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SUPPORTED SILVER CATALYSTS IN LOW-TEMPERATURE AC
DIELECTRIC BARRIER DISCHARG
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41 Abstract

In this work, ethylene epoxidation reaction for ethylene oxide production
over silver catalysts loaded on two different supports (silica and alumina particles) in
a low-temperature AC dielectric harrier discharge (DBD) reactor was investigated.
The DBD plasma system was operated under the following base conditions: an
02/C2Hs feed molar ratio of 1/4, a total feed flow rate of 50 cnrVmin, an electrode
gap distance of 0.7 cm, an input frequency of 500 Hz, and an applied voltage of 19
kv. From the results, the presence of silver catalysts improved the ethylene oxide
production performance. The silica support interestingly provided a higher ethylene
oxide selectivity than the alumina support. The optimum Ag loading on the silica
support was found to be 20 wt.%, exhibiting the highest ethylene oxide selectivity of
30.56%.

Keywords: Epoxidation; Ethylene oxide; Dielectric barrier discharge; Aluming;
Silica; Silver

4.2 Introduction

As discovered by Lefort [1], ethylene oxide (C2HAO, EO) can be produced
by partial oxidation of ethylene, so-called ethylene epoxidation. Recently, this
reaction has been increasingly important for the petrochemical industry because EQ
Is used as a feedstock for production of several chemicals. Most is currently
converted to ethylene glycol, which is used to produce polyesters and also used as an
antifreeze and automotive coolant. In addition, it is an important precursor to
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produce surfactants by ethoxylation processes [2], and it is also employed as a
sterilant for foodstuffs, in medical equipment and supplies, and as a fumigant in
agricultural products [3],

Because of its various applications, many research studies have attempted to
Improve efficiency of ethylene epoxidation. Silver catalysts are generally used in this
reaction, especially low-surface-area (LSA) a-alumina-supported silver catalyst
(Ag/(LSA) (X-Al203). Several second metals, such as Cs, Cu, Au and Re, loaded on
silver catalysts, as well as chlorides added to reactant gases, have been proved to
enhance EO selectivity [4-15]. In addition, the epoxidation activity is always affected
by the properties of the supports [12,16-18], Apart from the (LSA) (X-Al203 support,
SiC» support has been shown to provide high epoxidation activity [16,19,20]. These
two supports are normally used in the ethylene epoxidation since they are not active
in the further conversion of EO produced to acetaldehyde [19]. In addition, the SiCs
support has been proved to possess some good properties as it is resistant to sintering
and provides high metal dispersion compared to other supports [16], Although the
catalytic processes exhibit high EQ selectivity, they still have some limitations, such
as the requirement of high operating temperatures, leading to high energy
consumption, and the deactivation of catalysts at high operating temperatures, ..
coke formation and sintering of active sites on the catalyst surface, leading to
decreases In catalytic activity and desired product selectivity. Therefore, new
techniques and further catalyst development are required to solve these limitations
and to increase efficiency of the epoxidation process.

Non-thermal plasma is a promising technique to be applied for several
chemical reactions because the bulk gas temperature is comparatively low (maybe at
room temperature or slightly higher) whereas the temperature of highly energetic
electrons generated in plasma is very high [21,22], These imply that the non-thermal
plasma operated under atmospheric pressure and ambient temperature can result in
low energy consumption. Moreover, it can overcome the above mentioned catalyst
problems at high-temperature operation.

Due to their individual advantages of catalytic and plasma processes, there
have been some research studies have attempted to combine a catalyst with a plasma
system for improving the activity of chemical reactions [14,15,23]. In our previous
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works [14,15,24], both the corona discharge and dielectric barrier discharge (DBD)
were used to investigate the ethylene epoxidation reaction with and without silver
catalysts. These results showed that a suitable silver catalyst combined with a plasma
system provided a higher ethylene epoxidation activity as compared to the sole
plasma system. In comparison, the DBD system provided better epoxidation
performances in terms of C2Hs conversion, EQ yield, and power consumption per
EO molecule produced, as compared to the sole corona discharge system and the
combined catalytic-corona discharge system. As described above, the DBD system
has heen found to have high potential performance for ethylene epoxidation, and the
silver catalysts have been proved to enhance the epoxidation activity. Thus, it is
interesting to apply silver catalysts in the DBD system for improving the ethylene
epoxidation activity.

The main objective of this work was, for the first time, to investigate the
combination of silver catalysts loaded on two different supports (SiC= and Al20s
particles) in a low-temperature DBD system for ethylene epoxidation reaction. The
effects of plasma volume-to-catalyst weight ratio, catalyst support, and silver loading
on the epoxidation reaction efficiency in the terms of reactant conversion, EQ yield,
EQ selectivity, and power consumption were examined in this work.

