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Abstract:

The objective of this work was to investigate ethylene oxide (EO) performance in
a low-temperature parallel plate dielectric barrier discharge (DBD) system with two
frosted glass plates as the dielectric barrier material under ambient temperature and
atmospheric pressure. A separate feed technique was used to reduce all undesirable
reactions in order to maximize ethylene oxide production. The effects of applied voltage,
input frequency, and O,/C,H, feed molar ratio, as well as ethylene feed position, on
ethylene epoxidation activity were examined. The DBD system with two frosted glass
plates was found to provide the highest EO selectivity of 68.15% and the highest EO
yield of 10.88% at 23 kV, 500 Hz, an O,/C,H, feed molar ratio of 1:5, and an ethylene
feed position fraction of 0.5, which gave double the EO yield of both DBD systems with

single or two smooth dielectric glass plates.

Keywords : Epoxidation, Ethylene oxide, Dielectric barrier discharge, C,H, feed

position



Executive summary

Introduction to the research problem and its significance

Since global economic and population growth lead to the expansion of many industries, the
specific demand of petrochemical products is currently increasing. Ethylene oxide, epoxyethane,
dimethylene oxide, oxacyclopropane, or oxirane (C,H,O, EO) is the one of important industrial
chemicals that is used as a substrate to produce several useful chemicals.

For EO applications, it can easily be formed polyethylene glycol or polyethylene oxide,
which is very useful in surfactant and cosmetic industries. In addition, ethylene glycol generated from
EO is commonly used as an automotive coolant and antifreeze. The main advantage of ethylene
glycol is the production of polyester polymers. Moreover, EO is used in many industries such as for
foodstuffs and medical supplies, pharmaceuticals, textiles, and adhesives (Mendes et al., and
Watkinson, 2007).

The important method to synthesize effectively commercial EO from ethylene is the gas-
phase partial oxidation of ethylene or ethylene epoxidation with using Ag/(LSA)QL-Al,O; catalysts.
Promoters such as Re, Cl, Au, Pd, Cu, and Cs were proved to enhance the EO selectivity (Campbell
et al., 1986; Epling et al., 1997; Geenen et al., 1982; Goncharova et al., 1995; Jankowiak et al.,
2005). Nonetheless, this commercial process can give higher EO selectivity; a high temperature
operation is required to efficiently motivate the conventional catalytic processes. Therefore, finding a
new method with using lower energy consumption and fewer problems from catalyst deactivation is
of great interest.

Plasma techniques is a promising technique and it can be employed for various
applications. Plasma can be divided into thermal and non-thermal plasma. Non-thermal plasma is
one kind of electric gas discharges. The advantage of this non-thermal plasma over thermal plasma
is the generated high energy electrons have an extremely high temperature (approximately 104-105
K), while the bulk gas has a relatively low temperature (close to ambient temperature) (Rosacha et
al.,, 1993; Suhr et al., 1984). Therefore, it can be operated at ambient temperature and atmospheric
pressure, leading to low energy consumption. Dielectric Barrier Discharge (DBD) is one type of non-
thermal plasma and it was used in various applications because of its fairly uniform plasma
distribution. For discharge generation, electrons receive sufficient energy from applied voltage to
overwhelm the potential barrier of metallic electrode surface and then the generated electrons can
directly collide with the gaseous substances that present in plasma zone to create new ions and
neutral species. Moreover, the dissociated species or generated excited species are typically higher
reactivity than neutral species at the ground state. The examples of chemical synthesis using the
non-thermal plasma are oxidations of olefins and aromatics (Suhr et al., 1988; Patifio et al., 1996;
Sreethawong et al., 2007). In addition, the using non-thermal plasma technique can provides several
advantages over than the conventional catalytic process. One of them is operation at low

temperature close to room temperatures and near or insignificantly higher than atmospheric



pressure. However, this method provides less EO selectivity than the catalysis technique (Pietruszka
et al., 2004).

The DBD reactor generally consists of one or more dielectric layers between two electrodes.
The configuration was reported to influence the efficiency of EO production and the cylindrical DBD
provided superior ethylene epoxidation performance as compared to the parallel plate DBD
(Sreethawong et al., 2010). The input power and reactor thickness significantly affected the
performance of methane reforming (Rueangjitt et al., 2011), as corresponding to the study that the
dielectric material and thickness remarkably changed the plasma behavior (Thomas et al., 2009).

For these reasons, ethylene epoxidation will be investigated in a low-temperature parallel
dielectric barrier discharge (DBD) reactor by focusing on the effects of dielectric barrier surface of
two types of smooth and rough surfaced glass plates. The effects of various operating parameters,
including O,/C,H, feed molar ratio, applied voltage, input frequency, and ethylene feed position on
the ethylene epoxidation activity in the parallel DBD systems with two rough-surfaced glasses will be
examined for maximum EO production performance. In comparison, the DBD system with using a
smooth-surfaced glass, a rough-surfaced glass, and two rough-surfaced glasses will be investigated
under their optimum conditions in order to determine improvement of ethylene epoxidation activity.
The effect of oxygen source will next be studied in the DBD system. Pure oxygen will be replaced
with nitrous oxide (N,O) or air for this reaction in order to comparatively study the effect of oxygen

source.

Objectives

The overall objective of this study is to investigate the ethylene epoxidation in a low-
temperature parallel plate DBD system in order to improve ethylene oxide production. The specific
objectives of this study are:

1) to investigate the ethylene epoxidation performance in a low-temperature parallel plate
DBD system with two rough glass plates as a dielectric barrier

2) to comparatively investigate the effects of operational parameters, including ethylene
feed position, O,/C,H, molar ratio, applied voltage, input frequency, and calcination
temperatures on the activity of ethylene epoxidation.

3) to comparatively study the effects of dielectric surface roughness, by using smooth-
surface and rough-surfaced glass plates, and number of dielectric barriers to investigate
the effects of oxygen source on the epoxidation activity

4) to investigate oxidizing agents such as nitrous oxide (N,O) and air compared to the

pure oxygen (O,), on the ethylene epoxidation performance

Methodology
1) Materials
Both smooth-surfaced and rough-surfaced glass plates will be cleaned with distilled

water and acetone before being used as the dielectric barrier. The 99.995% helium (high purity



grade), 40% ethylene in helium (x 1% uncertainty), and 97% oxygen in helium (£ 1% uncertainty)
will be specially blended by Thai Industrial Gas Co., Ltd and used as a balancing gas and reactant
gases, respectively. Whereas, the 30% ethylene oxide in helium (+ 1% uncertainty) will be used as a
standard gas to obtain the calibration curve of gas chromatography (GC) for EO analysis.

2) Dielectric Barrier Characterization

The X-ray fluorescence (XRF) will be widely used to measure the elemental
composition of materials. The XRF patterns of both smooth-surfaced and rough-surfaced glass
plates will be obtained by using a using PANalytical analysis instruments with AXIOS & SUPERQ
version 4.0 systems. |Q+ program will be used to measure and to analyze the samples. A filed
emission scanning electron microscope (FE-SEM, JEOL 5200-2AE) operated at 1 to 20 kV will be
used to observe the surface morphology of all glass plates. The sample placed on the stub will be
coated by platinum (Pt) prior to being loaded into the microscope. The atomic force microscope
(AFM) will be employed to observe surface roughness of all glass plates. The AFM (XE-100 Series
Park Systems SPM Controller) will be operated with non-contact mode, scan of 20 ym, and a scan
rate of 0.1 Hz.

