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In this work, the epoxidation of ethylene using a low-temperature corona discharge system was inves-
tigated with various reported catalytically active catalysts: Ag/a-Al, 03, Cs-Ag/a-Al, 03, Cu-Ag/a-Al, 05,
and Au-Ag/a-Al;05. It was experimentally found that the investigated catalysts could improve the
ethylene conversion and the ethylene oxide (EO) yield and selectivity for the corona discharge system,
particularly 1 wt.% Cs-12.5 wt.% Ag/a-Al, 03 and 0.2 wt.% Au-12.5 wt.% Ag/a-Al, 03. The power consump-
tion per EO molecule produced in the corona discharge system, combined with the superior bimetallic
catalysts, was much lower than that of the sole corona discharge system and that of the corona discharge
system combined with the monometallic Ag catalyst.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Ethylene epoxidation is an important process in the petrochem-
ical industry for producing a versatile ethylene oxide (C;H40, EO)
molecule. The most widely used technique for ethylene oxide pro-
duction is catalytic processes using silver-based catalysts. Silver
catalysts supported on low-surface area a-alumina (Ag/(LSA)a-
Al;03) provide high EO selectivity [1-4]. Some previous research
has revealed that alkali and transition metals, especially cesium (Cs)
[5-11], copper (Cu) [12-15], and gold (Au) [16-21], also provide
the improvement of the EO selectivity. However, the conventional
catalytic processes are generally facilitated by a high temperature
operation, implying high energy consumption. The normal tem-
perature used for such processes is at least 200°C. In addition,
the use of high temperatures for ethylene epoxidation inevitably
causes operational problems, i.e., catalyst deactivation, catalyst
regeneration, and catalyst replacement. To develop and apply a
new low-temperature plasma technique for ethylene epoxidation
would be attractive for lowering the energy consumption and alle-
viating the catalytic problems.

Non-thermal plasma is considered to be an interesting potential
replacement for the conventional catalytic processes for ethylene
epoxidation. It is one kind of electric gas discharge, in which
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electrons gain enough energy from an external applied voltage
to overcome the potential barrier of metal surface electrodes
[22]. Subsequently, these energetic electrons can move from one
electrode to the other and instantaneously collide with gaseous
molecules in the plasma zone to generate highly active atoms,
molecules, and radicals by excitation and dissociation reactions.
The excited and dissociated species can rapidly bring about the for-
mation of new chemical species. A great advantage of non-thermal
plasma is that the generated electrons have a high temperature
of approximately 104-10° K, while the bulk gas still has a much
lower temperature, close to room temperature [23-25], leading
to a lower energy requirement as compared to the conventional
catalytic processes. Moreover, the low-temperature operation of
non-thermal plasma is expected to enable its combined use with a
catalyst, without the aforementioned catalytic problems.

In our previous work, ethylene epoxidation using a low-
temperature corona discharge system was, for the first time,
studied both in the absence and in the presence of various pow-
der catalysts, including Ag/(LSA)a-Al,03, Ag/(high-surface area,
HSA)y-Al, 03, Au-Ag/(HSA)y-Al,03, and Au/TiO; [26]. The results
showed that the combination of corona discharge and the reported
highly active Ag/(LSA)a-Al,05 catalyst with an optimum Ag load-
ing of 12.5wt.% offered the highest EO selectivity. Furthermore,
ethylene epoxidation was investigated using a low-temperature
dielectric barrier discharge (DBD) system [27]. Because the large-
surface area parallel plate electrodes of the DBD reactor (as
compared to that of the pin and circular plate electrodes of corona
discharge reactors) led to a difficulty in packing the powder cata-
lysts between them, the DBD system was only operated without
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catalysts. However, it can be concluded from the experimental
results of the previous work that both low-temperature corona
discharge and DBD systems are highly potential candidates to be
used for ethylene epoxidation. In this extended work, the effect
of promoter (Cs, Cu, and Au) on the ethylene epoxidation activity
overa 12.5 wt.% Ag/(LSA)a-Al, O3 catalyst using a low-temperature
corona discharge system was investigated.