4.3 Experimental

431 Materials and Gases

Silver nitrate (AgNos), with 99.9% purity, supplied by Merck was
used as the precursor for Ag catalysts. Alumina particles (Al20s), supplied by PTT
Co., Ltd., and silica particles (Sio2), supplied by Merck, were used as the catalyst
supports. The Al20z and Sio2 particles had average diameters of 3-4 mm and 2 mm,
respectively. All chemicals were used as received without further purification. The
99.995% helium (high purity grade), 40% ethylene balanced with helium, 97%
oxygen balanced with helium, and 30% ethylene oxide balanced with helium used in
this work were supplied by Thai Industrial Gas Co., Ltd.
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4.3.2 Catalyst Preparation Procedures

The incipient wetness impregnation was used to prepare all supported
Ag catalysts. The Al20s or Si02 particles were impregnated with an agueous AgNCs
solution to achieve various Ag loadings of 5 wt.%, 10 wt.%, 15 wt.%, and 20 wt.%.
The mixture was then dried in air at 110 ¢ overnight. Finally, the desired prepared
catalyst samples were calcined at 500 °c for 5 h [18]. For preparing the Ag loading
over 20 wt.%, after the 20 wt.% Ag/Si02 was dried in air at 110 °c for 2 h, this
catalyst was impregnated again with an aqueous AgNCss solution to achieve 25 wt.%
and 30 wt.% Ag loadings.

4.3.3 Catalyst Characterization Techniques

The specific surface areas of all the prepared catalysts were
determined by using a BET surface area analyzer (Quantachrome, Autosorb 1) via
nitrogen adsorption analysis at the liquid nitrogen temperature of -196 °c. The
catalyst sample was outgassed under vacuum at 150 °c for 10 h prior to the analysis.
The XRD patterns of all catalysts were obtained by using a Rigaku RINT 200
diffractometer equipped with a Ni-filtered CuKa radiation source and operated at 20
ranging from 25° to 70° with a scaning rate of 5 °/min. A field emission scanning
electron microscope (FE-SEM) equipped with an energy dispersive X-ray (EDX)
analyzer was employed to investigate the surface morphology of a catalyst sample
and to evaluate the approximate particle size distribution. The catalyst sample was
coated with platinum prior to loading into the microscope. Temperature-programmed
oxidation (TPO) was employed to determine the amount of coke formation on the
surface of spent catalysts. The oxygen balanced with helium at a molar ratio of 2/1
and a total flow rate of 40 cnvWmin was flown through the sample. The sample
temperature was linearly increased from room temperature to 850 °c with a constant
rate of 10 c/min to ensure that the carbon (coke) deposit on the spent catalyst
surface was completely oxidized to C02 The effluent C02 was then converted to
CFls by a methanator containing Ni/Al203 catalyst at 400 c. Finally, a flame
jonization detector (FID, SRI model 110) was employed to detect the produced CHs
which was used to subsequently calculate the amount of coke formed on the spent
catalyst surface.
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4.3.4 Catalytic Activity Experiments

The ethylene epoxidation reaction was investigated over the prepared
silver catalysts in a parallel-plate dielectric barrier discharge (DBD) reactor at
ambient temperature (25-27 C) and atmospheric pressure. The schematic of the
experimental setup is shown in Figure 4.1(a). The reactor was made of the acrylic
plate with a 15 cm height, 55 cm width, and 175 cm length for the inner
dimensions, and a 3.9 cm height, 9.5 cm width, and 215 cm length for the outer
dimensions. It consisted of two parallel stainless steel electrodes and a dielectric
glass plate placed on the lower electrode. The gap between two electrodes was fixed
at 7.mm. The silver catalyst loaded on each of the two studied supports was placed in
the gap, on the glass plate, and at the end region of the DBD reactor, as shown in
Figure 4.1(b). An alternating current power (200 V and 50 Hz) was used as the input
power to produce the microdischarge plasma in the electrode gap. The power supply
unit consisted of three steps to convert an AC current power to a high voltage
current. For the first step, the AC input power of 220 V and 50 Hz was transformed
to the DC output of 70 Hz. Then, the DC output was converted to the AC current
with a sinusoidal waveform and different frequencies by a 500 power amplifier
with a function generator. The outlet voltage was subsequently stepped up by using a
high voltage transformer. Finally, the high voltage AC current was produced, and its
output voltage and frequency were adjusted by the function generator, whereas its
sinusoidal wave signal was monitored by an oscilloscope. The description of the
power supply unit was given elsewhere [25]. Because the generated microdischarge
plasma was found to be non-equilibrium in nature, the high-side voltage and current
were not able to be directly measured across the electrodes. Hence, the voltage and
current were measured accurately at the low voltage side instead, whereas the high-
side voltage and current were calculated by multiplying and dividing by a factor of
130, respectively. The power, frequency, and voltage were measured by a power
analyzer at the low voltage side of the power supply unit,
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Figure 4.1 (8) Schematic of experimental setup of DBD plasma system for ethylene
epoxidation reaction and (b) the configuration of the DBD reactor.