3) Experimental Setup and Reaction Activity Experiments

The experimental study of ethylene epoxidation will be investigated in a parallel
dielectric barrier discharge (DBD) reactor at ambient temperature and atmospheric pressure. The
schematic of experimental setup of using the DBD system is shown in Figure 1. The reactor
configuration is shown in Figure 2. The reactor sizes are 1.5 cm height x 5.5 cm width x 17.5 cm
length for inner dimension and 3.9 cm height x 9.5 cm width x 21.5 cm length for outer dimension,
and distance between ethylene feed positions is 3.5 cm. Between the two electrodes, there is a
dielectric glass plate. The gap distance between the two electrodes is fixed at 7 mm (Suttikul et al.,
2011).

E— Flow Meter

Mass Flow Controllers -
C-lno

He

B -
MlxlnE Cham- ’ Dielectric Barriar
er Discharge Reactor ¥ 1

| ' s

Flow Meter GC

Figure 1 Schematics of experimental setup for ethylene epoxidation reaction using parallel DBD.
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Figure 2 Parallel DBD reactor configurations.

The reactant gases (ethylene and oxygen, balanced with helium) flowing through the

reactor will be controlled by a set of electronic mass flow controllers. All reactant lines have 7 lm
in-line filters before passing through the mass flow controllers in order to trap any foreign particles.
The reactor pressure will be controlled via a needle valve. The outlet of reactor will either be vented
to the atmosphere via rubber tube exhaust or enter an on-line gas chromatograph (GC) to analyze
the product gases. The moisture in the effluent gas will be removed by a water trap before entering
to the on-line GC. The GC is equipped with both a thermal conductivity detector (TCD) and a flame
ionization detector (FID). For the TCD channel, a packed column (Carboxen 1000) will be used for
separating the product gases, which are hydrogen (H,), oxygen (O,), carbon monoxide (CO), carbon
dioxide (CO,), and ethylene (C,H,). For FID channel, a capillary column (OV-Plot U) will be used for
the analysis of ethylene oxide (EO) and other by-product gases, i.e. CH,, C,H,, C,H;, and C;Hs.
The composition of the product gas stream will be determined by the GC every 20 min. When the
system reaches steady state, an analysis of the outlet gas compositions will be performed at least
three times. The experimental data under steady state conditions will be averaged and then used to

evaluate the performance of the plasma system.

To evaluate the system performance, the C,H, and O, conversions and the selectivity for
products, including EO, CO, CO, H,, CH,, C,H,, C,Hg, and traces of C;, will be considered. The

conversion of both C,H, and O, will be calculated from the following equation:

) (moles of reactant in — moles of reactant out) x 100
%HReactant conversion = - (D
moles of reactant in

[(number of carbon or hydrogen atom in product )(moles of product produced )]x100

oProduct selectivity =
0 ty [(number of carbon or hydrogen atom in C2H4)(moles of C2H4 converted )]

(% C2H4 conversion) x (% EO selectivity)
100

%EOQ yield = 3)

In addition, power consumption was calculated in a unit of Ws per C,H, molecule converted or per

EO molecule produced using the following equation:



60

P tion = 4
ower consumption = ——— 4)

where P = Power (W)
N = Avogadro’s number = 6.02 x 1023 molecules/mol
M

= Rate of converted C,H, molecules in feed or rate of produced EO molecules
(mol/min).

Results and discussion
1) Surface Characterization Results

The chemical compositions of the clear and frosted glass plates are shown in Table 1. The
compositions of both glass plates were almost the same with a major content of silica oxide (SiO,)
of more than 70%. As shown in Fig. 3, the roughness of the frosted glass plate used in this study is
in the range of 0.18-1.22 ym, as measured by AFM. In addition, the AFM and SEM results indicate

that the surface morphology of the frosted glass plate were heterogeneous (see Fig. 3 and 4).

Table 1 Chemical compositions of clear and frosted glass plates analyzed by XPF

Chemical compositions | Clear glass plate (wt.%) | Frosted glass plate (wt.%)
Sio, 71.1 743
Na,O 13.5 9.5
Ca0 10.9 11.9
MgO 29 2.7
AlL,O, 1.0 1.1
Other 0.6 0.5

(a) (b)

P

Figure 3 Surface images of the frosted glass plate by AFM (a) left-edge side, (b) middle-edge side,

and (c) right-edge side



Figure 4 SEM images of the frosted glass plate (a) left-edge side, (b) middle-edge side, and (c)

right-edge side (Accelerating voltage of 5kV, emission current of 9000 nA and Magnification of 4k)
2) Possible Chemical Reactions
The most likely chemical pathways that may appear in the DBD system used in this study

are proposed as in the following equations (Suttikul et al., 2012-2014).

Active oxygen formation:

0,+2 —> 20 + 2e (5)

Ethylene epoxidation:

C,H, +O - C,H,0 (6)

C,H, + 120, —> C,H,O (7)
Partial and complete oxidations:

C,H, + 20 —> 2H, + 2CO (8)

C,H, + 40 —> 2H, + 2CO, (9)

C,H, + 60 —> 2H,0 + 2CO, (10)

C,H, + 20, —> 2H,0 + 2CO (11)

C,H, + 20, —> 2H, + 2CO, (12)

C,H, + 30, —> 2H,0 + 2CO, (13)



Dehydrogenation

Cracking:

Coupling:

3) Reaction Activity Performance

(22)

C,H,0+0
C,H,O0 + 30
C,H,O + 50
C,H,O0 + O,

H,O + 2e
H,O + 2e
H,O + 2e
H, + 2e

C,H, +0O

C,H, + 20

C,H, + 4e
C,H, +e
CH, +e

CH+e

CH, + 2H
3CH, + 2H

C,H, + CH, + 2H

CH + CH, + 3H

3.1 Effect of Applied Voltage

Figure 5 shows the effects

A

Vol Ll

R NN

Vil

2H, + 2CO
2H,0 + 2CO
2H,0 + 2CO,
2H,0 + CO

H+ OH + 2e
2H+ O + 2e
H, + O + 2e
2H + 2e

OH + C,H,

CO + 3H

2C + 4H + 4e
2CH, + e
CH+H+e

C+H+e

CH,
CSH8
CiH,
C,He

(14)
(15)
(16)
(17)

(18)
(19)
(20)
(21)

(23)

(24)
(25)
(26)
(27)

(28)
(29)
(30)
31)

of applied voltage on the ethylene epoxidation

performance, other product selectivities, and power consumption of the studied DBD system with

double frosted glass plates operated at an input frequency of 500 Hz, a feed molar ratio of O,/C,H,

of 0.2:1, an ethylene feed position fraction of 0.5, and a total feed flow rate of 50 cm3/min, according

to our previous study (Suttikul et al., 2014). The studied DBD system was only operated in the

voltage range of 13-25 kV because an applied voltage below 13 kV could not generate plasma and

the O, conversion approached 100% at an applied voltage of 25 kV. As shown in Fig. 5a, the C,H,

conversion rises with increasing applied voltage, whereas the O, conversion increases and reaches

100% at an applied voltage of 25 kV. The C,H, conversion was much lower than the O, conversion

since the feed molar ratio of O,/C,H, of 0.2:1 was under an oxygen lean condition (a theoretical

malar ratio of O,/C,H, = 3:1 for complete oxidation).



As shown in Fig. 5b, the EO yield increases remarkably from 0.8 to 10.9% with
increasing applied voltage from 13 to 23 kV, and then it adversely decreases to 9.3% with further
increasing applied voltage from 23 to 25 kV. The EO selectivity exhibited the same trend as the EO
yield. The maximum EO selectivity of 68.2% was found at the same applied voltage of 23 kV which
also provided the maximum EO yield of 10.9%. Interestingly, the maximum EO selectivity of 68.2%
of the present work was almost the same as compared to that of our previous work (Suttikul et al.,
2014), in which an Ag catalyst was loaded on a single glass plate of a DBD system.

