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Absteagt

Part 1: The epoxidation of ethylene over different catalysts - namely Ag/(low-
surface-area, LSA)o-Al©Os,  Ag/(high-surface-area, HSA)y-AlLO;, and Au-
Ag/(HSA)y-ALO; - in a low-temperature corona discharge system was investigated.
In a comparison among the studied catalysts, the Ag/(LSA)a-Al;O; catalyst was
found to offer the highest selectivity for ethylene oxide, as well as the lowest
selectivity for carbon dioxide and carbon monoxide. The selectivity for ethylene oxide
increased with increasing applied voltage. while the selectivity for ethylene oxide
remained unchanged when the frequency was varied in the range of 300-500 Hz.
Nevertheless, the selectivity for ethylene oxide decreased with increasing frequency
beyond 500 Hz. The optimum Ag loading on (LSA)a-Al,O; was found to be 12.5
wt.%, at which a maximum ethylene oxide selectivity of 12.9% was obtained at the
optimum applied volitage and input frequency of 15 kV . and 500 Hz, respectively.
Under these optimum ¢onditions, the power consumption was found to be 12.6x10™
Ws/molecule of ethylene oxide produced. In addition, a low oxygen-to-ethylene
molar ratio and alow feed flow rate were also experimentally found to be beneficial
for the ethylene epoxidation.

Part 2: The epoxidation of ethylene under a low-temperature dielectric barrier
discharge (DBD) was also feasibly investigated to find the best operating conditions.
It was experimentally found that the EO yield decreased with increasing O,/C;Hy feed
molar ratio, feed flow rate, input frequency, and electrode gap distance, while it
increased with increasing applied voltage up to 19 kV. The highest EO yield of 5.6%
was obtained when an input frequency of 500 Hz and an applied voltage of 19 kV
were used. with an 0;/C;H, feed molar ratio of 1:1, a feed flow rate of 50 em’/min,
and an electrode gap distance of 10 mm. Under these best conditions, the power

consumption was found to be as low as 6.07x10™"® Ws/molecule of EO produced.
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Part 3: In this work, the epoxidation of ethylene using a low-temperature
corona discharge system was investigated with various reported catalytically active
catalysts: Ag/a-AlLO;, Cs-Ag/aAl;0; Cu-Ag/aAlO;. and Au-Ag/oAlLO;. 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% Ag/aALO; and 0.2% Au-12.5% Ag/aALOs.
The power consumption 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.
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Part 1: Ethylene Epoxidation over Alumina-Supported Silver

Catalysts in Low-Temperature AC Corona Discharge

1.1 Introduction and Survey of Related Literature

The selective oxidation of ethylene, especially ethylene epoxidation, is
currently the largest hydrocarbon partlal oxidation process in industry because the
desired product, ethylene oxide (C;H40, Eb‘j is a valuable chemical feedstock or
intermediate product for many impertant applications, such as solvents, antifreeze
agents, textiles, detergents, qi;lhesivés. polyurethane foam, and pharmaceuticals [1].
Besides, this is in :ﬁ‘i)({;:dm ith the currently high global demand for ethylene
oxide, which exceeds 4/0"biliian'p0unﬂs pcr annum [2], indicating high ethylene oxide

consumption amu@ﬂﬁ vorld: :,
Ordinarily, ethylene 'n,i:e m;adtzég:l to ethylene oxide with a high selectivity over

unique traditional sil er r‘calaixsb: sugpaned on low-surface-area alpha-alumina
(Ag/(LSA)o-AlLO;).
reactants as a muderatnr in d&l’erm of @’ne -containing hydrocarbon species, such
as dichloroethane {Czl-hclf}r and @ﬂ?‘iqﬂﬂende (C;H3Cl). was reported to
significantly ingrease- i xide by 15-20% [3-6]. Alkali and
alkali earth, suLh/a.s Cs and Re, were also reportad to provide an improvement of the

mﬁmemaﬂy lh&jddltmn of a few ppms of chloride to gaseous

selectivity toward’ ﬂhyiene oxide by 10% [7.8]. In a‘recent work [9], a silver catalyst
supported on_high-surfdet-area~gamma-aluminz. (Ag/(HSA)y-AlO;) was proved to
exhibit a gaod selectivity toward ethylene oxide, Moreover, adding a small amount of
Au to form Au-Ag bimetallic catalysts on the high-surface-area alpha-alumina support
waS\found to favor the epbxidation_reaction of ethyléne to €thylene oxide. They
reported that ethylene conversion obtained from these catalysts did not occur at
temperatures below 220°C. Even though the reaction temperature was raised to 270°C,
ethylene conversion was still low, around 1-4% [10]. Consequently, this limitation
results in high energy consumption for the catalytic reaction at high temperatures,
which becomes an obstruction in developing the process for industrial application. A
non-traditional catalysis technique is, therefore, expected to overcome this constraint.
One potential technique is to combine selective traditional catalysis and non-thermal

plasma, which is believed to reduce the power consumption and/or increase the



(h=]

selectivity and yield for ethylene oxide production.

Non-thermal plasma is one kind of electric gas discharge [11]. In non-thermal
plasmas, the electrons in electrodes gain energy from an external applied voltage until
they possess enough energy to overcome the potential barrier of metal surface
electrodes. Then, they can move from one electrode to the other, and these high-
energy electrons will chemically excite or dissociate the gaseous species by colliding
with the gaseous components present m& ' plasma zone. Typically, these excited or
dissociated atoms or molecules haw: a mu.t:ﬁ hfghtr reactivity than neutral species at
the ground state, and.mequmtly‘ they can easily lead to the formation of new
chemical species. Eurﬂf org. the most important characteristic of non-thermal
e,/‘ﬁ Jin 1:13
sIs ;é.t-iill‘fm!l}cﬁ lower [12]. Examples of chemical synthesis
s f*nleﬁn$ aromatics, and so on [13,14]. The combined
‘non-fhcnn&t— pla,smd have been demonstrated to offer a

plasma is that the plasma zene have a higher energy, but the

temperature of the b

using plasma are oxidati
processes of catal

number of advantag r r:ml?entmfgl) catalytic processes. One advantage is to

require low operational temperatures close 1o room temperature and low pressure at

near or slightly higher than- aﬁaﬁspheﬂﬁﬁwre, as described above. This implies
comparatively t@aj non-thermal plasma processes oﬂ'e{ a lower energy consumption

used for actwaﬂ{ég catalysts as compared with cnmc/mmnal catalytic processes.
Hence, corona discharge was employed for this research because it is capable of
operating at low temperature and atmospheric pressure [11].

A basic-configuration ‘of corona’ discharge s fo juse a pair of in-homogeneous
metal electrode geometries, which can stabilize the discharge generated. There are
many industrial-applications, involving the; utilization of corona, discharge, such as
NO, and SO, reduction in flue gas, toxic compound dcstruciinn, and ozone production
[15-17]. From literature review, the combination of corona discharge and
heterogeneous catalysts has been used for many applications | 18-30]. Recently in our
previous works, it was also used with photocatalysts for the gaseous removal of
benzene and ethylene [31,32].

The objective of this work was, for the first time, to investigate a combined
catalytic and corona discharge system for the epoxidation of ethylene using different

catalysts: Ag/(LSA)a-ALO;. Ag/(HSA)Yy-ALO;, and Au-Ag/(HSA)y-AlLO;. In this



study, the effects of various operating parameters, including applied voltage, input
frequency. molar ratio of oxygen to ethylene, and feed flow rate, on the activity of
cthylene epoxidation were examined systematically. Moreover, the optimum
conditions for maximum ethylene oxide production and minimum power consumption
were determined.

f/

/
1.2 Procedure ///
1.2.1 Materials and re 5 —

is.us | were (LSA)a-Al,O;, supplied by A.C.S. Xenon
N-ALOs. supplied by Aerosil®. Silver nitrate (AgNO3),
and  hydrogen tetrachloroaurate (III) trihydrate

. ffa Am;;s‘ar were employed as silver and gold catalyst

The two types of
Limited Partnershi

]

supplied by

precursors, respectively Al ch;mn&lé* were used as received without further
purification. Distilled wa w,qg usecb;f,‘gr,catalyst preparation in this study. For the
| ‘ehy_xp (hlgh _,p_ynly gradc} 40% eth}flene balanced with

Gas {Publls:) Co., Ltd. ,;;,/,,-Z; v’ ,\‘\ :