For reaction testing experiments, reactant gases of ethylene, oxygen,
and helium were fed into the DBD plasma system and were controlled by electronic
mass flow controllers. The studied DBD plasma system was operated under the base
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conditions described in our previous work [26], which were an 02/C2H feed molar
ratio of 1/4, a total feed flow rate of 50 cma/min, an electrode gap distance of 0.7 cm,
an input frequency of 500 Hz, and an applied voltage of 19 kv. The effects of Ag
loading and support on the ethylene epoxidation reaction were investigated in this
work. The product gas was allowed to pass through a water trap filter before heing
fed to an on-line gas chromatograph. After the studied DBD system reached steady
state, the compositions of feed and product gases were analyzed by an on-ling gas
chromatograph (PerkinElmer, AutoSystem GC) equipped with both a thermal
conductivity detector (TCD) and a flame ionization detector (FID). For the TCD
channel, the packed column (Carboxen 1000) was used for separating the product
gases, which were hydrogen (Hz), oxygen (02), carbon monoxide (CQ), and carbon
dioxide (CQz). For the FID channel, the capillary column (OV-Plot ) was used for
EO and other hydrocarbon product analysis.

For any given Ag loading and support type, the experimental data
(with a standard deviation of less than 5%) were averaged and then used to calculate
the C2Hs and Oz conversions, the product selectivities, including Hz, CO, COz, EQ,
CH4 2 6, CaHa, and traces of Cs, and the EO yield. These calculations were
considered for evaluating the process performance and are defined as follows:

% Reactant conversion = (moles of reactant in- moles of reactant out) x 100  (4.1)
(moles of reactant in)

04Prckct sty =t ofcaton o hctegn ool of et ko] XA
Pt ety = (nteretm e M%mggf%ﬂm%ﬁ]

% EO yield = (% C2H4 conversion) x (% EO selectivity) (4:3)
100

In addition, the power consumption was calculated in a unit of  per
molecule of converted C2HA or per molecule of produced EO using the following
equation:
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Power consumption = P X60 (4.4)
N XM
where p = Power( )
N = Avogadro’s number = 6.02 X 103 molecules/mol
M = Rate of converted C2Hs molecules in feed or rate of produced
EQ molecules (mol/min).

4.4 Results and Discussion

44.1 Catalyst Characterization Results

The specific surface areas of the Al2Os- or Sio2-supported Ag
catalysts with various Ag loadings are shown comparatively in Table 4.1. It can be
seen that the specific surface area of each loaded support varied slightly with
increasing Ag loading, suggesting that the presence of Ag does not significantly
affect their specific surface areas, or the specific surface areas of both supports are
too low to be significantly affected by Ag loading.

The XRD patterns of the AfCE-supported Ag catalysts are shown in
Figure 4.2. For the unloaded support, only OcAQs phase was ohserved. The Ag
phase was found at 20 of 38.2°, when the Ag was loaded on the Al203 support, and
the height of the Ag peak slightly increased with increasing Ag loading from 5 wt.%
to 20 wt.%. As also indicated in Table 4.1, the mean Ag crystallite sizes, calculated
from the Scherrer equation [27], are in the range of 14.95 nm to 16,61 ran for the
AfCE-supported Ag catalysts. On the other hand, for the Sio2-supported Ag
catalysts, there was no clear evidence of any peaks corresponding to Sio2 (Figure
4.3) because of its amorphous nature [28], The Ag peak was also found at 20 of
38.2°, and its intensity increased significantly with increasing Ag loading from 5
wt% to 20 wtd. In the cases of 10 wt.% to 20 wt%, the calculated mean Ag
crystallite sizes on the Sio2 support were also in the range of 14.95 nm to 16.61 nm,
similar to the mean Ag crystallite sizes on the Al20z support (Table 4.1). For the 5
wt.% Ag loading on SC, the mean Ag crystallite size cannot be computed because
the Ag particles completely spread as a film-like layer on the SIC= surface, as shown
later by its SEM image.