2. Experimental
2.1. Materials and reactant gases

In this work, the support used was (LSA)a-Al,03 (A.C.S. Xenon).
Silver nitrate (AgNOs, Carlo Erba), cesium nitrate (CsNO3, Merck),
copper nitrate trihydrate (Cu(NOs3),-3H,0, Merck), and hydro-
gen tetrachloroaurate trihydrate (HAuCly-3H,0, Alfa Aesar) were
employed as silver, cesium, copper, and gold catalyst precursors,
respectively. All chemicals were used as received without further
purification. For the reactant gases, 99.995% helium (high purity
grade), 40% ethylene balanced with helium, and 97% oxygen bal-
anced with helium were used and were supplied by Thai Industrial
Gas (Public) Co., Ltd.

2.2. Catalyst preparation procedure

All bimetallic catalysts were prepared by the sequential incip-
ient wetness impregnation method using (LSA)a-Al,03 as the
catalyst support. First, a Ag catalyst on the (LSA)x-Al,03 support

was prepared by using a AgNO3 aqueous solution at a nominal
loading of 12.5 wt.% Ag, which was found to provide the maximum
EO selectivity with relatively high ethylene and oxygen conver-
sions [26]. After the mixture had been dried at 110°C for 2h, it
was sequentially impregnated with an appropriate amount of a
Cs, Cu, or Au promoter by using an aqueous solution of CsNOs,
Cu(NOs3)2-3H,0, or HAuCls-3H,0. For each bimetallic catalyst,
i.e., Cs—Ag/(LSA)a-Al;03, Cu-Ag/(LSA)x-Al, 03, and Au-Ag/(LSA)o-
Al, 03, the loadings of Cs, Cu, or Au were 0.2 and 1wt.% for each.
After that, these impregnated catalysts were dried in air at 110°C
overnight and then calcined in air at 400°C for 12 h. Finally, all
the prepared catalysts were sieved in order to obtain the desired
grain size range of 221-425 pm for the reaction activity experi-
ments.

2.3. Catalyst characterization techniques

The specific surface areas of all prepared catalysts were deter-
mined by a surface area analyzer (Quantachrom, Autosorb-1) using
nitrogen adsorption analysis. A catalyst sample was dried and out-
gassed under vacuum at 150 °C for 10 h to remove the humidity and
any volatile components adsorbed on the catalyst surface before
the analysis. The crystalline phases of the prepared catalysts were
investigated by an X-ray diffractometer (XRD, Rigaku RINT-2200)
equipped with a graphite monochromator, a Cu tube for generat-
ing CuKa radiation (A = 1.5406 A) at a voltage of 40 kV and a current
of 30 mA, and a nickel filter used as the filter for K3 removal. The
catalyst sample was examined in the 26 range of 30-60° at a scan-
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Fig. 1. (a) Schematic of experimental setup of corona discharge system and (b) configuration of the corona discharge reactor.
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ning speed of 5°(26)/min. Transmission electron microscopy (TEM,
JEOL 2000 CX) was employed for investigating the average particle
size of the Ag particles on the prepared catalysts. The catalyst sam-
ple was ground into a fine powder and ultrasonically dispersed in
ethanol. A small droplet of the suspension was placed on a copper
grid, and the solvent was evaporated prior to loading the sample
into the TEM. The TEM was operated at an accelerating voltage of
200 kV. Temperature-programmed oxidation (TPO) was employed
to quantitatively investigate the coke deposition on the spent cata-
lysts. The TPO analysis was performed at a continuous flow of O, /He
(ratio 2:1) with a total flow rate of 40 cm®/min. A spent catalyst
was placed in the quartz tube and was secured with packing quartz
wool. The sample temperature was linearly increased to reach a
maximum temperature of 850°C in order to completely oxidize
the carbon fraction of the deposited coke to CO,. The effluent gas
was passed through a methanator containing a Ni/Al,03 catalyst
to convert the CO, to methane at 400°C. Subsequently, the pro-
duced methane was detected with a flame ionization detector (FID,
SRI model 110). The area under the obtained curve was used to
calculate the carbon content in the spent catalyst sample. In addi-
tion, the amount of coke deposited on the catalyst surface was also
confirmed by the weight change of spent catalyst after the TPO
analysis.