1.2.2 Catalyst g@ yaration procedures ..[ J

The mup;e’l‘ﬂl wetness impregnation method Waﬁ\t{md to prepare all catalysts
according to Ilterauire [9.10,33]. For silver supported-on (LSA)a-Al 04, the alumina

support was impregnated Avith aqueous solutions. of silver nitrate to achieve various
nominal Ag\loadings hmging from [ 0-15 w1.% and then dried in air at 110°C
overnight. These mixtures were calcined in air<at 400°C for 12H. Afier that, each
impregnated catalyst was sieved ipjorder t obtain the desiréd grain size range of 221-
425 pm for the activity studies. For silver supported on (HSA)y-Al,Os, the alumina
support was impregnated with an aqueous solution of silver nitrate to achieve a
nominal Ag loading of 13.18 wt.%, exhibiting superior activity in previous works
[9.10], and then dried in air at 110°C overnight. This mixture was calcined in air at
300°C for 5 h. After that, the impregnated catalyst was also sieved in order to obtain
the desired grain size range of 221-425 um for the reaction activity experiments,

which will be described later. For bimetallic Au-Ag supported on (HSA)y-ALO;, a Ag



catalyst on the alumina support with an optimum Ag loading of 13.18 wt.% was
initially prepared and dried at 110°C for 2 h. This catalyst was then sequentially
impregnated with an appropriate amount of an aqueous solution of tetrachloroaurate
(I11) trihydrate to achieve an optimum Au loading of 0.63 wt% [9.10]. This

impregnated catalyst was then dried in air at 110°C overnight and calcined in air at

500°C for 5 h. After that, the cataly&l/ys sieved in the same manner as explained

above. . / -
1.2.3 Catalyst characlerizations A
The specific surfice areas of all prepared catalysts were determined by a surface

area analyzer ( n, Autosorb-1) using mitrogen adsorption analysis. A

catalyst sample . ';fautgissgd in a sample cell under vacuum at 150°C for
10 h to remove ¥ and any volatile components adsorbed on the catalyst

surface before the analysis Theapeéﬁc surface area of each catalyst was calculated

//////

The actual contents uf’slhter and@*ﬁn the prepared catalysts were determined

by an atomic abgarptmn 5ﬁcﬁreswpa {ﬁi’ﬁ}i‘ﬁman S}:eclr AA-300).
re investigated by an X-ray

diffractometer [XﬂD Rigaku RINT-2200) ugtlmpcd—wnh a graphite monochromator,
a Cu tube for generalmg CuKa radiation (A = 1.54@5‘ A) at a generator voltage of 40
kV and a generator current of 30 mA, and a“hickel filter used as the filter for Kf
removal. 1h£ goniometer parameters were; divergence slit = 1°(26), scattering slit =
1°(26), and receiving slit = 0.3 nim. The catalyst sample was held in the hollow of a
glass slide holder and!was examined-in the 26 range of 20 to 90%ata scanning speed
of 5°(28)/min and a scan step of 0.02°(28). The digital output of the proportional X-
ray diffractometer and the goniometer angle measurements were sent to an online
microcomputer to record the data and to perform subsequent analyses.

Transmission electron microscopy (TEM) was employed for investigating the
average particle size of Ag particles and identifying the microstructures of the
prepared catalysts. The catalyst sample was ground into a fine powder and

ultrasonically dispersed in ethanol. A small droplet of the suspension was deposited



on a copper grid. and the solvent was evaporated prior to loading the sample into the
TEM. The TEM (JEOL, 2000 CX) was operated at an accelerating voltage of 200 kV
in bright field mode.

Temperature-programmed oxidation (TPO) was employed to quantitatively
investigate the coke formation on the spent catalysts. The TPO analysis was
performed at a continuous flow of @y’He (ratio 2:1) with a total flow rate of 40
ml/min. A spent catalyst was placed u( lﬁgaquamz tube. and it was secured with
packing quartz wool. The sample leiylpemtum was linearly increased with a constant
rate of 10°C/min to. J;e.iehﬂmaxlm temperature of 850°C. The carbon fraction of

the sample was camgﬁ/ :

effluent gas was p

'oxidime to form carben dioxide. After this reaction, the

thmugh methanator containing a Ni/Al;O; catalyst to

convert the carbon dio "ef’ tﬁ mﬂhm'te Subsequently, the produced methane was

detected with a flame lonization dctr\s-tw (FID). The area under the obtained curve
was used to calcul n cautent ul\?e spent catalyst sample. The amount of coke
.- th:ﬂﬂ@clght;{)jﬁpent catalyst.

and reaction aclivily experiments

The experimental stugy;gfgghylmezﬁé“ﬁgaﬁun was conducted in an AC corona

formed is reported based

1.2.4 Experimental set

discharge reac.\tg;g which was operated at ,aﬁnaslgfgric pressure and ambient
- —

temperature, ﬂllg-é_l‘]‘d 25-27°C (room tcmpemtm];\éz) schematic of the corona

discharge system is shown in Fig. 1.1(a). The reactor comprised an 11.25-inch-long

quartz tube with an outer diameter of 10 mm and an inner diameter of 8 mm. Plasma
was generafed in the readtor via pih‘and-platé electrades, “which were located at the
center of the reactor. The power used to generate plasma was alternating current, 200
V and ‘50 Hz| Wwhich was transformed to 4 high voltage ‘curreni.via'a power supply
unit. The output voltage and frequency was adjusted Ey a function generator, whereas
the sinusoidal wave signal generated was monitored by an oscilloscope. Since the
plasma generated in the reactor was found to have a very high fluctuation, it was not
possible to measure the voltage across the electrodes of the reactor (high-side
voltage). Therefore, the low-side voltage and current were measured instead, and the
high-side voltage and current were then calculated by multiplying and dividing by a
factor of 130, respectively. To investigate the effect of catalyst in the plasma reactor

on the ethylene epoxidation, 0.24 g of each of the three studied catalysts was



individually placed on the plate electrode and secured by a quartz wool layer. as
shown in Fig. 1.1(b). In this study, the gap distance between the two electrodes was
fixed at | cm.

Reactant gases (ethylene, oxygen, and helium) fed through the plasma reactor

were controlled by a set of electronic mass flow controllers to obtain a feed gas

mixture having different flow _\ﬂwm ratios of oxygen to ethylene, while the
S 6

ethylene concentration was fixe g actant lines had 0.7 um in-line filters
before being passed m mags ' llers in order to trap any foreign
T ———— T——

particles. When the composition of the feed

d constant, the power supply unit

was turned on. Aft uent gas was analyzed every

60 min until it wa

was controlled by a né tlet of the reactor was either vented to the
\ W .

atmosphere via rubber cted to an on-line gas chromatograph

for analysis of the produ

the moisture in the by a water trap filter. The gas

chromatograph used was @Mwﬁ@&utﬂ

vstem GC equipped with both a

thermal conductivity dgle;tgq@;)} an
N . ’ .
TCD channel. a packed column (Carboxen wvas used for Sepﬂmling the Pmduct

);). carbon mono y pont-dioxide (CO,). and ethylene

gases - oxygen
(C3Hy). For the F
the ethylene oxide (C;Hy0), methane (CHy), ethane (C:Hy), acetylene (C;H;). and
propane {Cﬁ}ﬁlﬂ“lﬂ H@% Ejsﬁ%ﬂlﬁ]ﬁg reactions, the {low rate
of the outlet gas was also measurgd. The experimental data taken unde: steady state

Y BT R 1 Y SN o

of thé plasma system.

¥channel, a capillary column {U\!‘iﬂhm L) was used for analysis of
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Fig.1.1. (a) Schematic of experimental setup for ethylene epoxidation reaction in

corona discharge plasma system and (b) configuration of the corona discharge reactor.