Figure 5c shows all other product selectivities as a function of applied voltage. Both
CO and CO, selectivities varied sinuously with applied voltage. The maximums of both selectivities
of 0.61 and 0.54 for CO and CO,, respectively, were found at an applied voltage of 21 kV. The
maximums of H, and C,Hg selectivities were 29.0% and 15.1%, respectively, at the lowest applied
voltage of 13 kV and then they tended to decrease with a further increase in the applied voltage
over 13 kV. In contrast, the C;Hg selectivity steadily increased to reach the highest value of 19.3%
at 23 kV. However, the C;H; selectivity decreased when the applied voltage further increased to 25
kV, whereas the CH, selectivity was constant in the entire applied voltage range of 13-25 kV. The
results can be explained by the fact that the DBD system provided a higher amount of generated
energetic electrons with increasing applied voltage from 13 to 25 kV, leading to more opportunities of
collisions between C,H, and dissociated O, molecules to form EO (eq. 6-7). All other reactions of
oxidations, (eq. 8-17), the dehydrogenation (eq. 18-23), cracking reactions (eq. 24-27), and coupling
reactions (eq. 29-30) varied insignificantly with applied voltage because the separate feed of C,H,
could lower the opportunity of C,H, to be collided by generated electrons. Both EO selectivity and
yield as well as all other product selectivities decreased when the applied voltage was increased
from 23 to 25 kV. This was a result of coke deposition on the glass surface, leading to the reduction
of all chemical reaction activities as well as ethylene epoxidation. By performing the carbon balance,
the carbon deposit increased from 2-3% in the applied voltage range of 13-23 kV to 6% at the
applied voltage of 25 kV. The selectivities for C,H,O, CH, and other products including C,Hg, C5Hg,
H,, CO, and CO, decreased at the highest applied voltage of 25 kV, suggesting that a very high
applied voltage simply promoted the cracking reactions (eq. 24-27).

The power consumptions per C,H, molecule converted and per EO molecule
produced as a function of applied voltage are shown in Fig. 5d. Both power consumptions had an
opposite trend with C,H, conversion and EO selectivity (Fig. 5a and Fig. 5b) that increased with
increasing applied voltage in the entire range of 13-25 kV. The minimum of the power consumption
per EO molecule produced was found at an applied voltage of 23 kV. Therefore, the applied voltage
of 23 kV was considered to be an optimum and was selected for the following experiments because
it provided the highest ethylene oxide selectivity and yield with the lowest power consumption per

EO molecule produced.
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Figure 5 Effect of applied voltage on, (a) C,H, and O, conversions, (b) EO selectivity and yield, (c)
other product selectivities, and (d) power consumption of the studied DBD system operated at an
0,/C,H, feed molar ratio of 0.2, an input frequency of 500 Hz, C,H, feed position fraction of 0.5,

and a total feed flow rate of 50 cm3/min

3.2 Effect of Input Frequency

The effect of input frequency on the ethylene epoxidation performance was
investigated by varying input frequency from 300 to 600 Hz in which the other operational
parameters were fixed at an applied voltage of 23 kV, an O,/C,H, feed molar ratio of 0.2:1, an
C,H, feed position fraction of 0.5, and a total feed flow rate of 50 cm’/min. At an input frequency
lower than 300 Hz, the generated current was very high, causing a very high temperature to damage
the plasma reactor while an input frequency higher than 600 Hz gave unstable plasma. As shown in
Fig. 6a, the O, conversion increased to 99.5% with increasing input frequency to 400 Hz. The O,
conversion was nearly unchanged with further increasing of the input frequency from 400 to 500 Hz.
Afterwards, it rapidly decreased when input frequency increased over 500 Hz. The effect of input
frequency on the C,H, conversion was almost the same as on the O, conversion, which increased
to reach a maximum at an input frequency of 400 Hz, and then decreased markedly with further

increasing input frequency over 400 Hz.
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Both EO selectivity and yield rose with increasing input frequency and reached
maximum levels at the same input frequency of 500 Hz, as shown in Fig. 6b. Beyond the input
frequency of 500 Hz, they sharply dropped with further increasing input frequency from 500 to 600
Hz. The selectivities for other products including CO, CO,, CH,, C,H4, C3Hg, and H, as a function
of input frequency are shown in Fig. 6¢c. The selectivities for CO, CO,, and H, tended to decrease
when input frequency increased whereas the CH, and C,H; selectivities slightly changed with input
frequency. Interestingly, the C;H; selectivity exhibited a similar profile as those of C,H, conversion,
EO selectivity and EO yield.

Under the optimum input frequency of 500 Hz, the product selectivities were in the
following order: EO >> H,> C;Hg> C,Hg> CH,>> CO,> CO. The results can be explained by the
fact that a decrease in input frequency increased the current (data not shown) to yield a higher
number of electrons to be generated, leading to the EO produced to be further oxidized to CO and
CO, (eq. 15-17), as confirmed experimentally. In contrast, an increase in input frequency from 500
to 600 Hz caused a significant reduction of the current (data not shown), resulting in the lowering of
all chemical reactions. As a result, the selectivities of all products decreased greatly when the input

frequency increased from 500 to 600 Hz.
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Figure 6 Effect of input frequency on, (a) C,H, and O, conversions, (b) EO selectivity and yield, (c)
other product selectivities, and (d) power consumption of the studied DBD system operated at an
0,/C,H, feed molar ratio of 0.2, an applied voltage of 23 kV, C,H, feed position fraction of 0.5, and
a total feed flow rate of 50 cm3/min

The power consumptions required to convert C,H, and to produce EO as a function
of input frequency are shown in Fig. 6d. Both the power consumptions per EO molecule produced
and C,H, molecule converted decreased with increasing input frequency to 400 Hz, then remained
almost unchanged in the input frequency range of 400-500 Hz, and finally adversely increased when
further increasing input frequency from 500 to 600 Hz. The minimum power consumption per EO
molecule produced was found at the input frequency of 500 Hz.

From the results, the input frequency of 500 Hz was considered to be optimum for
the maximum ethylene epoxidation performance in the DBD system with two frosted glasses and

selected for the subsequent experiments.

3.3 Effect of O,/C,H, Feed Molar Ratio

Figure 7 shows the effect of O,/C,H, feed molar ratio on the process performance of
the studied DBD. The C,H, conversion tended to slightly rise with an increasing O,/C,H, feed molar
ratio. The O, conversion rose with an increasing O,/C,H, feed molar ratio from 0.17 to 0.2 and
remained unchanged with a further increasing O,/C,H, feed molar ratio beyond 0.2. The low C,H,
conversion (18-26%) and the high O, conversion (>99%) resulted from the system being operated
under oxygen lean conditions.