2.4. Reaction testing experiments

The ethylene epoxidation experiments were conducted in a
corona discharge system, which was operated at ambient temper-
ature and atmospheric pressure. The schematic of experimental
setup of the corona discharge system and the configuration of the
corona discharge reactor are shown in Fig. 1. The input power
used to generate plasma was alternating current (AC) power, 200V
and 50 Hz, which was transmitted to a high voltage current via a
power supply unit. The output voltage was adjusted by a function
generator, whereas the sinusoidal wave signal was controlled and
monitored by an oscilloscope. A quantity of 0.24 g of each stud-
ied catalyst was individually placed on the plate electrode and
secured by a quartz wool layer. The base reaction conditions used
for the comparative investigation were an O,/C;H4 molar ratio
of 1/1, a total feed gas flow rate of 50 cm3/min, an applied volt-
age of 19kV, an input frequency of 500 Hz, and an electrode gap
distance of 10 mm. The flow rates of reactant gases (ethylene, oxy-
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gen, and helium) fed through the plasma reactor were controlled
by a set of electronic mass flow controllers and transducers, sup-
plied by SIERRA® Instrument Inc. A 7-pm in-line filter was placed
upstream of each mass flow controller in order to trap any solid
particles. A check valve was placed downstream of each mass flow
controller to prevent any back flow of the reactant gases. All of
the reactant gases were mixed inside a single line before being
introduced into the plasma reactor. Prior to the reaction start-up,
the feed gas mixture was first introduced into the plasma system
without turning on the power supply unit. After the composition
of outlet gas was invariant with time, it was turned on. The outlet
of the reactor was either vented to the atmosphere via a rubber
tube exhaust or was connected to an on-line gas chromatograph
(GC, PerkinElmer, AutoSystem) for analysis of the product gases.
The moisture in the product gas stream was removed by a water
trap filter before entering a heated stainless steel line to the on-
line GC. The GC was equipped with both a thermal conductivity
detector (TCD) and an FID. For the TCD channel, a packed column
(Carboxen 1000) was used for separating the product gases, which
were H;, Oy, CO, CO,, and CyHy4. For the FID channel, a capillary
column (OV-Plot U) was used for the analysis of EO and other by-
product gases, i.e., CH4, C;H5, CoHg, and C3Hg. However, there were
some unknown products with small quantities produced during the
reaction, which could not be analyzed. The composition of the prod-
uct gas stream was determined by the GC every 20 min. After the
system reached steady state, an analysis of the outlet gas compo-
sition was taken at least a few times. The experimental data taken
under steady state conditions were averaged, and these averages
were used to evaluate the performance of the plasma system.

To evaluate the process performance, the conversions of C;Hy
and O, and the selectivities for products, including EO, CO, CO,, Ho,
CHy4, C3Hy, CoHg, and traces of C3, were considered. The conversion
of either C;Hy4 or O, is defined as:

(moles of reactant in — moles of reactant out)(100)

%reactant conversion = -
(moles of reactant in)

The product selectivity is calculated from the following equa-
tion:

%product selectivity

_ [(number of C or H atom in product) (moles of product produced)] (100)
- (number of C or H atom in C;Hg) (moles of C;H,4 converted)
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Fig. 2. XRD patterns of all investigated catalysts.
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All the product selectivities, except H; selectivity, are calculated
based on the numbers of C atom in C;H4 and product, and moles of
C,Hy4 converted and product produced.

The EO yield is calculated from the following equation:

(% CyH4conversion) (%EO selectivity)

%EQ yield = (100)

To determine the energy efficiency of each plasma system,
the specific power consumption is calculated in a unit of Ws per
molecule of converted C;H,4 or per molecule of produced EO using
the following equation:

specific power consumption = (P)(60)
(N)Y(M)

where P, Power (W); N, Avogadro’s number=6.02 x 1023
molecules/mol, and M, rate of converted C;H; molecules in
the feed or the rate of produced EO molecules (mol/min).