T'o evaluate the process performance, the conversions of ethylene and oxygen and
the selectivities for products. including CO, CO», C5H40. CH4. C3Hg. C3H;, and traces

of Cs. were considered. The conversion of either ethylene or oxygen is defined as:



% Reactant conversion = (moles of reactant in — moles of reactant out) x 100 (1)

(moles of reactant in)
The product selectivity is calculated from the following equation:

% Product selectivity = (number of carbon atom in product) (moles of product produced) x 100 (2)
(number of carbon atom in ethylene) (moles of ethylene converted)

To determine the energy efficien ,ﬁ,{h: plasma system, the specific power
consumption is calculated in a umtJ]f W‘s/:émnlecule of converted ethylene or per

molecule of produced ethylene oxi ! using the following equation:

specific power cons /‘*'-I P x60 A (3)

[N =M
where ' nmer'i?e' )
Avagad{é s number = 6,02 X 10* molecules/mol
:IT,:?‘I;: of ;:ajn:ertcd ethylene molecules in feed or rate of
i jpmduceafﬂjg};ne ‘oxide molecules (mol/min).
757, 7/
1.3 Results and Discussion ' Ve

N - -l /
1.3.1 Catalyst @"ﬁ cterization results ;:)

The nnminalgetal loadings, actual metﬁl"inadiq;g‘?s, and BET surface areas of all
the studied catalysts are shown comparatively in Table 1.1. The actual metal loadings
of these thre€ catalysts obtained,from AAS were not significantly different from the
nominal métal :l'naclbingS'. This"” imp‘ii&s that the incipient wetness impregnation
teehmique; used-for doading metals con supports-iscreliably-effective to control any
dcsir"e‘djﬁtalyst'“iﬁadi“ng. '

The BET surface areas of the Ag/(LSA)a-AlLO; family slightly increased with
increasing silver loading, indicating that the silver particles are well dispersed on the
support without the sintering effect during the preparation step. For the other catalysts
supported on (HSA)y-Al,O;, their surface areas were similar to those of the unloaded
support in the range of 97-101 m*/g. These results also imply that both Ag and/or Au
were highly dispersed on the surface of this high-surface-area support [10].



Table 1.1 Textural characteristics of all prepared catalysts

Nominal content Actual content® .

BET surface area
Catalyst (wt.%) (wt.%) 5
(m’/g)

Ag Au Ag Au

0 0 0 0 0.44
Ag/(LSA)a-ALO ! ool
$LSA)e-AL0; 0 0.74
0 0.89
Ag/(HSAyy-AlLQ 0 e
g/( - 0 o
Au-Ag/(HSA)-2 IW 0.78 97

*Determined by A
" Determined by

2Theta (degree)

Fig. 1.2. XRD patterns of (a) (LSA)a-AL0;. (b) 10 wt.% Ag/(LSA) a-ALOs. (¢) 12.5
W% Ag/(LSA) a-ALO3, and (d) 15 wt.% Ag/(LSA) a-ALO;.
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& Ap
O Au
| y-AlLO,

Intensity {a.u.)

Fig. 1.3. XRD pa:ﬂ’{.{r@m.m\ % Ag/(HSA)-AL,0; and (b) 0.63 wt.% Au-

13.18 wt.% Ag/(HS

Fig. 1.2 show:-. the'
silver loadings. For th

major phase. The silver phase i-@s fnutidﬁx the diffraction peaks of approximately 38,
44, and 64° when silver IoadmL creas@fo 12.5 wt.% Ag. At 15 wt.% Ag, a silver
nitrate phase was admuanail‘_}; ﬂbscrvad,.\prohahly due to overloading of the Ag
i in Fi _y..l‘he XRD patterns that the y-
Al;Oy phase is a{mq'ur phase of the {HSA}y%liﬁj-suppurted catalysts. For the 13.18

wt.% Agf{i'lﬂﬂhwﬂ({ID;. the silver phase was found at'the aforementioned diffraction

adeisuppm;, only the a-Al,O; phase was observed as a

precursor. As c:ha

peaks as well. When 0/63 wt2. Au was additienally loaded onto the 13.18 wt.%
Ag/l Hsmwmgﬂh ifs | KRD pattern - was |not siﬂgniﬁcﬂmly changed. without
distinguishable diffraction peaks of gold phase-due to their samé positions as the
diffFagtion peaks of silver phase, |

Fig. 1.4 shows the morphology and mean particle size of Ag on the surface of the
studied catalysts observed by using TEM. The TEM results show that Ag particles are
highly dispersed on the alumina supports. The TEM micrographs of a representative
12.5 wt.% Ag/(LSA)u-Al,0;, which exhibited superior activity toward ethylene
epoxidation as explained later, are depicted in Figs. 1.4(a) and (b) (low and high
magnifications, respectively). From the TEM results, the mean Ag particle size was

found to be approximately 9.5 nm.
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Fig. 1.4. TEM micrographs 0f12.5 wt.% Ag/(LSA)o-ALO; at (a) low magnification

and (b) high magnification

1.3.2 Reaction activity performance

All experiments were carried out at ambient temperature and atmospheric
pressure in orderto determine the effects of type of catalyst, silver loading, applied
voltage, input “frequency, molar ratio of Oy/C;Hs and feed flow rate on the
epoxidation activity of ethylene. Under the studied conditions, the product gas
contained carbon monopxide, .carbon dioxide.. ethylene oxide, methane, ethane,
acetylene, and wraces of C;, Interestingly, hydrocarbons containing a carbon number
greater than C; were not detectable,

1,3.2.1 Effect of type of catalyst

In the corona discharge system without a catalyst, most of the discharge
energy is used to produce and accelerate electrons, which then react with gas
molecules to generate highly active species (metastable radicals and ions). Ethylene
and oxygen are, therefore, chemically activated directly by electron collisions. For a
combined catalytic-plasma system, a catalytic material in the plasma or discharge
zone 15 used to enhance the selectivity and efficiency of the plasma process by surface
reactions.

Fig. 1.5(a) shows the ethylene and oxygen conversions and ethylene oxide
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vield over different catalysts. The ethylene conversion was always lower than the
oxygen conversion in both the sole plasma and combined catalytic-plasma systems
since the bond dissociation energy of ethylene (682 kl/mol) is much higher than that
of oxygen (498.38 kl/mol). Under the studied oxygen-to-ethylene molar ratio of 1:1,
both partial and complete oxidation to produce CO and CO; appear, as confirmed in
Fig. 1.5(b). As a result, the oxygen conversion was higher than the ethylene
conversion. The plasma system wnhmfx/;,mata]yst provided the highest oxygen
conversion. The oxygen conversion J:sn the: ﬁgﬁ{HSA}? Al;0; was higher than that on
the Ag/(LSA)a- ﬁlng&Mﬁ ic htgl‘fl -surfacé-area alumina support can provide higher
silver dispersion_ ,&tﬁ/ ¢ low-surface-area one, therefore improving oxygen

adsorption for th}/ﬁtym} reaction, fo result in a higher oxygen conversion.

Interestingly, the bi i au-kgfﬁ{ﬂhh-ﬁ[;ﬂq gave a lower oxygen conversion

than both Ag/(HSA)EA _‘ add_éAg{f}.S‘A)a-Al;O;. A possible explanation is that if

add . .s{J‘ i 3 . .
urface -Ae‘nrmh;p;n;;. is operative, it will tend to enhance the

chemisorption-induce
concentration of Ag on the surface. This. is due to the fact that oxygen forms strong
chemisorption bonds ‘t]'l:‘féﬁ‘ier @ does not chemically adsorb, to any
appreciable extent, on galg.//h s we]Ukt@x\m that the component that forms the
strongest Lhem@ﬁ-pmm bonds tends to segregate at th ~surface of the alloy particles
[34]. resulting 1Hﬁ$5 oxygen chemisorption and ;onsqujent lower oxygen conversion

in the case of thMu—Agf{I-ISA]T-AIED} Interestingly, the oxygen conversion in the

sole plasma system was _higher-than that in the case of the combined catalytic and
plasma systems. This result indicates that the activity of the plasma can be slightly
retarded in the presence of catalysts, since they. simply reduce the volume of the
plasma Zohe, as'well as act as an electrically resistant maieﬁai.,Huwwqr, the ethylene
conversion on the Ag/(LSA)a-Al,O; was found to be comparatively the same as that
in the sole plasma system, but not in the case of Ag/(HSA)y-ALO;. Since the Ag
catalysts have been found to be the hydrogenation sites for acetylene [35], this might
be another important reason to explain how the lower conversion of ethylene was
obtained on the Ag catalyst supported on (HSA)y-Al;O;. This can imply that despite
the presence of the Ag catalyst, C;H; hydrogenation does not favorably occur on the
(LSA)a-Al; Oy support. Interestingly, the Ag/(LSA)a-AlLO; was also found to provide

the highest ethylene oxide yield, plausibly due to the comparatively high ethylene
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conversion and the highest ethylene oxide selectivity, as explained next.

By considering the product selectivities, as shown in Fig. 1.5(b), it can be seen
that the type of catalyst significantly affects the selectivities for main products, i.e.
(:H40, CO, and CO;. Even though the bimetallic Au-Ag/(HSA)y-Al;0; combined
with plasma was shown to favor the total oxidation reaction as compared to the other
two catalysts, it still provided a m@dcg?a;}e ethylene oxide selectivity, even higher than
the Ag/(HSA)y-Al;0;. The reason is th _jg,@i'tould behave as a diluting agent on the
silver surface, rcsulting-in-ﬂle ﬂf:s'irytinil- 6rm/ufﬁgle silver sites, which favor atomic
oxygen adsorption, As-aresult, the addition of gold simply creates new adsorption
sites for molecular.ﬂ( _which is also responsible for the ethylene epoxidation
n mhy e Au-ﬁg!{HSA}T AlLO; showed the highest

fhat tlfe o* species are scparatcd from each other, and

reaction [10]. T

to be more active for'the mal p}hdahm’m;actmn than the Ag/(LSA)a-Al,O; and the
12 p]mm q}'stmr m. it Was found to show the hi ghest selectivity

sole plasma system. In
for carbon monoxide and alow selectl'ﬂgy for earbon dioxide.