As shown in Fig. 7b, the EO selectivity and yield increased and reach maximum
values at the same O,/C,H, feed molar ratio of 0.2. Beyond the optimum O,/C,H, feed molar ratio
of 0.2, they decreased markedly with an increasing O,/C,H, feed molar ratio. Interestingly, the
selectivities for CH,, C,Hg, C3Hg, and H, showed to reach maximum levels at the same O,/C,H,
feed molar ratio of 0.2, except the selectivities for CO and CO, rose with an increasing O,/C,H,
feed molar ratio. The studied DBD was operated under oxygen lean conditions in order to minimize
all undesirable reactions including partial and complete oxidation (eq. 8-17) and cracking reactions
(eq. 24-27). When the feed oxygen content was too low (O,/C,H, feed molar ratio < 0.2), all
reactions, including ethylene epoxidation, were found to be very low, indicated by low selectivities for
all products including EO. This is because the lower the oxygen content, the lower the active oxygen
species to initiate all plasma reactions. When the O,/C,H, feed molar ratio was greater than 0.2, the
selectivities for CO and CO, rose with an increasing O,/C,H, feed molar ratio because of the higher
oxygen content available for both partial and complete oxidation reactions (eq. 8-17). As a
consequence, all other reactions including cracking, coupling, and dehydrogenation as well as
decreased from sequent oxidations with an increasing O,/C,H, feed molar ratio beyond the optimum
ratio. The results reveal an oxygen lean condition is one of important process parameters to

minimize all unwanted products for the ethylene epoxidation reaction.
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As shown in Fig. 7d, the power consumption per C,H, molecule converted mirrors
the O, conversion whereas the power consumption per EO molecule produced had the opposite
tendency. The optimum O,/C,H, feed molar ratio of 0.2 was selected for further experiments
because this ratio provided the highest EO selectivity and yield with reasonably low CO and CO,

selectivities and lowest power consumption per EO molecule produced.
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Figure 7 Ethylene epoxidation performance in terms of, (a) C,H, and O, conversions, (b) EO
selectivity and yield, (c) other product selectivities, and (d) power consumption as function of
0,/C,H, feed malar ratio (an applied voltage of 23 kV, an input frequency of 500 Hz, C,H, feed

position fraction of 0.5, and a total feed flow rate of 50 cm3/min)

3.4 Effect of C,H, Feed Position Fraction
As shown in our previous studies (Suttikul et al., 2013), a technique of C,H,
separate feed can enhance ethylene epoxidation with significant reduction of undesired reactions
(eq. 8-31). Figure 8 shows the process performance of the studied DBD as a function of C,H, feed
position fraction. The C,H, feed position fraction was defined according to the flow direction along
the electrode length. The O, conversion rose with increasing C,H, feed position fraction from 0.4 to
0.5, and after that it decreased with further increasing C,H, feed position fraction. A lower C,H,

feed position fraction of 0.5 resulted in more residence time of ethylene in the DBD reactor, leading
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to a higher opportunity for ethylene cracking. Moreover, at a C,H, feed position fraction higher than

0.5, the ethylene had a short residence time for epoxidation reaction.
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Figure 8 Ethylene epoxidation performance in terms of, (a) C,H, and O, conversions, (b) EO
selectivity and yield, (c) other product selectivities, and (d) power consumption as function of C,H,
feed position fraction (an O,/C,H, feed molar ratio of 0.2, an applied voltage of 23 kV, an input

frequency of 500 Hz, and a total feed flow rate of 50 cm3/min)

3.5 Performance Comparisons of different DBD systems

Table 2 shows a comparison of four DBD systems with a single clear glass plate, 10
wt.% Ag/clear glass plate, two clear glass plates, and two frosted glass plates operated under their
own optimum conditions. The DBD system with a single glass plate provided the poorest ethylene
epoxidation performance in terms of the lowest EO selectivity with a relatively low EO yield. The use
of Ag loaded on a single clear glass plate was found to give the highest EO selectivity of 72.1% with
a very low EO yield (1.3%) and C,H, conversion (1.6%). The DBD system with two clear glass
plates could only marginally improve EO selectivity (41.3%) with more or less the same EO yield, as
compared to that with a single glass plate. Interestingly, the DBD system with two frosted glass
plates showed the best process performance in terms of the highest EO yield (10.9%) and the
lowest power consumption (2.8x']0_16 Ws/EO molecule produced) with a reasonably high EO
selectivity. The high surface roughness of two frosted glass plates was found to provide more
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uniform micro discharge, leading to the generated electrodes having lower energy than those with
either single or two clear glass plates. As known, electrons can emit preferentially from any sharp
points or edges than smooth or flat surface. The frosted glass plates provided much more sharp
points than a clear glass plate, leading to more uniform plasma with better energy density
distribution to be generated. As a result, the use of two frosted glass plates in a DBD system can
reduce undesirable reactions especially partial and complete oxidation reactions to form CO and

CO, which, in turn, enhances the ethylene epoxidation reaction.

Table 2 Comparison of the plasma systems on the ethylene epoxidation performance

EO Power consumption
Plasma System Conversion (%) EO yield
selectivity (Ws/molecule)
(conditions) (%)

CyH4 0, (%) C,H, converted EO produced

Parallel DBD wusing a clear glass plate
(Sreethawong et al., 2008)

(Mixed feed, O,/C,H, molar ratio of 1/1, a gap 91.0 93.7 6.2 56 0.4 x 1071 6.1 x 1071
distance of 1 cm, an applied voltage of 19 kV, an
input frequency of 500 Hz, and a total feed flow

rate of 50 cm*/min)

Parallel DBD/10 wt.% Ag/glass plate (Suttikul
etal., 2014)

(Separate feed [C,H, feed position of 0.5],
0,/C,H4 molar ratio of 0.2/1, a gap distance of 0.7 | 1.6 83.0 72.1 13 23.0x 10 16.6 x 10
cm, an applied voltage of 19 kV, an input
frequency of 500 Hz, and a total feed flow rate of

50 cm*/min)

Parallel DBD using two clear glass plates (This
work)

(Separate feed [C,H, feed position of 0.5],
0,/C,H, molar ratio of 0.2/1, a gap distance of 0.7 | 12.7 89.8 413 5.2 21x107 5.0x 107
cm, an applied voltage of 19 kV, an input
frequency of 500 Hz, and a total feed flow rate of

50 cm®/min)

Parallel DBD using two frosted glass plates
(This work)

(Separate feed [C,H, feed position of 0.5],
0,/C,H, molar ratio of 0.2/1, a gap distance of 0.7 | 19-8 99.5 68.1 109 1.9x10" 28x10™
cm, an applied voltage of 23 kV, an input
frequency of 500 Hz, and a total feed flow rate of
50 cm®/min)

Conclusion
The optimum conditions for the highest EO product of the DBD system with two frosted
glass plates were an applied voltage of 23 kV, an input frequency of 500 Hz, an O,/C,H, feed molar

ratio of 0.2:1, and an C,H, feed position fraction of 0.5. Interestingly, the DBD system using two
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frosted glass plates provided a reasonably high EO selectivity and much higher EO yield as
compared to the DBD with Ag catalyst loaded on single glass plate. A combination of two frosted

glass plates and an Ag catalyst in a DBD system will be investigated in a future study.

Recommendations
The recommendations for future work are as follows:

1. Methane is commercially used as a balancing gas in conventional catalytic processes. The
ethylene epoxidation should be investigated in a low-temperature plasma system to clearly
understand about the role of methane on the chemical pathways and how it affects the plasma
system.