Table 1
Specific surface area and amount of coke formed for all investigated catalysts used
for the corona discharge system.

Catalyst Specific surface Coke
area (m?/g) formation (%)
12.5wt.% Ag/(LSA)a-Al, 03 0.28 0.26
0.2 wt.% Cs-12.5wt.% Ag/(LSA)a-Al, 05 033 0.1
1wt.% Cs-12.5 wt.% Ag/(LSA)a-Al, O3 0.44 0.16
0.2 wt.% Cu-12.5wt.% Ag/(LSA)a-Al,05 039 0.14
1 wt.% Cu-12.5 wt.% Ag/(LSA)x-Al, 03 0.74 0.22
0.2wt% Au-12.5wt.% Ag/(LSA)a-ALO;  0.33 0.75
1wt.% Au-12.5 wt.% Ag/(LSA)a-Al,03 0.42 1.07

3. Results and discussion

In this work, four types of catalysts - Ag/(LSA)x-Al,0s3,
Cs-Ag/(LSA)a-Al; 03, Cu-Ag/(LSA)a-Al,03, and Au-Ag/(LSA)a-
Al,03 - were used for investigating the ethylene epoxidation
activity in the combined catalytic and corona discharge system.

(a) [ No Catalyst
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0 0.2 wt.% Cu-12.5 wt.% Ag/(LSA)-A1203
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O3 12.5 wt.% Ag/(LSA)x-A1203

m 1 wt.% Cs-12.5 wt.% Ag/(LSA)xAI203
1 wt.% Cu-12.5 wt.% Ag/(LSA)-A1203
B 1 wt% Au-12.5 wt.% Ag/(LSA)-A1203
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Fig. 3. Comparison of (a) C;H4 and O, conversions and (b) EO yield of the corona discharge system over Ag catalyst with different promoters.
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The specific surface areas of all investigated Ag/(LSA)a-Al,03-
based catalysts are shown in Table 1. The results indicate that
when the three, second metals (Cs, Cu, and Au) were sequen-
tially loaded on the Ag/(LSA)x-Al,O3 catalyst, the specific surface
areas of all bimetallic catalysts slightly increased. This implies
that all the loaded second metals showed good dispersion on the
Ag/(LSA)a-Al,03 catalyst. Because of the insignificantly different
specific surface areas of all the catalysts, it can be hypothesized
that the specific surface area plays a less significant role than the
property of the metals themselves on the epoxidation activity.
XRD patterns of all the studied catalysts were obtained (Fig. 2),
and all of the bimetallic catalysts show the same XRD patterns
as the monometallic Ag/(LSA)a-Al,03 catalyst, mainly consisting
of a-Al,03 and Ag phases. For the Au-Ag/(LSA)a-Al,03 catalyst,
the peaks corresponding to the Au phase were clearly observed.

For both the Cs-Ag/(LSA)a-Al;,03 and the Cu-Ag/(LSA)x-Al,03
catalysts, however, there was no clear evidence of any peaks cor-
responding to Cs and Cu. This is possibly due to their light mass as
compared to that of Au at the same wt.% loadings.

Under the plasma environment, the gas phase reactions induced
by the discharge mainly contribute to the reactant conversions. In
the corona discharge system used in this work, most of the dis-
charge energy is used to produce and accelerate electrons, which
instantaneously react with gas molecules (C;H4 and O,) to gener-
ate several highly active species (metastable radicals and ions) [26].
It was experimentally found that the C;H4 and O, conversions and
the EO yield were significantly enhanced by using all the bimetal-
lic catalysts with a suitable second metal loading, as compared
to the monometallic Ag catalyst and the system without catalyst
(Fig. 3). Among the investigated catalysts, the 1 wt.% Cs-12.5wt.%
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Fig. 4. Comparison of product selectivities for (a) EO, CO, and CHy4, and (b) H,, C2H,, C2Hg, and C3Hg of the corona discharge system over Ag catalyst with different promoters.
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Ag/(LSA)a-Al,03 and the 0.2wt.% Au-12.5wt.% Ag/(LSA)a-Al,03
catalysts provided a comparatively high EO yield. The use of Cu as
the promoter, however, slightly increased the EO yield only at the
high loading of 1 wt.%, while 0.2 wt.% Cu showed no improvement
of the EO yield as compared to the monometallic Ag catalyst.