It is gengréllv accepled that non-thermal plasm{;hangea the status of reactant
molecules. [nsteaJ of neutral ground state meleeules,ﬁ-f&—uxtum of electrons, excited

molecules, ions, am‘f radicals predominantly occupies the plasma zone. The energized

electrons and excited active species are in a-thermodynamically initial state for
subsequent ;gacginns, BFEQMES, the imeracnms among the adtive species and catalyst
lead to unusual plasma catalytic reactions [36]. In.comparisons ofithese three catalysts
combined with plasma and the sole plasma system. it is clear that ﬂ}& presence of a
suitable catalyst in corona discharge can enhanc.e the selectivity for the desired
product, ethylene oxide. In this experiment, the Ag/(LSA)a-AlLO; catalyst was found
to offer the highest ethylene oxide selectivity, the lowest carbon dioxide selectivity,
and the highest ethylene oxide yield. Interestingly. as shown in Fig. 1.5(c). the coke
formed on the spent Ag/(LSA)a-Al,Oy was comparatively very low, as the amounts
of coke formed on the spent Ag/(HSA)y-ALO; and Au-Ag/(HSA)y-ALO; were
approximately 13 and 21 times higher than that on the Ag/(LSA)a-Al,0;. Hence, the
Ag/(LSA)a-AlO; catalyst was selected for further studies.
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Fig. 1.5. (a) Ethylene and oxygen conversions and ethylene oxide yield, (b) product

selectivities. and (¢) amount of coke formed as a function of different catalysts (molar

ratio of 0,/C;H, = 1/1; feed flow rate = 50 ml/min; gap distance = | cm; frequency =

500 Hz; and, voltage = 15 kV).
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1.3.2.2 Effect of silver loading

Fig. 1.6(a) illustrates the conversions of C;Hy and O, and the C;H4O yield
over the Ag/(LSA)a-Al;0; as a function of silver loading. The catalyst having a Ag
loading greater than 15 wt.% was found to produce a large amount of coke on the
surface of the pin electrode and on the surface of the catalyst. The lowest ethylene and
oxygen conversions were observed f-"fﬁ;/}e blank support, as compared to the Ag-
loaded ones. This result indicates that the presence of silver on this support is
necessary to enhance both C;H, and Q;Eﬁiﬁ;:sluns The conversion of CiHy
increased with increasing A _ |
bevond 10 wt.% A
loading up to 10

ing up to 10 wt.% and remained almost constant

Ywhi ';,mﬁv sion of 0 also increased with increasing the Ag

1 ‘stantlaﬂy decreased with further increasing the Ag
admg _of 12.5 wt.% was found to give the highest
as shﬂ *h Flg. 1.6(b). it is worth noting that at high

4l A.J

Ag loadings, cspe‘éial - hcnthan msxmm lhe amount of coke formed was

loading. Interestingls

//z,.

and the C3H40 yield. e :;:’;‘C‘

The mﬂuencv: of s&v.ﬁr’,faadmg Dﬂ':ﬂruﬁelecnwtles for C;H40, CO, CO,, CH,,
C;H,, C3Hs, and.. sHg is d i  1.6{(c) Itisa nt that an increase in silver
loading resulted Tl/r.mcreases in both CO mdﬂﬂi sdﬁ'ﬂwlms especially with a Ag
loading higher T.han) 12.5 wt.%; however, the se]ectﬁa‘tles for C3H40 increased with

increasing Ag Inadmg up to 425 wt.% and- substamlally declined with further
increasing Ag. i!daclmg. The results dlscr show that! the Eeltctwmes for C;H; and C;Hs
tended to decrease as the Ag loading 1ncreased., The selectivities.for CHy and C;Hg
first’ mcreasccl dnhd \then deumastd with | ereasmg :Ag imdmg By comparing the
activity of the catalysts with various Ag loadings, 12.5 wt.% Ag was considered to be
the optimum value because it provided the highest C;H40 selectivity and yield with

relatively low CO and CO; selectivities.
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Fig, 116} () Ethiylené jand jokygn|conyetions and ethylbdé oxidé yield, (b) amount of
coke dormed, (c) product selectivities, and (d) power consumptions as a function of
Ag loading on (LSA)a-AlO; (molar ratio of 0,/C,Hy = 1/1: feed flow rate = 50

ml/min; gap distance = | cm; frequency = 500 Hz; and, voltage = 15 kV).

Fig. 1.6(d) shows the effect of silver loading on the power consumption for
ethylene conversion and ethylene oxide production. The results show that the power
consumption per molecule of C;Hy converted was much lower than the power

consumption per molecule of C;H40 produced. With increasing the silver loading, the

(x10" Wes/C:H4O produced)
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power consumption per molecule of C;Hy converted or per molecule of C,H;0
produced substantially decreased and reached the minimum at a Ag loading of 12.5
wt.%. Beyond this optimum Ag loading, the power consumption dramatically
increased with further increasing the Ag loading. The increase in the power
consumption at above the 15 wi.% Ag loading resulted from the increase in coke
formation. The optimum Ag loading pi}.[ 2.5 wt.% on (LSA)a-AlO; was selected for
further investigation since it gave the };g/(fu;,lathy!cnc oxide selectivity, the highest
ethylene oxide yield, and the lowest power eonsumption. This optimum Ag loading
was in good agreementwith ou prelious,stﬁﬂjf-‘[iﬁ]—.-
1.3.2.3 Effectof

I / tests o the voltage range that could be applied to the
- m@ge or the lowest voltage (onset voltage), to
generate plasma was fou :b{'.' M 7kV, and at an applied voltage higher than 15
a;ng{{ms ;; due to a large amount of coke formation,
Therefore, the reaction perum:ﬁm wyg ondtu,tecl in the voltage range of 7-15 kV
in order to determine th elfecl:nf applfgmﬁage The effect of applied voltage on the
C;H4 and O, cnnv:rqmns_anj/ghﬁ L1H.|Q,M-I.S illustrated in Fig. 1.7(a). The oxygen
conversion ancL éthylem: oxide vield tended to- mﬁe with increasing applied
voltage in the 1'31{32 of 7-15 kV, whereas the :ﬂayleﬁejmmcrsmn remained almost

unchanged. One p.lh].mhle exp]aualmn for the converted oxygen increase is that a

more atallah;ergly:ctgnns‘ tha.l ;p mm, mcf,reasq.; an;;nppur;unlt}f for collision with
reactant molecules. Moreover, an_increase in the O active species generated in the
plaswia zone results\in their mare opportunities to adsorb on the strface of the catalyst
for Fﬁnher subsequent reactions, ‘cspccially to vield the desired ethylene oxide
product. In contrast, it was unexpected that C;Hy conversion remained nearly constant
with increasing applied voltage. This indicates that the converted C,H, species in the
plasma zone may be recombined to form C;Hj as a secondary reaction in the catalytic
zone. More discussion will be given in the next paragraph.

The effect of applied voltage on the selectivities for C.H,0. CO, CO,, CHy,
CaHa, C;Hg, and C3Hg is shown in Fig. 1.7(c). The selectivity for C3H;0 obviously

increased. but only slightly for the CO» selectivity, with increasing applied voltage. in
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contrast to the selectivity for C;H; whereas the selectivities for CHy and C,Hg first
increased and then decreased. The selectivity for C;Hg remained almost unchanged in
the studied range of voltage. When the applied voltage increased, corresponding to the
increasing O active species as mentioned above, active hydrocarbon species are
further oxidized to form CO and C,H4O on the surface of the catalyst, but CO is not
further oxidized to CO,, as confirmed by a sharp drop with increasing applied voltage
from 13 to 15 kV. These results sugg&sfjdi’argfhigher number of O active species ata
higher applied voltage is more javorib]ew for C;H4O production than complete
combustion. Interesﬁﬁﬁhﬂ, the amount of ‘GoH, a product from the CHy
dehydrogenation.in El_w )aama zone, tended o decrease with increasing applied
voltage due to the' :1mﬂ1tanmus hydmgenauun reaction of C,H; on the Ag catalyst
[35], which may }é'mpenshte fnr the amount of C;Hy converted in the plasma zone,
consequently resultufg m almost uncﬁanged C,;H, conversion.