2. The gap distance between two electrodes of a DBD reactor is one of the most parameters that
significantly affect the plasma behavior. To study the effect of the gap distance, corresponding

to the plasma volume and residence time is of interest.
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Appendix

A. Ethylene epoxidation in a low-temperature parallel plate dielectric barrier discharge system with
two frosted glass plates

B. Ethylene Epoxidation in a Low-Temperature Parallel Plate Dielectric Barrier Discharge System:
Effect of Oxygen Source
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ABSTRACT: The objective of this work was to investigate
the effects of two different oxidizing agents [nitrous oxide
(N,0) and air], compared to the reported pure oxygen (O,),
on the ethylene epoxidation performance in a low-temperature
parallel plate dielectric barrier discharge (DBD) system with
two frosted glass plates as the dielectric barrier material under
ambient temperature and atmospheric pressure. A separate
feed technique, with the ethylene (C,H,) feed position

®)

CHyfeed positions of 0.5

fraction of 0.5, was used to reduce all the undesirable reactions and to maximize the ethylene oxide (EO) production
(selectivity and yield). The N,O system with a N,O/C,H, feed molar ratio of 0.17:1 exhibited the highest ethylene epoxidation
performance (80.1% EO selectivity and 21.9% EO vyield) with a very low carbon monoxide selectivity and the lowest power
consumption, as compared to pure O, and air as oxidant systems at their respective optimal feed molar ratios of 0.2:1 and 0.1:1,
respectively. Interestingly, the EO yield from the DBD system with N,O was about 2-fold higher than that of the O, and air

system.

1. INTRODUCTION

Ethylene epoxidation uses molecular oxygen to react with
ethylene (C,H,) to produce ethylene oxide (EO), as discovered
by Lefort in 1931," an important industrial chemical that is used
as a feedstock for the production of various useful chemicals
such as surfactants, sterilants for food, solvents, antifreeze and
adhesives, leading to a high demand for EO.>® Currently, EO is
commercially produced from the partial oxidation of C,H,, the
so-called ethylene epoxidation reaction, over silver catalysts
loaded on a low surface area alumina (@-AlL,O;) support with a
reasonably high EO selectivity.”* Transition metal promoters,
such as Pd, Cs, Cu, Re, and Au, and the cofeeding of chlorine-
containing moderators into the gaseous reactants have been
used to improve the EO production performance,” '* where
C,H, in the gas phase reacts with the adsorbed molecular
oxygen on the silver surface to form EO. However, conven-
tional catalytic processes still require both a high temperature
and pressure operation which, in turn, results in catalyst
deactivation from coke deposition, agglomeration of catalyst
particles, and sintering of metal sites, causing a significant
reduction in the catalytic activity. Therefore, the search for a
new technique operated at ambient temperature and
atmospheric pressure with a lower-energy consumption is of
great interest.

Nonthermal plasma is one promising technique that can be
employed in various applications. Dielectric barrier discharge
(DBD) is a type of nonequilibrium low temperature plasma
that has high electron temperatures (10*—10° K) with a bulk

-4 ACS Publications  © 2017 American Chemical Society
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gas temperature close to room temperature‘.l?”14 As a
consequence, the energy consumption used for operating the
plasma system for various chemical reactions is lower compared
to conventional catalytic processes. Accordingly, DBD has been
employed for several studies, including chemical synthesis, such
as hydrogen (H,) production by methane (CH,) reform-
L 15-23 o 24-29 . 30-32
ing and ethylene epoxidation, ozone generation,

soil remediation,>™>" wastewater treatment,””° and surface
40—43
treatment.
For the gas-phase ethylene epoxidation, the molar ratio of
oxygen (O,) to C,H, significantly affects the pathway
reactions.”* Fundamentally, the oxidative combustion of
hydrocarbons occurs with excess O,, while partial oxidation,
especially ethylene epoxidation, markedly occurs under a lean
0, condition.”*"*"*** Both the type and amount of oxygen
species have been reported to affect the chemical reactions.
Studies of alternative oxidants in the form of various oxygen-
containing molecules, such as nitrous oxide (N,0), O,, and
hydrogen peroxide (H,0,) were investigated for a number of
; . . . 1o 46-52
chemical reactions, including propylene epoxidation.
Hence, N,O was, for the first time of its kind, investigated

for the ethylene epoxidation reaction in the present study.
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Figure 1. (a) Schematic diagram of the experimental setup of the DBD plasma system for the ethylene epoxidation reaction and (b) configuration of

the parallel plate DBD reactor with two frosted glass plates.

In this work, the ethylene epoxidation was investigated in a
low-temperature parallel plate DBD with two frosted glass
plates and a separate feed of C,H, and the oxidant (air or N,O)
to reduce the undesired combustion reactions and to enhance
ethylene epoxidation performance, as previously reported.”**’”
Two oxidizing agents (N,O and air) were tested for the
ethylene epoxidation reaction, and compared to that previously
reported for pure oxygen (O,) in the same system and
conditions,”* while the effects of the oxidant/C,H, feed molar
ratio on the ethylene epoxidation performance were studied.
Finally, under the evaluated optimum feed ratio of each system,
the EO production performance in terms of C,H, and oxidant
conversions, EO selectivity and yield, selectivity for other
products, and power consumption were compared.

2. EXPERIMENTAL SECTION

2.1. Chemical and Gases for Reaction Experiments.
97% N,O with helium balance (+1% uncertainty) and air zero
[high purity grade; 20.5% (v/v) O, and 79.5% (v/v) N,] were
used as the oxygenating sources to react with 40% C,H, with
helium balance (+1% uncertainty) at different feed molar
ratios, all with 99.995% helium (high purity grade) as the
balancing gas and at a desired total flow rate of 50 cm®/min to
avoid flammability limits for safety. All reactant gases were
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specially blended by Thai Industrial Gas Co., Ltd. and used
without any purification. Two frosted glass plates of 2 mm
thickness were placed on the surface of both stainless-steel plate
electrodes as dielectric barrier sheets to form the DBD reactor.
Both frosted glass plates were cleaned with distilled water and
acetone a few times before use.

2.2. Experimental Setup and Reaction Activity Experi-
ments. The gas-phase experiments were performed in a
parallel plate DBD reactor with two frosted glass plates, which
were operated at an applied voltage of 23 kV, an input
frequency of 500 Hz, the stated O, (in air)/C,H,, or N,0O/
C,H, feed molar ratio with a C,H, feed position fraction of 0.5,
being the optimum conditions obtained previously for pure
0,.”* To minimize all the undesirable reactions of carbon
monoxide (CO) formation, carbon dioxide (CO,) formation,
dehydrogenation, coupling and cracking, the C,H, reactant was
injected at the middle of the top electrode length (a C,H, feed
position fraction of 0.5), while the air or N,O was fed
throughout the electrode length. The schematic diagram of the
DBD system showing the details of the DBD reactor
configuration are shown in Figure 1. The DBD reactor was
comprised: (i) an acrylic box of inner dimensions of 5.5 cm
wide X 17.5 c¢m long X 2.0 cm high and outer dimensions of
10.5 cm wide X 24.0 cm long X 3.0 cm high; (ii) two different

DOI: 10.1021/acs.iecr.7b03469
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sizes of the stainless steel-made electrode rectangles of 3.0 cm
wide X 15.0 cm long X 0.3 cm thick for the bottom electrode
and 5.0 cm wide X 17.0 cm long X 0.3 cm thick for the top
electrode; (iii) two frosted glass plates of 5.5 cm wide X 17.5
cm long X 0.2 cm thick. The gap distance between the two
electrodes was fixed at 7 mm. Microdischarge was generated by
applying an alternating current (AC) across the electrodes at an
applied voltage of 23 kV and a frequency of 500 Hz, which were
previously found to be the optimum conditions.”* A domestic
AC power (220 V, 50 Hz supply) was converted to high voltage
AC by a three-step power supply system, as described
previously.”> The output voltage and frequency of the high
voltage AC were adjusted by a function generator, and its
sinusoidal wave signal was monitored by an oscilloscope. The
input power and current of the DBD system were measured by
a power analyzer (Extech Instruments Corporation, True RMS
Single Phase Power Analyzer, 380801), whereas the output
voltage was measured by a digital multimeter (Agilent,
U1273A) with a high voltage probe (Cal Test Electronics,
CT2700).