The main products of the studied plasma system with dif-
ferent bimetallic catalysts were EO, CO, CHg, and H; with trace
amounts of C;H,, CoHg, and C3Hg (Fig. 4). No CO, was observed
from ethylene epoxidation in the studied corona discharge sys-
tem. It can be seen that the type of catalysts significantly affected
the selectivities for the main products. Particularly, the bimetallic
1wt.% Cs-12.5wt.% Ag/(LSA)x-Al, 03 and the 0.2 wt.% Au-12.5 wt.%
Ag/(LSA)a-Al; 03 catalysts combined with plasma were found to be
favorable for the ethylene epoxidation reaction, compared to the
other catalysts. Moreover, they provided a relatively low amount
of CO, as well as low selectivities for H,, C, products, and C3Hg.
From the results, it can be concluded that for the sole corona dis-
charge system, both the EO selectivity and yield were relatively
low because most reactions occur in the gas phase, and C;Hy is
mostly split into CH,4 and is partially oxidized to CO. In the pres-
ence of the monometallic Ag catalyst, the C;H4 conversion and
both the EO selectivity and yield greatly increased, compared to
the sole corona discharge system; this is because the system pro-
vided the additional Ag active sites for molecular oxygen adsorption
to consequently favor ethylene epoxidation [28]. The Cs promoter
added on the Ag catalyst, moreover, neutralizes acid sites on the
catalyst surface, which are active for the further isomerization and
oxidation of EO [29], and adjusts the surface electron density to
reduce the binding strength of EO to the catalyst surface, result-
ing in less oxidized product formation [30]. In addition, Cs plays a
role in increasing the adsorption probability of oxygen on the Ag
active sites [31]; whereas, the Au promoter affects the electronic
properties of Ag by weakening the Ag-O bond strength, which, in
turn, promotes ethylene epoxidation [19,28]. It was experimen-
tally found that in the presence of small amounts of Au (lower
than 0.54wt.%) on the Ag catalyst, the interaction between the
Au and Ag significantly enhanced the oxygen adsorption for the

ethylene epoxidation; however, a higher Au addition (greater than
0.54wt.%) caused the Au-Ag alloy formation, instead of Au-Ag
bimetallic formation, which was proved to be disadvantageous for
ethylene epoxidation [28]. It can also be seen from the present
work, using the combined catalytic-corona discharge system, that
a low Au addition of 0.2wt.% showed much better epoxidation
performance than a high Au addition of 1 wt.%, probably by a con-
sequence of the Au-Ag bimetallic formation as aforementioned.
In other words, when the Au addition increased from 0.2 (small
amount) to 1 wt.% (sufficiently large amount), it can possibly form
alloy with Ag (12.5wt.%). This Au-Ag alloy formation negatively
affected the epoxidation performance. Therefore, a suitable addi-
tion of each promoter should be used.

In general observation, it was found that the power con-
sumptions per EO molecule produced and per C;H4 molecule
converted were greatly reduced in the presence of all the stud-
ied catalysts (Fig. 5). The power consumption per EO molecule
produced was much higher than that per C;H; molecule con-
verted. For a comparison among the promoters, both Cs and Au
added on the Ag catalyst significantly helped reduce the power
consumption per EO molecule produced, and the lowest power
consumption per EO molecule produced was found with the
1wt.% Cs-12.5wt.% Ag/(LSA)a-Al, 03 and the 0.2 wt.% Au-12.5 wt.%
Ag/(LSA)a-Al, 03 catalysts, which exhibited good epoxidation per-
formance (Figs. 3 and 4).

