereas the power consumption 
per EO molecule produced gradually decreased when the O 2 / C 2 H 4  feed molar ratio 
increased from 1/5 to 1/3.33, and adversely increased with further increasing 
O 2 / C 2 I I 4  feed molar ratio beyond 1/3.33 (Figure 5.3(d)). Based on these results, the 
O 2 / C 2 H 4  feed molar ratio of 1/4 was found to be an optimum ratio because it 
provided better ethylene epoxidation performance, exhibiting the highest EO yield, a 
comparatively high EO selectivity, as well as almost lowest power consumption per 
EO molecule produced.

5.4.4 Effect of Applied Voltage
The electrical process parameters of applied voltage and input 

frequency influence the field strength, stability and uniformity of generated 
discharges. In this study, the input power was varied by adjusting either the applied 
voltage or input frequency independently. For the investigated cylindrical DBD 
system, the breakdown voltage, or the lowest voltage required to initiate plasma 
discharges, was about 12  kV, and uniform and stable plasma discharges could not 
exist at a voltage above 17 kV. Therefore, the applied voltage was investigated in the 
range of 12-17 kV. From the results, the C 2 H 4  conversion remained almost 
unchanged with increasing applied voltage, whereas the O2 conversion was constant, 
and then drastically decreased with a further increase in applied voltage beyond 14 
kV (Figure 5.4(a)). As shown in Figure 5.4(b), the input power slightly increases in 
the low applied voltage range of 12-14 kV, and then gradually increases with further
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increasing applied voltage over 14 kv. Consequently, the generated current increases 
with increasing applied voltage. However, the results in Figure 5.4(a) did not agree

(a) (b)
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Figure 5.4 (a) C2FI4 and O2 conversions, and EO yield, (b) input power and current, 
(c) product selectivities, (d) outlet gas concentrations, and (e) power consumption as 
a function of applied voltage (a C2H4 feed position of 0.25, an O2/C2H4 feed molar 
ratio of 1/4, an input frequency of 500 Hz, and a total feed flow rate of 75 cm3/min).
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with previous work [37,38] which showed an increase in O2 conversion with 
increasing applied voltage and generated current. This can be due to the fact that in 
the applied voltage range of 12-14 kv, the input power and generated current were 
sufficient to generate oxygen active species for the subsequent reactions including 
ethylene epoxidation, leading to a very high O2 conversion (~ 100%). However, the 
O 2  conversion significantly decreased when the system was operated at an applied 
voltage above 14 kV. The explanation is that an increase in excessive oxygen active 
species with increasing applied voltage results in increasing the recombination rate to 
form more oxygen molecules, leading to lowering O 2  conversion with higher applied 
voltage under the separate C 2 H 4 / O 2  feed condition.

As shown in Figure 5.4(c), the EO and C2H2 selectivities increases 
when the applied voltage increases from 12  to 13 kv, and then decreases with further 
increasing applied voltage from 13 to 17 kv. In contrast to the EO selectivity, the CO 
selectivity remained almost constant at low applied voltages in the range of 12-14 
kV, then sharply increased with increasing applied voltage in the range of 14-15 kv, 
and finally decreased slightly with further increasing applied voltage above 15 kv. 
Additionally, the H2 selectivity tended to decrease with increasing applied voltage 
and dropped to a minimum at the applied voltage of 13 kv. These results can be 
explained by the fact that with increasing applied voltage, the cylindrical DBD 
system produced more available electrons (Figure 5.4(b)); leading to increasing 
collision opportunities between the highly energetic electrons and both the C2H4 and 
O2 reactants. Therefore, the EO selectivity increased with increasing applied voltage 
up to 13 kv. However, a larger amount of active species with an increase in applied 
voltage above 13 kv is more likely to promote combustion reactions instead, 
resulting in an enhancement of the CO selectivity and a reduction of the EO 
selectivity (Figure 5.4(c)).