Fig. 1. ?{d’j slijsi the. E:ﬂ'ecr);sg applied voltage on the power consumption.
With increasing apﬁi:e{lﬁ volt@ge. the g@;._wer consumption per molecule of converted
C,Hy increased, whereas t‘he power aqm&ptmn per molecule of produced C,H,0
substantially decreased _As shawn ab@g-@ncemmg the almost unchanged ethylene

conversion, lhg fl ing average electron energy and th: ﬁcreasmg number of electrons

in the plasma zam; could not enhance the wnvemonbfl ethylene, probably due to the
C;H; hydrogenation to reform C;H, on the surfage of the silver catalyst in the
catalytic zone, resulting in an insignificant-increase in energy consumption per
molecule ©f C;H; converted when increasing ithe applied voltage. In contrast, an
increase in the selectivity for C;H4O was comparatively much higher when increasing
the,applied voltage. resulting in lower power consumption permolecule of produced
C;H40. From the results, the optimum voltage of 15 kV, which produced reasonably
high C;H, and O; conversions, the highest ethylene oxide selectivity, and the highest
ethylene oxide yield with the lowest power consumption per C;HsO molecule

produced, was selected for further experiments.
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Fig. 1.7. (a) Ethylene and oxygen conversions and ethylene oxide ynﬁi!, (b) generated
current, (¢) product selectivities, and (d) power consumptions as a function of applied
voltage in the presence of 12.5 wt.% Ag on (LSA)a-Al;05 (molar ratio of 0,/C;Hy =
1/1; feed flow rate = 50 ml/min; gap distance = 1 cm; and, frequency = 500 Hz).
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1.3.2.4 Effect of input frequency

Input frequency is another important parameter greatly affecting the plasma
characteristics in terms of stability and efficiency performance. In order to investigate
the effect of input frequency, the studied plasma system was operated in the 300-800
Hz frequency range since a large amount of coke was found to deposit on the
electrode surface at a frequency lower than 300 Hz, and the plasma could not exist at
a frequency higher than 800 Hz. The nﬁ(pﬁ/pf input frequency on the C;Hy and O,
conversions and the CaHa O },rleld is lllustrmd in Fig. 1.8(a). When the input
frequency increased, ihe _ﬂ;kgﬂnv srsion decrenscﬁ, whereas the C,;H; conversion

remained almost r.:ﬂunsfﬂ/ /

c,,ur;cm ich eorresponds to the reduction of the number

& explanation is that, as shown in Fig. 1.8(b), a higher

frequency results i

of electrons generat ucntly“‘the opportunity for collision between electrons

and O, or C;Hy molecule dﬂclmeé with decreasing current. Therefore, it was
expected that the €onyersi ns a‘f beLﬁ—CzHa‘ and O;, and the C;H40 yield, should

decrease with increasing nputhﬁvequm!{cﬁ, howzwer. the conversion of C;H, did not

follow this expectation, h:gﬁﬁs'_isimi@fthe case of increasing applied voltage. As
mentioned earlier, the im'ajiz'aﬁ:fa:éﬂmm_"_f:ﬁi C,Hy is the trade off between the C;Hy
dahvdmgenauun in the plasma zone and the C;H; hydggpnauon on the surface of the
silver catalyst m-!ﬁe catalytic zone. Moreover, in the ﬁetiuency range of 300-500 Hz,

the CoH40 vyield was found to remain almost unchanged. but beyond 500 Hz, it

significantly decreased, probably due to the dramatic decrease in O; conversion.

The ;qffe{cl‘._ of | input| frequency on the product selectivities is shown in Fig.
1.8(c). The selectivity for C:H4O remained nearly unchanged when the frequency was
varied “in | the rangé 6f1300-500) Hz. Beéyond 300/ Hz. the selectivity decreased
substantially with increasing frequency. Since the decrease in the input frequency
from 800 to 500 Hz results in increased current, there are accordingly more O active
species available to adsorb on the surface of the silver catalyst for the epoxidation
reaction, leading to the higher selectivities for all products. including C;H40. At a
frequency lower than 500 Hz, the selectivity for C;H4O did not further increase with
decreasing frequency. despite a higher amount of generated electrons, because of the
coke formation. The selectivities for CO and CO; also tended to increase with

decreasing input frequency. This is because more O active species at lower input
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frequency could lead to the increase in the selectivities for CO and CO,. Therefore, an
input frequency of 500 Hz was considered to be a potentially optimum condition,
exhibiting reasonably high C,H;O selectivity with relatively low CO and CO;

concentrations.
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Fig. 1.8. (a) Ethylene and oxygen conversions and ethylene oxide yield, (b) generated
current, (¢) product selectivities, and (d) power consumptions as a function of input
frequency in the presence of 12.5 wt.% Ag on (LSA)u-AlyO; (molar ratio of 0,/C,Hs
= 1/1; feed flow rate = 50 ml/min; gap distance = 1 c¢m; and, applied voltage = 15
kV).
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The effect of frequency on the power consumption to break down each C;Hy
molecule or to create each C;HsO molecule is shown in Fig. 1.8(d). The result shows
that the power consumption per C;Hs molecule converted tended to gradually decline
with increasing input frequency. Interestingly, the power consumption to create each
C,H;0 molecule decreased with increasing the input frequency up to 500 Hz; beyond
this frequency, the power consumption dramatically increased. This is because a
higher frequency gives a lower current,_ré:sqiﬁng in lowering the number of electrons
to initiate the plasma reactions. At a frequmcy lower than 500 Hz, both power
consumptions increased-eonsiderably with decreasing frequency. This is because the
coke formation simply ‘i‘l;p-cfﬂases the power efficiency. Based upon a relatively high
ethylene oxide seMvg;y and eth}'lene oxide yield, as well as the lowest power
consumption per mglfcu,le of ethyleﬁé’ oxide produced, an optimum input frequency
of 500 Hz was selected fof“ﬁgrther expﬁmms

1.3.2.5 Effect of molar & i
To determine’ the mﬂuﬁ;ﬁce Of/ jhe feed pas composition on the ethylene

epoxidation reaction unéerﬁ cm:f:ma dm’:}ﬂe environment, the feed 0,/CaHy molar
ratio was varied in the range of 1/] hg‘Sfl,_,whﬂe the applied voltage and input
frequency were k@i constant at 15 kV and 500 Hz, rasgectwely An increase in the
0,/C;H4 molar raﬁa significantly enhanced only the G-;i’h conversion, while the O,

conversion increased and then decreased with further increasing the molar ratio higher

than 3/1, as shown in Fig. 1.9(a)..The explanation is that an increase in the molar ratio
of 0,/C;Hy results in haviﬁ_g; more (0, available fo rea¢t with ethylene molecules,
leading to higher C,H4 conversion, Interestingly, the maximum cenversion of O, was
found to approximately be at the molar ratio of 3/1, which is the theoretical ratio for
the C3H; complete combustion. When considering the C;H4O yield, as also shown in
Fig. 1.9(a), it was interestingly found to drastically decrease with increasing the molar
ratio from 1/1 to 2/1; and beyond the molar ratio of 2/1, the yield tended to slightly

decrease to almost zero at the molar ratio of 5/1.
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Fig.1.9. (a) Ethylene and oxygen conversions and ethylene oxide yield, (b) product

selectivities, and (c) power consumptions as a function of molar ratio of 0,/C;Hy in
the presence of 12.5 wt.% Ag on (LSA)a-AlO; (feed flow rate = 50 ml/min; gap
distance = 1 cm; applied voltage = 15 kV; and, input frequency = 500 Hz),

The effect of O,/C;H4 molar ratio on the product selectivities is shown in Fig.
1.9(b). In this corona discharge system, the selectivities for C-H;0, CaH; C;H;, and

C3Hg decreased. but. in contrast, the selectivity for CO; increased with increasing

selectivity (%)
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0,/C5Hy molar ratio. Interestingly, the selectivities for CO and CHjy increased up to
the 0,/C;Hy molar ratio of 3/1; however, beyond this ratio, their selectivities rapidly
declined. At the O,/C;H4 molar ratio of 3/1, O, was contributed to form the highest
amount of CO. At a molar ratio higher than 3/1, known as an excess O, condition, CO
is further oxidized to form CO,, as confirmed by an increase in the CO; selectivity.
Moreover, at an O/C;Hy molar ratio of 5/1, the selectivity for C;H4O reached zero,
suggesting that C,H,O can be formed é(}fj deficient O, condition. The highest
C,H40 selectivity was found at an Dgff;,_zﬁ: molar ratio of 1/1, which is in good
agreement with our previous. ,?tud} Hﬂ]

Fig. 1.9(c) ské( e power onsumption needed to convert ethylene and to

/ }ﬂ'er;:nl /CaHy molar ratios. The power consumption per
e

produce ethylene

molecule of conve reiched a maximum at an 05/CsH; molar ratio of 3/1.
At an 0,/C;H4 molar gatis

However, there w.

igher fhaqyi.-’l« the power consumption rapidly decreased.
ma}y sng@ﬁ?a,ut increase in the power consumption per
molecule of produ ylene - nmﬁ{/}yith mcreasing the 0,/C;Hy molar ratio,
tio’6f /1. An@l—h molar ratio of 1/1 was selected for
further experiments because j;t_fjpm»id@—’i the ‘highest ethylene oxide selectivity, the

highest ethylengé)udc vield. and the lowest power eﬁumptmn in spite of having
X
N

ot

1.32.6 Effecluf feed flow rate 4y

especially at a molar

the lowest ethyléﬂé conversion.