40

Table 4.1 Specific surface areas and mean Ag crystallite sizes of all investigated
silver catalysts supported on both AI203 and SiC= particles

Catalyst/Support ~ Ag loading Specific surface ~ Mean Ag crystallite

(wt.%) area (m2g) size (nm)
0 164 N/A
5 375 14%
Ag/AID 3 10 5.13 149
15 302 1661
20 461 1661
0 0.67 N/A
5 L17 N/A
10 117 149
Ag/Si02 b 127 1661
20 128 1661
25 131 N/ID
3 1.36 N/ID

N/A = Not available, N/D = Not detected
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Figure 42 XRD patterns of Al20s-supported Ag catalysts: (@) unloaded Al20s
support, (h) 5wt.% Ag/AlUs, (c) 10 wt.% Ag/Al0 3 (d) 15 wt.% Ag/ACh, and (g)
20 wt.% Ag/AlCs.
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Figure 4.3 XRD patterns of Sio2-supported Ag catalysts: (a) unloaded SiC support,
(b) 5 wt% Ag/Si02 (c) 10 wt% Ag/Si02 (d) 15 wt.% Ag/Si02 and (¢) 20 wt.%
Ag/Si02

The SEM images of the Aloz-supported Ag catalysts with different
Ag loadings are shown in Figure 4.4. As shown in Figure 4.4(a), the surface of the
unloaded Al203 support was quite rough. For the 5 wt% Ag/Alxs catalyst, Ag
particles with various particle sizes were found to well disperse on the Al203 surface
(Figure 4.4(b)). When the Ag loading increased to 10 wt9%, the Ag particles
completely covered the Al20s surface (Figure 4.4(c)). With further increased Ag
loading, it was found that some Ag particles grew out from the Al20s support in a
flower-like shape, whereas some Ag particles still had a spherical shape similar to
those of the 5 wt.% Ag/Al20 3 (Figures 4.4(c) to 4.4(e)). The grown flower-like shape
Ag particles, therefore, indicate that the surface area of Alaoz support is not
sufficient for Ag particle dispersion. When comparing the SEM images, the Ag
loading of 10 wt.% is considered to he an optimum because the Ag particles were not
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Figure 4.4 SEM images of Alxos-supported Ag catalysts: (a) unloaded Al20s
support, (b) 5wt.% Ag/Al0 3 (c) 10wt.% Ag/Al203 (d) 15 wt.% Ag/Al0 3 and (g)
20 wt.% Ag/Al203.
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too dense as compared with the 15 wt.% and 20 wt.% Ag loadings, and it was
hypothesized to provide the maximum Ag active sites for ethylene epoxidation,

The SEM images of the Sio2-supported Ag catalysts with different
Ag loadings are shown in Figure 4.5. The surface morphology of the unloaded SIC»
support was quite smooth, as shown in Figure 4.5(a). For the 5 wt% Ag/SiCx
catalyst, Ag particles completely covered the SIC= surface (as confirmed by the EDX
analysis of Ag element), as clearly seen from the rough surface in Figure 45(b).
With further increasing Ag loading beyond 5 wt.%, the Ag particles grew out from
the SiCx surface, with spherical and flower-like shapes, similar to the Ag particles on
the Al20s surface (Figures 4.5(c) to 4.5(e)). file number of flower-like Ag particles
increased with increasing Ag loading to reach 20 wt.%, which was found to be the
highest Ag content that could be loaded on the SIC2 support since the AgNCs
solution could no longer be prepared due to the limitation of AgNCss dissolution in
distilled water. As mentioned above, the sequential incipient wetness impregnation
was used to solve this problem for obtaining the Ag loadings of 25 wt.% and 30
wt.%. For the 25 wt.% Ag/SIC»» catalyst, the formation of new Ag particles occurred
on the old Ag particles around the flower-like ones instead of forming new flower-
like ones (Figure 4.5(f)), whereas the 30 wt% Ag/SiCs2 showed clearly the
continuous growth of the flower-like Ag particles (Figure 4.5(g)). The number of the
flower-like Ag particles was not observed to increase significantly with increasing
Ag loading over 20 wt%, but the thickness of Ag particles on the SiU: surface
increased instead. Consequently, the surface area slightly increased. Therefore, the
Ag loading of 20 wt.% is considered to be an optimum.

After the ethylene epoxidation reaction experiments, the spent
catalysts were analyzed by the TPO technique to determine the coke deposition. The
results show that the amounts of coke deposited on the surface of all the spent
catalysts were extremely low of only about 0.5 wt.%.
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(c) (d)

Figure 4.5 SEM images of Si02-supported Ag catalysts (a) unloaded silica support,
(b) 5 wt% Ag/Si02 (c) 10 wt% Ag/Si02 (d) 15 wt% Ag/Si02 () 20 wtd
Ag/Si02 (f) 25 wt.% Ag/Si02 and (g) 30 wt.% Ag/Si02