The molecular oxygen source (N,O or air) balanced with
helium was fed through the DBD reactor while C,H, was
separately injected at the middle electrode length. For the air
system, the amount of O, in the air zero was used to compute
for O,/C,H, feed molar ratio, while the amount of N, in the air
zero was combined with the amount of the helium to keep a
total feed flow rate of SO cm?’/min. Electronic mass flow
controllers, supplied by AALBORG Instruments & Controls
Inc., were used to control all gases to get the desired feed gas
mixture. A 7-pm in-line filter was placed upstream of each mass
flow controller in order to trap any foreign particles, while a
check valve was placed downstream of each mass flow

controller to prevent any back flow of gas. The DBD reactor
was operated at ambient temperature (25-27 °C) and
atmospheric pressure, which was controlled via a needle
valve. The outlet gas was either vented to the atmosphere via
an exhaust rubber tube or allowed to flow through an online gas
chromatograph (GC; PerkinElmer, AutoSystem) to detect the
product gas composition. The moisture in the effluent gas was
removed by a water trap filter before entering the online GC.
The compositions of the feed and outlet gas were determined
by GC, equipped with a thermal conductivity detector (TCD)
and a flame ionization detector (FID). For the TCD channel, a
capillary column (HP-PLOT Molesieve) was used to separate
the product gases, including H,, O,, nitrogen (N,), CO, CO,,
and N,O. For the FID channel, a capillary column (OV-Plot U)
was used for the analysis of EO and other byproduct gases, such
as CH,, acetylene (C,H,), ethane (C,H;), and propane
(C;Hg). After the feed composition was unchanged with
time, the power supply was turned on to generate the
discharges. The product gas composition was analyzed by the
GC every 25 min (at least three times). The experimental data
with less than 5% error were averaged and then used to
determine the DBD system performance in terms of the C,H,
and the O, or N,O conversion levels and all product
selectivities, including those for EO, H,, CH,, C,H, C,H,,
C;Hg, CO, and CO,, plus the EO yield. These were computed
using eqs 1—3):

% reactant conversion
_ (moles of reactant in — moles of reactant out) X 100

(moles of reactant in)

% product selectivity =

%EO yield = [(%C,H, conversion) X (%EO selectivity)]/100

In addition, the power consumption was calculated, in terms
of W s per C,H, molecule converted or per EO molecule
produced, using eq 4,

power consumption = (P X 60)/(N X M)

where P is the power (W), N is Avogadro’s number (6.02 X
10** molecules/mol), and M is the rate of converted C,H,
molecules in the feed or rate of produced EO molecules (mol/
min).

The obtained results for the air and N,O systems were then
indirectly compared with the previously published results for
pure O, in the same system under the same conditions.”

3. RESULTS AND DISCUSSION

3.1. Possible Chemical Reactions. It is worthwhile to
point out that under the studied conditions of both the air and
N,O systems, CO, was not detected and so all reactions to
form CO, can be excluded. Most of the possible chemical
pathways that may appear in the DBD system used in this study
are proposed in eqs 5—37, as previously reported.”***

(1)
[ (number of carbon or hydrogen atom in product) (moles of product produced)] X 100
[ (number of carbon or hydrogen atom in C,H, ) (moles of C,H, converted) ] ®)
N,O+e—1/20,+ N, + e (5)
0,+e—>20+e (6)
®) Ethylene epoxidation:
C,H, + N,O — C,H,0 + N, @)
C,H, +1/20, - C,H,O (8)
) C,H, + O » C,H,0 )
Partial oxidations:
C,H, + 4N,0 — 2CO + 2H,0 + 4N, (10)
C,H, + 20, —» 2CO + 2H,0 (11)
5 C+0-CO (12)
Oxidative dehydrogenation:
C,H, + 2N,0 — 2CO + 2H, + 2N, (13)
C,H, + 0, — 2CO + 2H, (14)
C,H, + 20 = 2CO + 2H, (15)
C,H,0 + N,0 — 2CO + 2H, + N, (16)
C,H,0 + 1/20, — 2CO + 2H, (17)

Active oxygen species formation:
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Figure 2. Effect of the O, (in air)/C,H, feed molar ratio on the (a) C,H, and O, conversion levels, (b) EO selectivity and yield, (c) other product
selectivities, and (d) power consumption. Applied voltage of 23 kV, input frequency of 500 Hz, C,H, feed position fraction of 0.5, and total feed flow

rate of 50 cm®/min.

C,H,0 + O —» 2CO + 2H,
C,H, + 20 — 2CO + 3H
Water spitting:

H,O +2e - O+ H, + 2e
H,O0 +2e - OH + H + 2e
H,O +2e - O + 2H + 2e
Hydrogen spitting

H, + 2e —» 2H + 2e
Cracking:

C,H, + 4e — 2C + 4H + 4e

C,H, +e—>2CH, + e
CH,+e—>CH+H+e
CH+e—>C+H+e
CH,+e—-CH, +C
Coupling:

C,H, + H - C,H,

CH, + C,H, + 2H — C;H;
2CH, — C,H,

CH, + CH, —» C,H,
2CH, — C,H,

4CH, — C,H,

2C,H, — C,H,

4CH, + 2H — C,H,,

(18)
(19)

(20)
(1)
(22)

(23)

(24)
(25)
(26)
27)

(28)

(29)
(30)
€2Y)
(32)
(33)
(34)
(33)
(36)
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2CH + 2CH, — C,H,, (37)

3.2. Reaction Activity Performance. 3.2.1. Air System.
The air used as an oxidative reactant in the studied DBD
system principally contains 20.5% (v/v) O, and 79.5% (v/v)
N,. The air system was operated at the same operational
conditions as previously reported for the O, system,”* which
were an applied voltage of 23 kV, input frequency of 500 Hz,
C,H, feed position fraction of 0.5, and a total feed flow rate of
50 cm®/min (a residence time of 0.81 min), while the O, (in
air)/C,H, feed molar ratio was varied from 0:1 to 0.3:1. Figure
2 illustrates the air system performance for the ethylene
epoxidation reaction as a function of the O,/C,H, feed molar
ratio. The O, conversion level increased slightly with increasing
0,/C,H, feed molar ratios from 0.05:1 to 0.1:1 but then
decreased when further increasing the O,/C,H, feed molar
ratio from 0.1:1 to 0.3:1. The C,H, conversion level
significantly increased with increasing O,/C,H, feed molar
ratio from 0:1 to 0.1:1 and then slightly decreased when further
increasing the O,/C,H, feed molar ratios from 0.1:1 to 0.3:1.
As expected, the O, conversion level was markedly higher than
that for C,H,, because the bond dissociation energy of O,
(498.34 kJ/mol) is much lower than that of C,H, (682 kJ/
mol), leading to O, molecules being broken down more easily
than C,H, molecules by the electron collision.