The feed flow rate has.a significant effect on the residence time of gas
molecules Within both the ‘plasma ‘and Catalytic zones, affecting the performance of
the plasma system. The experiments were performed by varying:the feed flow rates
from, 50 fo 150 ml/min at an Oy/'C;Hymolar ratio of 1/1. The optimum applied voltage
of 15KV and the input frequency of 500 Hz were still applied to control the plasma
system. Fig. 1.10(a) illustrates the influence of the feed flow rate on the C;H; and O,
conversions and the C;H4O yield. The conversions of C;Hy and O, and the C,H,0
yield decreased almost linearly with increasing feed flow rate from 50 to 150 ml/min,
corresponding to decreasing the residence time from 0.6 to 0.2 s. An increase in the
feed flow rate reduces the gas residence time in the reaction zone, resulting in a
shorter contact time for ethylene and oxygen molecules to collide with electrons. As a

result, a reduction in the feed flow rate enhanced the conversions of both C;H4 and O,.
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The feed flow rate dependence for product selectivities is depicted in Fig. 1.10(b). It
is apparent that the selectivities for C;H40, CO, CO,, and other by-products tended to
decrease with increasing feed flow rate. As explained above, this is because a higher
feed flow rate reduces the opportunity for collision between electrons and
reactant/intermediate molecules, as well as subsequent secondary reactions.
Fig. 1.10(c) shows the effect ng feed flow rate on the power consumption.
Even though the power consumption pé,?ineigculc of converted ethylene and per
molecule of produced ethylene oxide slighitly decreased when increasing feed flow
rate, a lower feed flow rate cauldlpmwde much. higher reactant conversions and
desired ethylene oxideé seléciivity. This is possibly because the power consumption
per molecule of pﬁh}'}en:xmde at different feed flow rates is not varied
/f qﬁd}tts than _ge 15 relatively small compared to those for all

’."a 5 ‘;
oV, vy

| resulis é%;ii‘qed above, it was found that the ethylene

much in the studied

previous operating paramete

From all experime
epoxidation prefera l:urrﬂd; n ﬂ@jcnmhined‘ catalytic and corona discharge
plasma system using Ag/( I.SA}QC ALO; _:ﬁ‘catalyst under a deficient O, condition
with an Dg!C’gHJ, molar ratlgfof 1A, a&ﬁqmpa:cd with the sole plasma system. The
chemistry of thq&mbmed catalytic and plasma s}'stané “i5 considerably complicated,

and further lnveﬂggtlun is needed to obtain a hetter gm{erstandmg of the interaction

between plasma and catalysts on simultaneously -occurring chemical reactions
including ethylene eposidatiop. Based on the-current knowledge, for the corona
discharge syStem witﬁuul -"lI"lcvgﬂlalys_t, various oxygen and hydrocarbon active species
can be mostly generated by electron collision. The oxygen active:species can mainly
react, with ethylene mole¢ulés/radicals in the bulk jgas phase t0 form-ethylene oxide.
When the cﬂrr;bined catalytic and corona discharge‘ is used, the ethylene oxide can be
additionally produced by the partial oxidation of ethylene molecule with oxygen
molecularly adsorbed at the catalyst surface [10]. Therefore, the ethylene oxide
formed in the combined system can be plausibly produced via the combination of

gaseous discharge mechanism and catalytic surface chemistry.
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Fig. 1110. (a) Ethylene and oxygen conversions and ethylene oxide yield, (b) product
selectivities, and (c) power consumptions as a function of feed flow rate in the
presence of 12.5 wt.% Ag on (LSA)a-ALO; (molar ratio of Oy/C;Hy = 1/1; gap
distance = | cm, applied voltage = 15 kV: and, input frequency = 500 Hz).
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1.3.2.7 Durability of catalyst
To study the durability of the 12.5 wt.% Ag/(LSA)a-AlO; catalyst, the

activity test was performed in two consecutive runs without any intermediate
treatment. The studied plasma reactor packed with the catalyst was operated about 3 h
for each run to reach the steady state. Fig. 1.11 shows the comparison of the process
performance of the two consecutive runs under the optimum conditions. The results
show that the process performance of tﬁ:;ﬁjpnd run was lower than that of the first
run in terms of the oxygen 'mnver.?ian and all product selectivities except the ethylene
conversion. This lower activity cbuld possibly be due to the coke formation on the

spent catalyst, ?é by TPQ as mentioned previously, as well as the Ag
agglomeration Bxf'a(ﬁythg TEM, micrographs, as shown in Fig. 1.12. When
comparing the 1 cgraph:.sf the fresh catalyst (Fig. 1.4) and of the spent
catalyst (Fig. I.l%

: n 1‘};1’&(:-@,J size of Ag increased from 9.5 to 15 nm after the
activity experiment. The Ag agglomeration on the catalyst surface is believed to result
from the high energy tenﬂi‘nf t!;;/_ﬁ}_;una discharge used in this study. For non-
thermal AC plasma, ﬂlﬂ’;éﬁ_g 2as l@élum is comparatively low: however, the

energetic electrons mayﬁﬁe'iéner_g}fﬁﬁﬁﬁg from 1 to 10 eV, which corresponds to

extremely hig‘"ﬁ:\,mmpe:anm_nf_a.bﬂm 10 ﬁ&ﬂ_tu;f‘%ﬂ,ﬂﬂﬂ K [12]. Therefore, the

Y L
catalyst surface -has high probability to be .éallidsﬂﬁnterminently with these high-

temperature electrons, causing the increase in temperature on scattering micro-sized

spots in a very short period throughout the catalyst surface and subsequently resulting
in the Ag dgglomeration. The measuréd temperature of the bulk gas was low in the
range of 100-200°C, whereas thé temperature~of these aforementioned spots was
ekpected to [be significantly higher In our future study. a dieleetric barrier discharge
(DBD). which can produce microdischarge with much lower energy intensity, will
also be tested for the ethylene epoxidation reaction without causing the sintering

effect of Ag nanoparticles.
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1.4 Conclusions
In this work, the epoxidation reaction of ethylene under AC low-temperature

corona discharge was investigated in the presence of catalysts; Ag/(LSA)a-AlLO;,
Ag/(HSA)y-ALO;, and Au-Ag/(HSA)y-AlLO;. In comparisons among the studied
catalysts, Ag/(LSA)a-Al;O; was experimentally found to be the best catalyst to
provide the highest ethylen € ectivity. The optimum Ag loading on the

-at which a maximum ethylene oxide

t ﬂﬁappﬁed voltage and input frequency

ese optimum conditions, the power

selectivity of 12.9% was obt:
of 15 kV and 3
consumption

addition, decreases i

ule of ethylene oxide produced. In
atio and feed flow rate were also

experimentally fou . xidation activity.
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Part 2: Ethylene Epoxidation in Low-Temperature AC Dielectric
Barrier Discharge: Effects of Oxygen-to-Ethylene Feed Molar Ratio

and Operating Parameters

2.1 Introduction and Survey of Related Literature

Ethylene oxide (C,H4O, EQ) is an important industrial chemical, which is
primarily used as an intermediate in the production of various useful chemicals. Its
major use is in the production of ethylene glycol. Itis also used for the manufacture of
surfactants and detergents by a pﬁ'-cess called ethoxylation, solvents, antifreezes,
adhesives, pulyureﬂtananfnm fmmqants for agricultural products, and sterilants for
medical equlpmﬂur’aniﬁupplms spmes, and cosmeties [1,2]. Since EO is a valuable
chemical feedstockfor _many apphcanens, the selective partial oxidation of ethylene
to EO, so-called cﬂu’leng apoxudaﬂoﬂ has been of great interest in global research

works. »l; 4

using molecular oxygen anﬁ silver cggl#éls is one of the greatest findings in
heterogeneous catalysis, being the most wid%i}"used method for ethylene epoxidation.
Since 1940, almost all EO produced industrially has been'made using this method [4].
To date, silver catalysts supported on alpha-alumina (Ag/a-ALO;) with alkali and
transition metal promoters [5-15], such as Cs, Cu, Re, and Au, or with addition of

chlorine-containing moderators-into gaseous reactants [16-20], such as dichloroethane
(C2H4Cly) and vinyl chloride (C;H;C1), provide high selectivity for EO. However, the
conventional catalytic process normally requireschigh temperatures; i.e. implying high
energy consumption, to sufficiently, activate the catalyst for the éthylene epoxidation,
basically higher than 200°C. Moreover, the catalytic problems at high temperature
operation, i.e. catalyst deactivation, catalyst regeneration, and catalyst replacement,
greatly reduces the working efficiency of the process, as well as directly leads to a
high production cost. These turn out to become necessary for developing a new
approach to overcome the mentioned problems.