46

4.4.2 Ethylene epoxidation results

As mentioned above, the low-surface-area (X-Alz03 is commercially
used as the support for Ag catalysts in the epoxidation reaction, because it can
provide high EO selectivity [2,29], Therefore, it was chosen as the first support to
investigate the activity of Ag catalysts in the studied DBD plasma system. The effect
of plasma volume-to-catalyst weight ratio was initially investigated by using the 5
wt.% Ag/AECh. The plasma volume-to-catalyst weight ratio was varied from 08
cm3dg to 4 crVig (corresponding to 15 g to 5 g of the catalyst). As shown in Figure
4.6(a), the 2 conversion tends to increase with increasing plasma volume-to-catalyst
weight ratio, while the C2H4 conversion under the combined catalytic-DBD system
was nearly constant at around 18% and was not much different as compared to that
under the sole DBD system. Figure 4.6(b) shows the EO selectivity and yield as a
function of plasma volume-to-catalyst weight ratio. From the results, an increase in
the plasma volume-to-catalyst weight ratio from 0.8 cm3g to 2 cm3g increased hoth
the EO selectivity and yield, whereas both the EO selectivity and yield decreased
with further increases in the ratio higher than 2 cmalg. The results can be explained
in that, at the plasma volume-to-catalyst weight ratio lower than 2 cmdg
(corresponding to the catalyst weight higher than 10 g), the EO selectivity and yield
decreased hecause adding too much catalyst can consicerably interfere with plasma
discharges by decreasing the stability and uniformity of the plasma, even though the
Ag active sites increased with increased catalyst weight. In contrast, at the plasma
volume-to-catalyst weight ratio higher than 2 cm3g (corresponding to the catalyst
weight lower than 10 ), although plasma discharges were observed to be more
uniform and stable with decreasing catalyst weight, the Ag active sites on the Al20s
support accordingly decreases, resulting in lowering the ethylene epoxidation
activity. These results imply that the amount of the catalyst used in the combined
catalytic-DBD system has a significant influence on the ethylene epoxidation
activity, and so it needs to be optimized. Therefore, it can be concluded that the
plasma volume-to-catalyst weight ratio of 2 cm3g was the optimum value for the
combined catalytic-DBD system in this present work, exhibiting the highest ethylene
epoxidation activity, possibly due to the maximum synergistic effect between the
catalyst and plasma discharges at this ratio. Interestingly, the plasma volume-to-
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Figure 4.6 (3) cana and oo conversions, (b) EO selectivity and yield, (c) other
product selectivities, and (d) power consumptions as a function of plasma volume-to-
catalyst weight ratio of 5 wt.% Ag/Al23 (an oz/cara feed molar ratio of 1/4, a total
feed flow rate of 50 cma/min, an electrode gap distance of 0.7 cm, an input frequency
0f 500 Hz, and an applied voltage of 19 kV).

catalyst weight ratio much more significantly affected the EO selectivity than the EO
yield. Hence, the EO selectivity should be used as a prime parameter in determining
the process performance of this ethylene epoxidation reaction. Moreover, the
combined catalytic-DBD system with 2 cm3g of the plasma volume-to-catalyst
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weight ratio provided much higher EO selectivity while EO yield was slightly
increased as compared to the sole DBD system. This finding indicates that the
presence of supported Ag catalysts in the DBD system can enhance the ethylene
epoxidation performance in the terms of EO selectivity and yield.

The selectivities for other main products, i.e. Hz, CO, and CzHz, as a
function of plasma volume-to-catalyst weight ratio are shown in Figure 4.6(c),
whereas those for other by-products, i.e. COz, CFls, C2Hs, C2Hz, and CsHs, are not
shown due to their extremely low concentrations (lower than 5%). The results show
that the selectivities for H2, CO, and C2Fl2 had the same trends as the EQ selectivity.
The increase in plasma volume-to-catalyst weight ratio from 0.8 cm3g to 2 cm3jg
increased the selectivities for all other main products, but they decreased with further
increasing plasma volume-to-catalyst weight ratio higher than 2 cmalg. These results
imply that the Ag active sites on the Al20s support not only catalyze the ethylene
epoxidation, but also affect the other side and subsequent reactions during the plasma
process. Comparing the combined catalytic-DBD system with the sole DBD plasma,
it can be seen that the selectivities for H2 and CO under both systems are not that
different, whereas the selectivity for C2Hz under the sole DBD system was lower as
compared to the combined catalytic-DBD system at the plasma volume-to-catalyst
weight ratio of 2 cma/g.