Figure 4d illustrates the effect of applied voltage on the concentrations 
of C2H4 and O2 remaining reactants, EO, and other main products, such as H2, CO, 
and C2FI2. With increasing applied voltage, the O2 concentration slightly increased 
while the C2H4 concentration tended to remain almost unchanged in the range of 17- 
23%. Interestingly, the EO concentration had the same trend as the EO selectivity 
(Figure 5.4(c)) and EO yield (Figure 5.4(a)) in the way that they initially increased to
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reach maximum values at an applied voltage of 13 kv, and then decreased with 
further increasing applied voltage beyond 13 kV. The CO concentration was found to 
be very low (less than 1%) and only slightly increased with increasing applied 
voltage over the entire studied range. These results indicate that an appropriate 
applied voltage is needed to maximize the ethylene epoxidation reaction rather than 
dehydrogenation and hydrocarbon combustion (partial oxidation).

Figure 5.4(e) shows the power consumption per C 2 H 4  molecule 
converted or per EO molecule produced as a function of applied voltage. The power 
consumption per C 2 H 4  molecule converted tended to significantly increase with 
increasing applied voltage from 12 to 15 kv. However, the power consumption per 
EO molecule produced slightly decreased with increasing applied voltage from 12 to 
13 kv. Beyond the applied voltage of 13 kv, it slightly increased with increasing 
applied voltage in the range of 13 to 15 kv. The power consumption per C 2 H 4  

molecule converted or per EO molecule produced decreased significantly with 
increasing applied voltage from 15 to 17 kv. From the above mentioned results, the 
applied voltage of 13 kv was considered to be an optimum value because it could 
provide maximum ethylene epoxidation performance in terms of the highest EO 
selectivity and yield with the lowest CO selectivity and the lowest power 
consumption per EO molecule produced. Hence, the applied voltage of 13 kv was 
selected for further investigation.

5.4.5 Effect of Input Frequency
The input frequency, which also directly affects the field strength in 

the plasma zone, was subsequently investigated in the cylindrical DBD system under 
the following conditions: a C2H4 feed position of 0.25, an O2/C2H4 feed molar ratio 
of 1/4, an applied voltage of 13 kv, and a total feed flow rate of 75 cm3/min. The 
generated plasma discharges were found to be not uniform and not steady at an input 
frequency below 450 Hz, while they became extinct when the input frequency was 
higher than 600 Hz. Therefore, the input frequency was studied in the range of 450- 
600 Hz. Figure 5.5(a) illustrates the C2H4 and O2 conversions and EO yield as a 
function of input frequency. It can be observed that the O2 conversion initially 
increased with increasing input frequency up to 500 Hz, and then significantly
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decreased with further increasing input frequency from 500 to 600 Hz, whereas the 
C2H4 conversion remained nearly unchanged over the entire input frequency range.

(a) (b)

(c) (d)

Input frequency (Hz) Input frequency (Hz)
(e)

Figure 5.5 (a) C2H4 and O2 conversions, and EO yield, (b) product selectivities, (c) 
Input power and current, (d) outlet gas concentrations, and (e) power consumption as 
a function of input frequency (a C2H4 feed position of 0.25, an O2/C2H4 feed molar 
ratio of 1/4, a, an applied voltage of 13 kv, and total feed flow rate of 75 cm3/min).
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The EO yield rapidly increases with increasing input frequency from 450 to 500 Hz, 
then remains almost unchanged in the input frequency range of 500-550 Hz, and 
finally decreases with further increasing input frequency from 550 to 600 Hz.

As shown in Figure 5.5(b), the EO and C2H2 selectivities significantly 
increase with an increase in the input frequency from 450 to 550 Hz, and adversely 
decrease with further increasing input frequency over 550 Hz. In contrast to the EO 
selectivity results, an increase in the input frequency from 450 to 550 Hz resulted in 
decreases in the H2 and CO selectivities, while they increased with further increasing 
input frequency beyond 550 Hz. The EO and C2H2 selectivities significantly 
decreased, but the CO selectivity increased with increasing input frequency from 550 
to 600 Hz. A possible explanation is that increasing input frequency causes a 
decrease in the generated current and input power (Figure 5.5(c)), corresponding to 
the reduction of the number of electrons generated (weaker field strength). Therefore, 
it causes a decrease in the amount of active species for subsequential chemical 
reactions including the epoxidation reaction, resulting in decreasing EO selectivity, 
concentration, and yield as well as C2H2 selectivity. However, the generated current 
seemed to be too energetic at the input frequency below 500 Hz, and it 
predominantly caused hydrocarbon combustion and dehydrogenation to favorably 
occur instead of ethylene epoxidation at a very high plasma discharge current, which 
could be observed from the dramatically increased CO and แ 2 selectivities with 
decreasing input frequency from 500 to 450 Hz. The drastic decrease in O2 

conversion with decreasing input frequency from 500 to 450 Hz resulted from 
excessive coke formation on the electrode surface at the input frequency of 450 Hz 
as compared to 500 Hz.