Non-thermal plasmas, such as dielectric barrier discharge (DBD), corona

discharge, and glow discharge, are a highly potential alternative for chemical reaction
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investigation under non-equilibrium conditions operated at low temperatures and
atmospheric pressure. The main characteristic of the non-equilibrium plasma is its
high electron temperatures (lD"—lﬂs K), whereas the bulk gas temperature remains as
low as room temperature [21,22]. This implies comparatively lower energy
consumption used for operating the reaction system as compared with conventional
catalytic processes. The non-equilibrium plasma with the highly energetic electrons
and low temperature in the bulk gas -:aumiﬁaﬁc several chemical reactions, which are
normally not possible to oceur at low, tempe’i&t&es [23].

DBD is the most-commanly used technique for atmospheric pressure plasma
operation. The basm’prluciple of 1hl§ technique is to utilize non-equilibrium plasma,
in which the majoﬁﬁpart of elenmca energy is transferred to energetic electrons and
active radical spec ;.s’ gcuera’taﬂ fmm suiasequent reactions [24]. A major advantage of
DBD is that the antlrg’tIcﬁtrgdé ared lé effectively employed for discharge generation,
resulting in the cumpqralwel,y Iugh ﬁc,hg:ge volume with a very low temperature
t}'pll:a“}" close to mﬁfm ﬁ:mperature l}p uses of DBD for chemical S}fntheses and

partial oxidation of methane 10 methanu]’l[ﬂﬁu, the ozone production from molecular
oxygen [25], the- removal of gaseous HyS and NH; [26E the oxidation of propene [27],
the decompmsmafl of trichloroethylene [28], the refei"mmg of hydrocarbons and
alcohols for hydrogen production [29], and the methane conversion to C;

hydrocarbons [30]. However, up to now, the use of DBD for gas phase epoxidation
reaction has\been rarely investigated. To our Knpwiedge. only one recent published
work described about gas phase epoxidation of propylene [31]; however, there has
been noany literature teporting the epoxidation of ethylene using DBD yet.

In this work, a low-temperature dielectric barrier discharge (DBD) system was
employed for the first time for non-catalytic ethylene epoxidation at atmospheric
pressure. The effects of various operating parameters, including 0,/C;H; feed molar
ratio, feed flow rate, input frequency, applied voltage, and electrode gap distance, on
the activity of ethylene epoxidation and the system performance were extensively

examined.
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2.2 Procedure

2.2.1 Reactant gases
All gases used in this work, i.e. 99.995% helium (high purity grade), 40%

ethylene balanced with helium, and 97% oxygen balanced with helium, were supplied

by Thai Industrial Gas (Public) Co., Ltd.

2.2.2 Dielectric barrier discharge s
The experimental study of ﬂé/ xidation was conducted in a low-

temperature dielectric bamer dlSEB’:I.I'gE . B'BT system, which was operated at
mbi \perature, around 25-27°C (room temperature). The

plate-made DBD rea¢tor sizes mf:cre
‘e1g‘ht ‘-ﬁ ’? em width x 19 cm length for the outer
‘l{l;j ﬁpnﬁslmd of a 5-mm-thick dielectric glass plate
le -stamlesa &lge,{ glectod:s on the lower electrode. The gap
des q&s va:ﬁjljmm 10 to 14 mm. The input power used to
generate microdischarge’ plasima Bﬁtwcmwclﬂclmde gap was domestic alternating
current (AC), 200 V and 50 Hz,. S,thh m‘mﬂsmmﬂi to a high voltage current via a
power supply u@td\ The power supp[y unit consisted of nge steps. For the first step, the
domestic AC mpl::{afﬂﬂ V and 50 Hz was converted :04 DC output of 70 V by a DC
power supply mnwmaler. For the second step, a 500 W-power amplifier with a function

inner dimensions, a
dimensions. As sho
placed between two pa

distance between the elec

generator was used to transform the DC into AC current with a sinusoidal waveform and
different frequencies. For fhe fhird Stép, the putler) voltage Was stepped up by using a
high voltage transformer. The description of the power supply unit was given elsewhere
[32], The outpul-voltage and frequency were: controlled by-the function generator. The
voltage and current at the low vﬁﬁaga side were measureci instead of those at the high
voltage side across the electrodes since the plasma generated is non-equilibrium in
nature. The high side voltage and current were thereby calculated by multiplying and
dividing by a factor of 130, respectively [32-35]. A power analyzer was used to measure

power, current, frequency, and voltage at the low voltage side of the power supply unit.
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Fig. 2.1 (a) Schematic of experimental setup for ethylene epoxidation reaction in

dielectric barrier discharge plasma system and (b) configuration of the dielectric
barrier discharge reactor.
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2.2.3 Reaction testing procedure

Reactant gases (ethylene, oxygen, and helium) fed through the plasma reactor
were controlled by a set of electronic mass flow controllers and transducers, supplied
by SIERRA® Instrument Inc., to obtain a feed gas mixture having different flow rates
and oxygen-to-ethylene molar ratios. A 7-um in-line filter was placed upstream of
each mass flow controller in m‘der-tmt/r;p any solid particles. A check valve was
placed downstream of each mass flow f,{n_ﬁauer to prevent any back flow of the
reactant gases. All of the reactant gases waremed inside a single line before being

introduced into the DBD reac
first introduced IM '.syste without turning on the power supply unit. After
the composition f( 15 /Was ini},a:;'sant with time, it was turned on. The outlet of
the reactor was either ve : _‘ to- lh;atmosphere via rubber tube exhaust or was

ing g ;E:ljfoméfé}aph (Perkin-Elmer, AutoSystem GC) for
analysis of the product s;*‘[ﬁtmuigﬂire'in the product gas stream was trapped by a

¢ ¢

"

water trap filter before entering a heated stainless steel line to the on-line gas

/ ” -

"

chromatograph. The gas ’éﬁﬁn’awggﬁéwas equipped with both a thermal
N v ..
conductivity detector (TCDY and a flame ionization }ele::mr (FID). For the TCD
A " v A
channel, the packed column.. R was i for separating the product

t. For any studied conditions, the feed gas mixture was

connected to an o

gases, which w;ééi hydrogen (H;). oxygen (O»). garbon monoxide (CO), carbon
dioxide (CO;), anﬁ’e{h}rlene (C;Hy). For the FID charnel, the capillary column (OV-
Plot U) was used for anﬁiysis of O and other by-product gases, i.e. CHy, CoH,, C3Hs,
and C3Hy. The ‘composition.of product gas stream was analyzed by the on-line gas
chromatograph every 20 min. After the system-feached steady state, &= analysis of
outlet gas composition Waﬁ,;-_takepgal‘ lgast a few tim’cs; The experimental data taken
under steady state conditions were averaged, and these averages were used to evaluate
the performance of the plasma system. It is also worth noting that during the reaction,
the temperature at the reactor wall was found to be lower than the melting temperature

of acrylic plate (130°C), which was used to construct the DBD reactor.
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2.2.4 Reaction performance assessment
To evaluate the process performance, the conversions of ethylene and oxygen and

the selectivities for products, including EQ, CO, CO;, H,, CHy, C;H,, C;Hg, and traces
of C;3, were considered. The conversion of either ethylene or oxygen is defined as:

tant in — moles of reactant our) (100)

% Reactant conversion = (m

The EO yield is calculateg

% EO yield =(% ethylene convession) (% EO selectivity) / (100)