In contrast to the product selectivity results, the power consumption
per molecule of EO produced decreased with increasing plasma volume-to-catalyst
weight ratio to reach a minimum value at the plasma volume-to-catalyst weight ratio
of 2 cmalg, after which it adversely increased with further increasing plasma volume-
to-catalyst weight ratio (Figure 4.6(d)). Flowever, the power consumption per
molecule of C2Ha converted remained almost unchanged with respect to the plasma
volume-to-catalyst weight ratio. The power consumption per molecule of EO was
about one order of magnitude higher than that per molecule of C2Hs converted.
Therefore, the power consumption per molecule of EO produced should also be
considered to be another prime parameter in determining the process performance, in
addition to the EO selectivity. From the overall results, the plasma volume-to-
catalyst weight ratio of 2 cm3g was the optimum value, which was used for further
investigation of the effect of Ag loading, because it provided not only the highest EO
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selectivity and the lowest power consumption per molecule of EO produced in the
case of the combined catalytic-DBD system, but also higher EQ selectivity at a level
of more than two-fold compared to the sole DBD system.

The effect of Ag loading was investigated by varying Ag loading from
5wt.9% 10 20 wt.% on the A2CB support and 5 wt.% to 30 wt.% on the SiUz support.
From the results shown in Figure 4.7(a), the C2Hs and Oz conversions tend to
decrease with increasing Ag loading on the AI203 support. The EO selectivity was
significantly affected by Ag loading, as shown in Figure 4.7(b). With increasing Ag
loading up to 10 wt.%, the EO selectivity sharply increased, but it tended to decrease
when the Ag loading further increased above 10 wt.%. The results show that the Ag
loading of 10 wt.% provided the highest EO selectivity. However, the EO yield was
not significantly changed with increasing Ag loading because, when the EO
selectivity increased, the C2Hs conversion adversely decreased. This led to a possible
trade-off effect on the EQ yield,

The selectivities for other main products, i.e, 2, CO, and C2Hz, as
function of Ag loading are shown in Figure 4.7(c). From the results, the pure Al203
support provided very low selectivities for CO and CzHz, but gave the highest
selectivity for H2, as compared to the sole plasma and the plasma with all Al2Qs-
supported Ag catalysts. The selectivities for Hz and C2Hz insignificantly changed
when increasing Ag loading from 5 wt% to 20 wt.%, while the selectivity for CO
tended to increase with increasing Ag loading from 0 wt.% to 10 wt%, and then
decreased with further increasing Ag loading higher than 10 wt.%. From the results,
the pure Al203 support was found to be a good catalyst for producing Hz while the 10
wt.% Ag-loaded Al20s catalyst gave the highest EO selectivity.

Figure 4.7(d) shows the power consumptions per C2H4 molecule
converted and per EO molecule produced as a function of Ag loading. The results
indicate that the presence of the Ag catalyst loaded on the Al20s support could affect
the power consumptions. From the results, the power consumption per molecule of
C2H4 converted gradually increased with increasing Ag loading, whereas the power
consumption per molecule of EO initially decreased when the Ag loading increased
to 5 wt.%, but tended to slightly increase with further increases in Ag loading over 5
wt.%. Comparing various Ag loadings (Figures 4.7), the Ag loading of 10 wt.% i
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Figure 4.7 (a) CzHa and Oz conversions, (b) EO selectivity and yield, (c) other
product selectivities, and (d) power consumptions as a function of Ag loading on
Alz03 support in the DBD plasma reactor (a plasma volume-to-catalyst weight ratio
of 2 cm3g (10 g of catalyst), an 02/C2Hs feed molar ratio of 1/4, a total feed flow
rate of 50 cms/min, an electrode gap distance of 0.7 cm, an input frequency of 500
Hz, and an applied voltage of 19 kV).

considered to be the optimum Ag loading on the Al203 particles because it provided
the highest epoxidation activity in the terms of EO selectivity with relatively high EO
yield and comparatively low power consumption per molecule of EO produced.
These results agree well with the SEM images (Figure 4.4) that the Ag particles of
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the 10 wt.% Ag loading were not too compact on the Al203 surface and seemed to
have sufficient Ag active sites to catalyze the ethylene epoxidation.

To comparatively investigate the effect of SiC= support for the Ag
catalysts on the epoxidation activity, the plasma volume-to-catalyst weight ratio of 2
cmdg was also used. Figures 4.8 shows the CoHs and Q2 conversions, the EO
selectivity and yield, the other product selectivities, and the power consumptions as a
function of Ag loading on the SIC» support. As shown in Figure 4.8(a), the C2Hs
conversion slightly increased with increasing Ag loading from 0 wt.% to 5 wt.% and
then tended to decrease with further increases in Ag loading, whereas the O:
conversion reached a maximum of 98% at the Ag loading of 5 wt.% and then
suddenly decreased with increasing Ag loading beyond 10 wt.%. From the results
shown in Figure 4.8(b), the EO selectivity tended to remain almost unchanged in the
Ag loading range of 0 wt.% to 15 wt.% and suddenly increased to reach a maximum
at Ag loading of 20 wt.%, which is three times higher as compared to the sole DBD
system. However, the EO selectivity decreased substantially with further increases in
Ag loading over 20 wt.%.