As shown in Figure 2b, both the EO selectivity and yield
drastically increase with increasing O,/C,H, feed molar ratios
up to 0.1:1 and then greatly decrease with further increases in
the O,/C,H, feed molar ratio. Hence the maximum EO
selectivity and yield were found at an O,/C,H, feed molar ratio
of 0.1:1, which corresponded well to the maximum C,H, and
O, conversion levels. The CO selectivity steadily increased as
the O,/C,H, feed molar ratio increased and reached a
maximum at the highest O,/C,H, feed molar ratio of 0.3:1,
while the H, selectivity tended to increase with increasing O,/
C,H, feed molar ratios (Figure 2c). The increased CO
selectivity with the increased O,/C,H, feed molar ratio can
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rate of 50 cm®/min.

be explained by the fact that the increase in oxygen would
promote the partial oxidation and oxidative hydrogentation
reactions (eqs 11, 12, 14, 15, and 17—19). The results also
indicated that the O,/C,H, feed molar ratio slightly influenced
the cracking reactions (eqs 24—28) and coupling reactions (eqs
29—33), supported by the low selectivities for CH,, C,Hy, and
C;Hj. Except in the absence of O,, the coupling reactions for
the formation of C,Hs and C;Hg were predominant (Figure
2c). The C,Hg and C;Hjg selectivities were 12.3 and 15.2%,
respectively, with no produced CO and CO, (the absence of
0,), while the C,Hy and C;Hj selectivities slightly changed in
the range of 2.0—3.7% and 0.9—2.9%, respectively (the
presence of O,). The presence of oxygen from added air
caused the dominance of all reactions of oxidative dehydrogen-
ation (eq 13—19), partial oxidation (eq 10—12), and ethylene
epoxidation (eq 7—9) with the reduction of the coupling
reactions. Interestingly, in the presence of O,, the H, selectivity
was found to be the second highest product, suggesting that H,
production mainly resulted from oxidative dehydrogenation
reactions (eqs 14 and 15). The results indicated that increasing
the amount of active oxygen species can promote partial
oxidations (eqs 11 and 12) and oxidative dehydrogenation
reactions (eqs 14, 15, and 17—19) to form coke, CO, and H,. A
lean oxygen condition is required to maximize the EO
formation with a minimum production of all the undesired
reactions.

The power consumption required to convert C,H, and to
produce EO as a function of the O,/C,H, feed molar ratio is
shown in Figure 2d. The power consumption per EO molecule
produced decreased with an increasing O,/C,H, feed molar
ratio to 0.1:1 and then increased with increasing O,/C,H, feed
molar ratios from 0.1:1 to 0.3:1. However, the O,/C,H, feed
molar ratio only slightly affected the power consumption per
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C,H, molecule converted, being in the range of 0.9—1.7 W s
per C,H, molecule converted. The minimum power con-
sumption per EO molecule produced was found at a O,/C,H,
feed molar ratio of 0.1:1. Hence, an O,/C,H, feed molar ratio
of 0.1:1 was considered to be optimal for the maximum
ethylene epoxidation performance in the DBD system when
using air as the oxidant source.

3.2.2. N,0O System. N,O was used as an oxygen source to
react with C,H, in the DBD system otherwise as per the air
system (section 3.2.1).”* The effect of the N,O/C,H, feed
molar ratio on the ethylene epoxidation performance is shown
in Figure 3. The C,H, and N,O conversion levels significantly
increased as the N,0/C,H, feed molar ratio increased from 0:1
to 0.17:1 and then slightly decreased as the N,O/C,H, feed
molar ratio was further increased over 0.17:1 (Figure 3a), and
this was almost linear for the N,O conversion. Thus, the
highest N,O and C,H, conversion levels of 42.4 and 27.4%,
respectively, were obtained at a N,O/C,H, feed molar ratio of
0.17:1. It can be observed that at any given N,0/C,H, feed
molar ratio, the N,O conversion level was much higher than the
C,H, one, which is explained by the fact that the bond
dissociation energy of N,O (167 kJ/mol) is much lower than
that of C,H, (682 kJ/mol), resulting in N,O molecules being
converted more easily than C,H, molecules. In addition, the
plasma reaction was performed under a lean N,O condition,
leading to a higher conversion of N,O than C,H,.

Interestingly, comparing between the N,O and air systems,
the N,O conversion level was much lower than the O, (in air)
conversion level. It is possible that the active O and N species
can more easily recombine to N,O molecules than to O,
because the bond dissociation energy of N,O is lower than that
of O,. As mentioned before, the separate feed of C,H, from the
oxidant (C,H, at the position fraction of 0.5) used in this study
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Table 1. Comparison of the Parallel Plate DBD Systems on the Ethylene Epoxidation Performance

parallel plate DBD system (conditions)

DBD using a clear glass plate and O, as an oxidant®

mixed feed, O,/C,H, molar ratio of 1/1, gap distance of 1 cm, applied voltage of
19 kV, input frequency of 500 Hz, and total feed flow rate of 50 cm®/min

DBD using 20 wt % Ag/SiO, and O, as an oxidant™®

mixed feed, O,/C,H, molar ratio of 0.25/1, gap distance of 0.7 cm, applied voltage
of 19 kV, input frequency of 500 Hz, and total feed flow rate of SO cm®/min

DBD using 10 wt % Ag/glass plate and O, as an oxidant?’

separate feed [C,H, feed position of 0.5], O,/C,H, molar ratio of 0.2/1, gap
distance of 0.7 cm, applied voltage of 19 kV, input frequency of 500 Hz, and total
feed flow rate of 50 cm?/min

DBD using two frosted glass plates and O, as an oxidant™

separate feed [C,H, feed position of 0.5], O,/C,H, molar ratio of 0.2/1, gap
distance of 0.7 cm, applied voltage of 23 kV, input frequency of 500 Hz, and total
feed flow rate of 50 cm®/min

DBD using two frosted glass plates and air as an oxidant (this work)

separate feed [C,H, feed position of 0.5], O, (in air)/C,H, molar ratio of 0.1/1,
gap distance of 0.7 cm, applied voltage of 23 kV, input frequency of 500 Hz, and
total feed flow rate of 50 cm?/min

DBD using two frosted glass plates and N,O as an oxidant (this work)

separate feed [C,H, feed position of 0.5], N,0/C,H, molar ratio of 0.17/1, gap
distance of 0.7 cm, applied voltage of 23 kV, input frequency of 500 Hz, and total
feed flow rate of S0 cm®/min

power consumption

conversion (%) (W s/molecule)

EO EO
selectivity  yield C,H,
CH, O, N0 (%) (%) converted EO produced
91.0 937 - 6.2 5.6 0.4 x 10716 6.1 X% 10716
70 644 - 30.6 2.1 46 %107 153 x 107%¢
1.6 830 — 72.1 13 23.0%x 107 166 x 107
198 995 — 68.1 10.9 1.9 x 10716 2.8 X 10716
207 988 - 53.0 110 142 x 107 274 x 1071¢
274 — 424 80.1 219 127 x107'% 265 x 107¢

caused a low residence time of C,H, in the plasma reaction
zone, resulting in a lower C,H, conversion level compared to
that for N,O conversion. As a result, the separate feed of C,H,
could minimize the formation of CO and CO, as well as all
other undesirable reactions, including the cracking, coupling,
and oxidation dehydrogenation reactions.