After the plasma reaction testing experiments, the spent cat-
alysts were analyzed to determine the amount of coke deposited
on the catalyst surface (Table 1), and the Ag partcle size. It can be
clearly seen in the table that there were, overall, extremely low
amounts of coke formed on all the studied catalysts. However, the
Au-Ag/(LSA)a-Al, 03 catalysts, which exhibited the comparatively
good epoxidation performance, tended to induce slightly higher
coke formation. TEM was employed to observe the mean particle
size of the Ag nanoparticles on the surface of the investigated cat-
alysts (Fig. 6). The results from the high resolution TEM (HRTEM)
analysis show that Ag nanoparticles are highly dispersed on the
alumina support for the freshly prepared catalysts. As exempli-

B No Catalyst
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0 0.2 wt.% Cu-12.5 wt.% Ag/(LSA)0o-A1203
B 0.2 wt.% Au-12.5 wt.% Ag/(LSA)0-A1203

B 12.5 wt.% Ag/(LSA)o-Al203

1 wt.% Cs-12.5 wt.% Ag/(LSA)0-Al1203
1 wt.% Cu-12.5 wt.% Ag/(LSA)=Al203
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Fig. 5. Comparison of power consumptions per EO molecule produced and per C;H4 molecule converted of the corona discharge system over Ag catalyst with different

promoters.
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20 nm

Fig. 6. HRTEM micrographs of Ag nanoparticles on (a) fresh and (b) spent 1 wt.% Cs-12.5wt.% Ag/(LSA)a-Al, 03 catalyst, and (c) fresh and (d) spent 0.2 wt.% Au-12.5wt.%

Ag/(LSA)a-Al, 05 catalyst.

fied in Fig. 6, the HRTEM micrographs of the 1wt.% Cs-12.5wt.%
Ag/(LSA)a-Al,03 and the 0.2 wt.% Au-12.5wt.% Ag/(LSA)a-Al,0;
catalysts, which exhibited superior activity toward ethylene epox-
idation, as explained above, show average Ag particle sizes of
approximately 5-7 nm for both of the fresh catalysts and approx-
imately 9-12 nm for both of the spent catalysts, suggesting that
the Ag agglomeration occurred after the activity testing under the
corona discharge environment. This Ag agglomeration on the sur-
face of the spent catalysts possibly results from the high energy
intensity from the corona discharge with the pin and plate elec-
trodes used in this work. For the corona discharge used in this
work, the bulk gas temperature is comparatively low; however,
the energetic electrons may have energy ranging from 1 to 10eV,
corresponding to extremely high temperatures of about 104-10° K
[23-25]. This intense electron collision can induce a significant
increase in the temperature of a number of micro-sized spots on
the whole catalyst surface, inevitably leading to the Ag agglom-
eration. Even though the Ag agglomeration occurs on the catalyst
surface, the Ag particle sizes are still very tiny, in the nanometer
range (below 15 nm), and the Ag nanoparticles are still highly dis-
persed on the alumina support. To solve this Ag agglomeration, an
ongoing research is being conducted with other types of plasma
reactors, such as DBD, in our group. If this problem is resolved, the
durability of the catalyst is also necessary to be investigated in our
future work.

4. Conclusions

In this work, ethylene epoxidation was investigated in a com-
bined catalytic-corona discharge system. The catalysts used were
(LSA)a-Al, O3-supported 12.5wt.% Ag with a 0.2 or 1wt.% Cs, Cu,
or Au promoter. The addition of the promoter on the Ag catalyst
helps enhance the ethylene conversion and the EO yield and selec-
tivity when combined with the corona discharge, especially for the
1wt.%Cs-12.5wt.% Ag/(LSA)a-Al, 05 and the 0.2 wt.% Au-12.5 wt.%
Ag/(LSA)a-Al, 05 catalysts. The corona discharge system, combined
with these catalysts, also consumed relatively low power to pro-
duce the EO molecule.
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