Figure 4.8(c) shows the selectivities for the other main products, i.e.,
H2, CO, and CaHz. From the results, all Ag catalysts on the Sio2 support provided
lower other main product selectivities as compared to the unloaded Sio2 support,
except the Cz2Hz selectivity at the highest Ag loading of 30 wt.%. This indicates that
the Ag active sites on the Si02 support seem to promote the ethylene epoxidation and
reduce the further reactions of EO to other products. Moreover, the selectivities for
Hz, CO, and CzHz tended to increase with increasing Ag loading, suggesting that an
increase in Ag loading on the Sio2 support can promote both the ethylene
epoxidation and other reactions. Hence, there must be an optimum Ag loading for the
ethylene epoxidation reaction.

The power consumption per molecule of C2H4 converted slightly
changed with increasing Ag loading, whereas the power consumption per molecule
of EO produced decreased with increasing Ag loading from 0 wt.% to 10 wt.%, and
then tended to fluctuate slightly in a narrow range with further increases in Ag
loading higher than 10 wt% (Figure 4.8(d)). Comparing Ag loadings, the 20
wt% Ag-loaded SiU2 catalyst was found to be the best catalyst for the ethylene
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epoxidation reaction because It yielded the highest EO selectivity with comparatively
low power consumption per molecule of EO produced. These results concur with the
SEM images (Figure 4.5) that the number of Ag particles of 20 wt.% Ag loading was
found to reach a maximum.
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Figure 4.8 (a) C2Hs and Oz conversions, (h) EO selectivity and yield, (c) other
product selectivities, and (d) power consumptions as a function of Ag loading on
Sio2 support in the DBD plasma reactor (a plasma volume-to-catalyst weight ratio of
2 cmJg (10 g of catalyst), an O2/CaHs feed molar ratio of 1/4, a total feed flow rate
of 50 cnrVmin, an electrode gap distance of 0.7 cm, an input frequency of 500 Hz,
and an applied voltage of 19 kV).
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The ethylene epoxidation performances under the DBD system with
both supported Ag catalysts at the optimum loadings were compared to those of the
sole DBD system and the DBD system with the unloaded supports. As shown in
Figure 4.9(a), the Oz conversions of the DBD system with each unloaded support
were comparable to that of the sole DBD system; however, the Oz conversion
decreased substantially when the Ag catalysts on both supports were applied to the
DBD system under their own optimum loadings. The C2H4 conversion had quite the
same trend as the Oz conversion; that is, the CATL and Oz conversions of the DBD
system with either support were much lower than those of the sole plasma system
and the plasma systems with each unloaded support. This is possibly because the Ag
loading on the supports significantly alters the plasma behaviors as compared to the
unloaded supports. Further investigation is required with the emphasis on the
physicochemical and electrical properties of Ag particles under the studied
conditions.

Figure 4.9(h) shows the effects of support type and Ag loading on the
EQO selectivity and yield. From the results, the unloaded SIC:2 support showed a
slightly higher EO selectivity with a slightly lower EO yield while the plasma system
with the unloaded Al20s support provided both lower EO selectivity and yield as
compared to the sole plasma system. Interestingly, the presence of both Ag catalysts
loaded on the Al20s and Sio2 Supports gave the significant increase only in the EO
selectivities, but not for the EO yields. In a comparison between these two studied
supports, the Sio2 support exhibited a higher EO selectivity than the Al20s support.
The results can be explained in that the Sio2 support had a lower electrical resistivity
than the Al203 support [30], leading to altering the plasma discharge behaviors. In
addition, the DBD system applied with the Sio2 support was found to provide better
stability and uniformity of the plasma than that with the Al20s support. As
mentioned above, the EQ selectivity and yield under the DBD system with the
unloaded Sio2 support were not much different from those of the sole plasma
system. The EO selectivity, however, was significantly enhanced when the DBD
system was operated in the presence of Ag catalysts. The explanation is that the
extremely high electrical conductivity of the Ag particles can overcome the plasma
discharge interference by the low-electrical conductivity of both supports. The
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Figure 4.9 (a) CaHs and Oz conversions, (b) EO selectivity and yield, (c) other
product selectivities, and (d) power consumptions of the DBD plasma reactor with
Ag catalysts loaded on two supports (Al203 and Si02) as compared to the sole DBD
plasma reactor (a plasma volume-to-catalyst weight ratio of 2 ¢cmdg (10 ¢ of
catalyst), an O2/C2Hs feed molar ratio of 1/4, a total feed flow rate of 50 cmVmin, an
electrode gap distance of 0.7 ¢m, an input frequency of 500 Hz, and an applied
voltage of 19 kV).