Both the EO selectivity and yield of the N,O system
exhibited a similar trend to that in the air system in that they
markedly increased with increasing N,O/C,H, feed molar ratio
from 0:1 to 0.17:1 and then decreased sharply as the feed ratio
increased above 0.17:1 (Figure 3b). In contrast, the CO
selectivity apparently increased as the N,O/C,H, feed molar
ratio increased from 0.17:1 to 0.3:1 (Figure 3¢). Interestingly,
this N,O system did not produce CO, at any of the tested
N,O/C,H, feed molar ratios, which probably reflects that the
plasma system operated under a lean oxygen condition. Under
the studied conditions, the main product was EO (up to 80%)
followed by H, (about 10%) with only small amounts of CH,,
C,Hg, C3Hg, and CO. In addition, small amounts of tiny yellow
droplets and coke were found to deposit on the glass surface,
which were consistent with the small carbon loss (less than 6%
from the carbon balance). The results imply that under the
presence of N,O, the ethylene epoxidation reactions (eqs 7—9)
were dominant. Interestingly, the addition of N,O promoted
the oxidative dehydrogenation reactions [eq 13—19], as
indicated by the increase in the hydrogen selectivity from 8
to 10% when the feed molar ratio of N,O/C,H, increased from
0:1 to 0.08:1. The H, and CH, selectivities slightly increased
with increasing N,O/C,H, feed molar ratios, whereas the C,Hg
and C;Hj selectivities moderately decreased when the N,O/
C,H, feed molar ratio was increased from 0.08:1 to 0.3:1. In the
absence of N,O (or at the lowest N,O/C,H, feed molar ratio
of 0:1), the coupling reaction for the formation of C;Hg (eqs
29—33) was dominant instead of the cracking reactions (eqs
24—28). The increased N,O/C,H, feed molar ratio simply
increased the amount of active O species available (eqs 5 and
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6) in the plasma reaction zone to initiate all the oxidation
reactions (eqs 10—19) to form CO. Again, the absence of CO,
in the product under the studied conditions can be explained by
the fact that the highest N,0/C,H, feed molar ratio (0.3:1)
possessed a very low oxygen concentration compared to the
theoretical 6:1 ratio for the complete oxidation reaction. At the
highest N,0/C,H, feed molar ratio of 0.3:1, the formation of
coke spots appeared on the frosted glass plate surface (carbon
loss of 3%). The formation of N, can be derived from the
electron collision to N,O (eq $), ethylene epoxidation (eq 7),
partial oxidation (eq 10), and oxidative dehydrogenation (eqs
13 and 16). Moreover, the presence of N, has previously been
reported to improve the discharge stability.”>*”

Figure 3d shows the power consumption as a function of the
N,O/C,H, feed molar ratio. Both the power consumption per
EO molecule produced and per C,H, molecule converted
tended to increase steadily with increasing N,O/C,H, feed
molar ratios from 0:1 to 0.3:1. Overall, a N,O/C,H, feed molar
ratio of 0.17:1 was considered to be optimal for the ethylene
epoxidation.

3.2.3. Comparison of the DBD Systems on Ethylene
Epoxidation Performance. Table 1 shows the progression in
enhancing the process performance from previous studies up to
this current research. Initially, the use of 20 wt % Ag loaded on
a single clear glass plate was found to increase the EO
selectivity from 6.2 to 30.6% but with an even lower EO yield
from 5.6 to 2.1%. Then, the use of a separate C,H, feed from
the oxidant (C,H, injected at a feed position fraction of 0.5)
increased the EO selectivity from 30.6 to 72.1% but further
decreased the EO yield slightly from 2.1 to 1.3%. The use of
two frosted glass plates as dielectric barrier material was found
to achieve a great enhancement in the EO yield from 1.3 to
10.9% with only a slight decrease in the EO selectivity from
72.1 to 68.1%, and the discussion was given in our previous
study.24 Then, in this study, the two different oxidizing agents,
air and N, O, were investigated and compared to the use of pure
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Table 2. Comparison of the Selectivities for Other Products among the Three Tested Oxidants

the parallel plate DBD system (conditions)

DBD using two frosted glass plates and pure O, as the oxidant™

selectivity (%)

H, CH, CH, CH; CH; CH, CO CO,

separate feed [C,H, feed position of 0.5], O,/C,H, molar ratio of 0.2/1, gap distance of 0.7 cm,
applied voltage of 23 kV, input frequency of 500 Hz, and total feed flow rate of 50 cm?/min

DBD using two frosted glass plates and air as the oxidant (this work)

separate feed [C,H, feed position of 0.5], O, (in air)/C,H, molar ratio of 0.1/1, gap distance of 0.7
cm, applied voltage of 23 kV, input frequency of 500 Hz, and total feed flow rate of S0 cm®/min

DBD using two frosted glass plates and N,O as the oxidant (this work)

24.8 3.9 12.0 19.2 - - 0.5 0.6
10.8 2.0 3.6 1.8 - - 0.5 -
10.3 19 6.0 3.6 - - - -

separate feed [C,H, feed position of 0.5], a N,O/C,H, molar ratio of 0.17/1, a gap distance of 0.7
cm, an applied voltage of 23 kV, an input frez}uency of 500 Hz, and total feed flow rate of 50

cm’/min

DBD using two frosted glass plates without an oxidant (this work)

8.0 2.7 12.3 15.2 19.0 36.3 - -

separate feed [C,H, feed position of 0.5], gap distance of 0.7 cm, applied voltage of 23 kV, an input

frequency of 500 Hz, and total feed flow rate of S0 cm®/min

O,. The use of air did not significantly change the ethylene
epoxidation performance in terms of power consumption and
EO selectivity and yield, but the use of N,O as the oxidant
greatly enhanced both the EO selectivity and yield with only a
slightly lower power consumption as compared to both the
pure 0,”* and air (section 3.2.1) systems. The lower oxidative
activity of N,O was responsible for the enhancement of the
ethylene epoxidation reaction with a lower level of all the
undesirable reactions compared to both the pure O,”* and air
systems (Tables 1 and 2). Direct oxidation of hydrocarbon
molecules, such as propane and propene, to CO, is restrained
when using N,0.°" That the N,O system had the most
superior performance of the ethylene epoxidation reaction, in
terms of the highest EO selectivity and yield with lower
byproducts, such as H,, C,Hy, and C;Hg selectivities without
CO, CO,, and C,, production can be explained by the fact that
N,O decomposes to N, and atomically mild electrophilic
oxygen species, which further react with the high charge density
of C=C bonds to form epoxide.’ In addition, the generated
N, molecules also help the discharges to become more stable.>
On the other hand, the active oxygen species produced from O,
molecules (eq 6) have a strong electrophilic character and so
can effectively react with the C=C bond to favorably produce
other oxygenates and CO. Hence, N,O is a more efficient free
O producer, as compared to both pure O, and air, for the
ethylene epoxidation activity. However, in the absence of any
oxidant, the C,H, molecules collided with high energetic
electrons to preferably initiate the coupling reactions (egs
29—37) and cracking reactions (eqs 24—28), as experimentally
indicated by the second and third highest product levels of
C,H,, and C,Hg, respectively (Figure 3 and Table 2).

4. CONCLUSIONS

This work comparatively studied ethylene epoxidation in the
presence of the different oxidant gases (air and N,0), in
indirect comparison with pure O, in the same system and
conditions,”* using the parallel plate DBD system with two
frosted glass plates, and a separate C,H,/oxidizing agent feed.
The operational conditions were fixed at applied voltage of 23
kV, input frequency of 500 Hz, C,H, feed position fraction of
0.5, and total feed flow rate of 50 cm®/min (residence time of
0.81 min) to maintain similar plasma behaviors to the
previously reported work with pure O, ”* Of the different
oxidant systems, the N,O system exhibited a superior
performance in terms of the highest EO selectivity (80.1%)
and EO yield (21.9%) with lowest power consumption.

Attractively, the EO vyield from the DBD system in the
presence of N,O was 2-fold higher than that in the O, system.
The use of N,O can reduce all the undesirable reactions,
including the oxidative dehydrogenation, cracking, and CO
formation reactions. The coupling reactions to form C,H,, and
C,H; were dominant in the absence of any oxidants. Further
research should investigate the combination of this DBD
system with supported Ag catalysts in order to further enhance
the EO selectivity and yield.
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