In Figure 5.5(d). both the C2H4 and O2 concentrations had the same 
trend; they initially decreased with increasing input frequency from 450 to 500 Hz, 
and then gradually increased when the input frequency further increased from 500 to 
600 Hz. The EO and C2H2 concentrations corresponded well to their selectivities 
(Figure 5.5(b)), of which they increased to reach maximum values at 550 Hz. In 
contrast, the CO concentration gradually decreased with increasing input frequency 
from 450 to 550 Hz, and then adversely increased with further increasing input
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frequency over 550 Hz. In contrast, the H2 concentration initially increased with an 
increase in input frequency from 450 to 500 Hz, and then decreased beyond 500 Hz.

Figure 5.5(e) shows the power consumption per C2H4 molecule 
converted or per EO molecule produced as a function of input frequency. The power 
consumption per C2H4 molecule converted or per EO molecule produced markedly 
decreased with increasing input frequency from 450 to 500 Hz, and then remained 
nearly unchanged. However, the power consumption per EO molecule produced 
finally increased rapidly with further increasing input frequency from 550 to 600 Hz, 
but the power consumption per C2H4 molecule converted decreased. From the 
results, the highest ethylene epoxidation performance in terms of the maximum EO 
selectivity and comparatively high EO yield, with the minimum selectivities for other 
main products (H2 and CO) and the minimum power consumption per EO molecule 
produced, was obtained at an input frequency of 550 Hz.

As mentioned before, both the applied voltage and input frequency 
affect the input power. The input frequency had a higher influence on the input 
power (Figure 5.6) and current (Figure 5.5(c)) than the applied voltage (Figure 
5.4(b)). The increasing applied voltage increased the input power and current while 
the increasing input frequency decreased the input power and current. Therefore, 
both applied voltage and input frequency had to be optimized in order to minimize 
the power consumption per EO molecule produced or per C2H4 molecule converted.

Input frequency (Hz) 
450 500 550 600

Figure 5.6 Effect of input frequency and applied voltage on input power.
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5.4.6 Effect of Total Feed Flow Rate (or Residence Time)
To study the effect of total feed flow rate or residence time (total 

reactor working volume/total feed flow rate), the cylindrical DBD system was 
operated at different total feed flow rates of 60, 75, 100, and 125 cm3/min (Table 
5.1), corresponding to residence times of 0.37, 0.29, 0.22, and 0.18 min, respectively. 
The total feed flow rate of 60 cm3/min was a minimum operationable flow rate due to 
the limitation of the electronic mass flow controllers. From the results shown in 
Figure 5.7(a), the C2H4 conversion remains almost invariant over the entire total feed 
flow rate range while the O2 conversion significantly increases with increasing total 
feed flow rate from 60 to 75 cm3/min, and then decreases drastically when the total 
feed flow rate further increases from 75 to 125 cm3/min. This is most likely due to 
the fact that an increase in the total feed flow rate, corresponding to a decrease in the 
residence time in the plasma zone, results in a shorter contact time for both the C2H4 

and O2 molecules to collide with the generated electrons, leading to a decreasing O2 

conversion in the total feed flow rate range of 75 to 125 cm3/min. However, it is 
believed that the highly energetic oxygen active species easily recombine to the O2 

molecules rather than reacting with C2H4 species to produce EO at the lowest total 
feed flow rate of 60 cm3/min (0.37 min); therefore, the O2 conversion adversely 
decreased with decreasing total feed flow rate from 75 to 60 cm3/min. As shown in 
Figure 5.7(a), the EO yield increases rapidly to reach a maximum at a total feed flow 
rate of 75 cm3/min, and then decreases adversely with further increasing total feed 
flow rate over 75 cm3/min.