plasma discharge, generated by the DBD system with both supported silver catalysts,
was found to exhibit higher stability and uniformity as compared to those with both
unloaded supports. The results suggest that the Ag active sites are responsible for the
enhancement of the ethylene epoxidation reaction in the DBD environment.
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Comparing the two supports, the Si02 support (with an optimum Ag loading of 20
Wt.%) provided a higher EO selectivity than the Al20s support (with an optimum Ag
loading of 10 wt.%). These results can possibly be explained by the fact that the Si02
support generally possesses a lower acidity as compared to the Al203 support, as also
reported by Volckmar et al. [31]. Since a catalyst support surface with a lower
acidity favors the ethylene epoxidation as compared to other undesired secondary
surface reactions [9], hence, the Si02 support can be considered to be a more suitable
support for Ag catalysts for the ethylene epoxidation in the investigated combined
catalytic-DBD plasma system. In addition, the Si02 support has lower electrical
resistivity than the Al20s support, leading to more stable and uniform plasma
discharges, as mentioned above. However, it was found that the EO yield remained
almost unchanged in the range of 1.5-2.3% for all cases (Figure 4.9(h)).

Figure 4.9(c) shows the selectivities for other main products, 1., H,
CO, and C2Ho. Interestingly, 1t was observed that, among all studied systems, the 20
Wt.% Ag/Sio2 catalyst provided the lowest selectivities for Hz and CO, as well as a
comparatively low selectivity for CoHz. Therefore, the 20 wt.% Ag/Sio2 can be
considered to be a promising catalyst to be used in the combined catalytic-DBD
plasma system for EO production. The power consumptions of all studied systems
are shown in Figure 4.9(d). From the detected main products, all possible reactions
that may predominantly occur in the DBD plasma system can be proposed as
follows:

Ot 26 > 20 +28 (4.5)
CoHs + 11202 —»  cohdo (4.6)
CoHs + 0 c2hdo (4.7)
CaHs + 202 » 200+ 2HD (4.8)
CaHs +20 > 200 +2H (4.9
CaHe + 40 > 200+2HD (4.10)
CoHs + 0 > CH:+OH (4.11)
CoHz + 0 - (CH+OH (4.12)
CaHA +3/202 > 200+ 2HX) (4.13)
c2hdo +0 -» 200 +2H: (4.14)
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C2H40 + 30 - 200 +2HX) (4.15)
Hz + 2¢° - 2H+2 (4.16)
H +2¢’ —  H+O0H+2e (4.17)
CoHs+H > Clls+H (4.18)
CoHs +H = CoHathe (4.19)
CoHs + OH - (GH3+hd (4.20
C2Hs + OH - c2h2+h (4.21)
CaHs - cohethe (4.22)

When comparing the combined catalytic-DBD system with the sole
DBD system, the supported Ag catalysts, especially the 20 wt% Ag/SICB catalyst,
promoted the ethylene epoxidation (4.6,4.7) due to the observed higher EO
selectivity, and tended to suppress the combustion (4.8-4.10, 4.13-4.15) and
dehydrogenation (4.11, 4.12, 4.18"1.22) reactions due to the lower selectivities for
H2, CO, and CzHz, whereas the combustion and dehydrogenation reactions could
favorably occur in the sole DBD system, leading to decreasing EO selectivity and
Increasing selectivities for other main products.

The power consumption per molecule of C2Hz converted was found to
be higher for the plasma system with the Ag catalysts on both studied supports than
those of the sole plasma systems with and without both unloaded supports.
Interestingly, the power consumption per molecule of EO produced of the DBD
system decreased when it was applied with the Ag catalysts loaded on both supports.
Overall, the Si02 support with an optimum Ag loading of 20 wt.% was consiclered to
be a highly potential catalyst for the combined catalytic-DBD plasma system for the
ethylene epoxidation because it provided the highest EO selectivity (almost three
times higher as compared to the sole DBD system) with the lowest Hz and CO
selectivities, as well as a comparatively low CoHz selectivity and low power
consumption per molecule of EO produced.
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45 Conclusions

The epoxidation reaction of ethylene was investigated using a DBD system in
the absence and presence of both the Al20s- and SC2-supported Ag catalysts. The
presence of Ag catalysts was found to enhance EO selectivity. Moreover, the Ag
catalysts on the SIC particles were experimentally found to be more effective than
those on the Al20s particles in catalyzing the ethylene epoxidation in terms of EO
selectivity. The optimum Ag loading on the Sio2 particles was found to be 20 wt.%,
at which the maximum EO selectivity and the minimum 2 and CO selectivities were
obtained at the operating applied voltage and input frequency of 19 kv and 500 Hz,
respectively. Under these optimum conditions, the power consumption was found to
be 15.26x10'6  per molecule of EO produced.
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