Figure 5.7(b) illustrates the effect of the total feed flow rate on the 
selectivities for EO (desired product), and other main products, such as H2, CO, and 
C2H2. The selectivities for CO2, CH4, and C3H8 are not shown in this figure because 
they were extremely low (less than 3%). It can be seen that the EO selectivity 
mirrored the O2 conversion in the way that the EO selectivity initially increased to 
reach a maximum at the total feed flow rate of 75 cm3/min, and then gradually 
decreased with further increasing total feed flow rate beyond 75 cm3/min. As a 
matter of fact, the oxygen active species react directly with the inactivated C2H4
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molecules for EO formation. The CO selectivity was found to fluctuate over the 
entire total feed flow rate range, where its minimum was observed at a total feed 
flow rate of 75 cm3/min, corresponding to the maximum EO selectivity. The แ 2 

selectivity sharply decreased with increasing total feed flow rate from 60 to 1 0 0  

cm3/min and there was no I-E production at the total feed flow rate range from 1 0 0  to
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Figure 5.7 (a) C2H4 and O2 conversions, and EO yield, (b) product selectivities, (c) 
outlet gas concentrations, and (d) power consumption as a function of total feed flow 
rate (a C2H4 feed position of 0.25, an O2/C2H4 feed molar ratio of 1/4, an applied 
voltage of 13 kv, and an input frequency of 550 Hz).

150 cm3/min. The C2H2 selectivity tended to increase with increasing total feed flow 
rate. All the above mentioned results can be explained by the fact that an increase in
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the total feed flow rate in the range of 75-125 cm3/min reduced the opportunity of 
collisions between electrons/oxygen molecules and oxygen active species/ethylene 
molecules, leading to a decrease in the ethylene epoxidation performance in terms of 
lower EO selectivity and yield. However, the results clearly reveal that hydrocarbon 
combustion, cracking, and further secondary reactions occurred instead of ethylene 
epoxidation when the collision opportunity was extremely high at the lowest total 
feed flow rate of 60 cm3/min (the longest residence time of 0.37 min), resulting in 
high CO and H2 selectivities but low EO and C2H2 selectivities.

From the results shown in Figure 5.7(c), the C2H4 concentration, 
representing the remaining C2H4 in the outlet gas, decreased slightly with increasing 
total feed flow rate up to 75 cmVmin, and then remained almost unchanged with 
further increasing feed flow rate in the range of 75-125 cm3/min, while the O2 

concentration increased slightly over the entire total feed flow rate range. The EO 
and C2H2 concentrations greatly increased with increasing total feed flow rate until 
reaching maximum values at a total feed flow rate of 75 cm3/min, and then decreased 
adversely with further increasing total feed flow rate from 75 to 125 cm3/min. In 
contrast, the H2 concentration remained almost invariant in the low total feed flow 
rate range of 60-75 cm3/min, and then decreased to zero level at high total feed flow 
rates in the range of 100-125 cm3/min. Even though the CO selectivity fluctuated 
slightly over the entire total feed flow rate range, it reached a minimum at a total feed 
flow rate of 75 cm3/min. As shown in Figure 5.7(d), the EO yield has the same trend 
as the EO selectivity and concentration; it increases rapidly to reach a maximum at a 
total feed flow rate of 75 cm3/min, and then decreases adversely with further 
increasing total feed flow rate over 75 cm3/min.

The power consumption per C2H4 molecule converted or per EO 
molecule produced as a function of total feed flow rate is shown in Figure 5.7(e). An 
increase in the total feed flow rate did not significantly affect the power consumption 
per C2H4 molecule converted, while the power consumption per EO molecule 
produced decreased moderately with increasing total feed flow rate from 60 to 75 
cm3/min, and then increased adversely with further increasing total feed flow rate 
over 75 cm3/min. It can be clearly observed that the cylindrical DBD system
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operated with the total feed flow rate o f 75 cm3/min provided the lowest power 
consumption per EO molecule produced.

From the overall results shown above, the highest ethylene 
epoxidation performance for the separate C2H4/O2 feed system was achieved under 
the following optimum operational conditions: a C2H4 feed position o f 0.25, an 
O2/C2H4 feed molar ratio of 1/4, an applied voltage o f 13 k v , an input frequency of 
550 Hz, and a total feed flow rate o f 75 cm3/min, exhibiting maximum EO selectivity 
and yield, as well as with the minimum power consumption per EO molecule 
produced, with the lowest CO selectivity and concentration.

5.4.7 Performance Comparisons between Separate and Mixed Feeds of 
C7H4 and O2

Figure 5.8 compares ethylene epoxidation performance o f the 
cylindrical DBD system operated between the separate feed and the mixed feed of 
C2H4 and O2 under their own optimum conditions. The optimum conditions for the 
mixed feed were obtained in our previous work [37], The separate C2H4/O2 feed 
provided lower C2H4 conversion but higher O2 conversion than the mixed feed 
system (Figure 5.8(a)). However, the C2H4 and O2 conversions are not appropriate 
indicators in determining which system provided better ethylene epoxidation 
performance. The EO selectivity and yield, as well as the power consumption per 
C2H4 molecule converted and per EO molecule produced are considered to be much 
more important parameters to evaluate the system performance. The separate feed 
system required lower power consumption per EO molecule produced as compared 
to the mixed feed system, but the results o f the power consumption per C2H4 

molecule converted exhibited the opposite trend. Interestingly, the separate feed 
system significantly enhanced the ethylene epoxidation performance in terms o f EO 
selectivity (33.9%) and yield (7.5%) while the mixed feed system provided EO 
selectivity o f 8.9% and EO yield o f 2.6% (Figure 5.8(b)). This is because the 
separate feed system can reduce not only the opportunity o f cracking o f both C2H4 

and produced hydrocarbons, including EO product to form lighter molecules but also 
reduce the opportunity o f combustion and dehydrogenation reactions, resulting in
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Figure 5.8 Comparisons of the cylindrical DBD system performance using the 
separate C2H4/O2 feed and the mixed C2H4/O2 feed in terms of: (a) C2H4 and O2 

conversions and power consumption and (b) main product selectivities and EO yield 
under their own optimum conditions [a C2H4 feed position of 0.25 (for the separate 
feed), an O2/C2H4 feed molar ratio of 1/4 (for both feed systems), an applied voltage 
of 13 kv (for the separate feed) and 15 kv (for the mixed feed), an input frequency 
of 550 Hz (for the separate feed) and 500 Hz (for the mixed feed), and a total feed 
flow rate of 75 cm3/min (for both feed systems)].
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higher EO selectivity and yield with lower CO and แ 2 selectivities as compared to 
the mixed feed system (even though the C2H2 selectivity of the separate feed system 
was slightly higher).

For long-term stability testing, the studied DBD system was operated 
under optimum conditions for up to 36 h. Ethylene epoxidation activity was found to 
decrease gradually after 9 h. It is hypothesized that the thin layer of liquid product on 
the surfaces of the electrodes might be responsible for the drop in the process 
activity. Our future study will try to improve the EO selectivity and yield as well as 
long-term stability by applying a suitable catalyst with a stabilizer.

5.5 Conclusions

The separate C 2 H 4 / O 2  feed was, for the first time, applied for ethylene 
epoxidation in a cylindrical DBD system. The separate C 2 H 4 / O 2  feed and C 2 F I 4  feed 
position were found to greatly influence the ethylene epoxidation performance. This 
is because the separate C 2 H 4  feed can reduce both of the reaction time between C 2 H 4  

and activated O 2  and between C 2 H 4  and generated electrons. In addition, the separate 
C 2 H 4 / O 2  feed can reduce the residence time of C 2 F I 4  molecules in the plasma region, 
depending on the C 2 H 4  feed position above the feed point of O 2 ,  leading to a 
reduction of all undesirable reactions of dehydrogenation, cracking, and coupling of 
C 2 H 4 ,  whereas the 0 2 molecules are still mostly activated by the collision with the 
generated electrons. As a result, most of the inactivated C 2 H 4  molecules directly 
react with the oxygen active species to produce EO. However, if the C 2 H 4  feed 
position is too far away from the O 2  feed point, the reaction time between C 2 H 4  

molecules (both activated and inactivated) and activated O 2  molecules is decreased, 
causing a negative effect to the ethylene epoxidation activity. Hence, the C 2 H 4  feed 
position of 0.25 is an optimum value for the maximum activity toward the ethylene 
epoxidation reaction.
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