To determirie) thgmﬁ’ o -' the plasma. system, the specific power
consumption is Falcuiz /s-per molecule of converted ethylene or per

S“ﬁﬁ“iﬁ"ﬂﬁ?%ﬁﬁmﬁ
Wwaﬁﬂfﬂﬁmmmm

= Rate of converted ethylene molecules in feed or rate of
produced EO molecules (mol/min).
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2.3 Results and Discussion

2.3.1 Effect of feed molar ratio of 0,/C5H4

The effect of O,/C,H, feed molar ratio was initially studied in order to obtain the
most suitable feed gas composition for ethylene epoxidation reaction under the low-
temperature DBD system. In this study, the 0,/C,H, feed molar ratio was investigated
in the range of 1:1 to 4:1, while an applied voltage of 17 kV, an input frequency of
550 Hz, and a residence time of 0.45 'm"in’fbﬁj:s used as base conditions to operate the
DBD system. The residence time 5 caimﬂﬁtgé- by the inside volume of the DBD
reactor divided by a feed flow :r‘ate{ The effeet of O./C;H; feed molar ratio on the
C,H; and O, conversions. and the EO yield is shown in Fig. 2.2(a), and that on the
selectivities for EO,4 '/201 H,; CHy, CaHy, CyHe, and CsHg is shown in Fig. 2.2(b).
The increase in i ()ﬁ(gh& feed' ‘molar ratio slightly affected the reactant
conversions, but i:yéllr a}.ﬂ‘ectcd t]i’e EO and CO, selectivities, especially in the
0,/CsH;4 feed mol rafhge b’ﬂlw&éﬁ I 1 and 3:1. This can be explained in that a
higher 0,/C,;H, feed. aﬁr rauu leads{ F murr. 0; content available to react with
various hydrocarbon mofecﬁlgs, as well ﬁﬁﬂ and CO, to convert to CO;. However,
the conversion of O; reached a MMMW_Q:IC;& feed molar ratio range between
2:1 and 3:1, whag_h_{ms about the theoretical ratio for C;H, ézpjplete combustion, as shown
in the following \ea(;ugﬁun‘ At a feed molar ratio higher _tgar{ 3:1 or excess O, condition,

the conversion of (3 tended to decrease since O; is probably consumed at the same

level.
CHiH B30, 95260, ¥ 2130

For the DBD system operated under the studied conditions. the yield of FO and
the selectivities for\EO, H,, C;H, and CiHg tended to decrease/but-in contrast, the
selectivity for CO, increased with increasing O/CoH; feed molar ratio, as
aforementioned. Interestingly, the selectivity for CHy remained almost constant in the
studied range of 0,/C;Hy feed molar ratio. The CO selectivity increased when the
0,/C;Hy feed molar ratio increased, and it reached a maximum at the O,/CsH; feed
molar ratio of 2:1. Beyond the 0,/C;H; feed molar ratio of 2:1, the CO selectivity
decreased and reached a plateau at the theoretical O,/C;Hs feed molar ratio for
complete combustion of 3:1. Under the studied conditions, the main products were

CO and CO; with significant amounts of EO, H,. CHy, and C; products (C,H, and
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(,Hs). The highest hydrocarbon, i.e. CiHg, was found in a very small fraction. The
results can be explained by the fact that under the presence of oxygen, both complete
and partial oxidation reactions are dominant. The decrease in the selectivities for these
hydrocarbons and H, and the increase in the selectivity for CO; with increasing
oxygen fraction in feed clearly reveal that the oxidative dehydrogenation and coupling
reactions unfavorably occurred under Op-rich conditions, as expected. The EO
selectivity was found to be'the highest/ évﬂu 03/CsHy feed molar ratio of 1:1 and
decreased with increasing 0,/C;H, ered mﬂlar ratio. Furthermore, at a very high
0,/C;H, feed molar muwuf 4.1, the feIﬁctWIt}r for EO dropped to zero level since this
high 0,/C,H, feed.miolar raﬂa-indsyce‘d the complete combustion to occur more
favorably than the /gl oXidation, as well as the epoxidation, indicating that the
epoxidation reactm}ﬁ p 'du{:# E‘G ts’"mere likely to occur under O;-lean conditions.
Fig. 2.2(c) shows e,,tm#m' cﬂns@nﬁmms used to convert an ethylene molecule
and to produce an EQ cvkcule at dt%q;ept 0./C,H; feed molar ratios. The power
consumption per ma ecqfc of E’anertﬁﬂ ethylene reached a maximum when the
0,/C;Hy feed molar ratio mereascd upwiﬂa | and slightly decreased with further

increasing feed molar ratio: waem er, t@m was a significant increase in the power
consumption p{ﬁoleculg of produced EO with mt:mﬂégg 0,/CsH; feed molar ratio,
especially at ﬂw_'fe.*cd molar ratio higher than 3:1. h\d‘ also worth noting that the

power consumption per molecule of EO produced was approximately two orders of

magnitude higher than that per molecule of ethylene converted. Hence, an O,/C;H,
feed molar ratid of 1:1 was theretore selected for furtherjinvestigation because it
provided the highfsl selectivity and yield for EQ.and the lowestcpower consumption

per molééule of EQ produced.
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Fig. 2.2 (a) Conversions of ethylene and oxygen and yield of EO, (b) product

selectivities, and (c) power consumptions as a function of 02/C;H4 feed molar ratio

(feed flow rate = 50 cm’/min; electrode gap distance = 10 mm; applied voltage = 17

kV; input frequency = 550 Hz; and residence time = 0.45 min).
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2.3.2 Effect of feed flow rate

The feed flow rate plays a significant role on the residence time of gas molecules
within the plasma zone, affecting the performance of the plasma system. The
experiments were performed by varying feed flow rate from 50 to 75, 100, and 125
cm’/min, corresponding to the residence time of 0.45, 0.3, 0.225, and 0.18 min,
respectively. At a feed flow rate lower than 50 cm’/min, the O, flow rate cannot be
adjusted due to the limitation of a mass Mp«mntmlier The studied plasma system
was operated at an O,/CyHy feed mcjsar ratio af I+1, an applied voltage of 17 kV, and
an input frequency of.550° Hz Fig. [2 .3(a) iNustrates the influences of the feed flow

rate on the C,H; and'ﬂ/ versions. The conversion of O, gradually decreased with

increasing the fee@/dlic ﬂ‘gm tn 125 cm’f’min while the conversion of C;Hy

more sharply decre}f _

residence time in the 'sys*tem} nesultmg in having a shorter contact time of

' h:z:s {9 mli;dc wlth electrons. As a result, a reduction in

afs the | tﬂnve@pns of both C;H; and O, which leads to an
increase in the yield of EO, @_ﬂéﬂ shuw_;gﬁjig. 2.3(a).

The feed flow rate de,pég'ufénce nf‘ﬁmsﬂecﬁvities is depicted in Fig. 2.3(b).

It is apparent tt@tjncrpasmg feed flow rate prednm;rmgﬁy resulted in decreases in the

selectivities Fﬂ:”"l{ﬂ and CO. This is because a hlggmj feed flow rate reduces the

opportunity  of —collision between electrons/oxygen active species and

lncrease‘ln the feed flow rate generally reduces the gas

ethylene and oxygen

the feed flow rate ¢

reactant/intermediate molecules. to render the partial oxidation and epoxidation
reactions. But for other products, especially CaHj dnd C3Hg; their selectivities tended
to increase at shorter residence times due to higher feed flow rates. suggesting that the
oxidative dehydrdgenation and coupling Teaction aréhbre favorable'to occur than the
partial oxidation when the residence time is decreased.

Fig. 2.3(c) shows the effect of feed flow rate on the power consumptions. The
power consumption per molecule of converted ethylene slightly decreased, but the
power consumption per molecule of produced EO tended to greatly increase with
increasing feed flow rate. The lower feed flow rate gave comparatively low power
consumption per molecule of produced EO, as well as much higher reactant
conversions and desired product selectivity. Therefore, the feed flow rate of 50

em’/min was selected as a best condition and used for further investigation.
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Fig. 2.3 (a) Conversions of ethylene and oxygen and yield of EO, (b) product
selectivities, and (c) power consumptions as a function of feed flow rate (feed molar
ratio of 0»/CaHy = 1:1: electrode gap distance = 10 mm, applied voltage = 17 kV, and

input frequency = 550 Hz).

Product selectivity (%a)
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2.3.3 Effect of input frequency

Input frequency is one of the most important parameters in plasma reactor
operation, significantly affecting the field strength in the plasma zone. The studied
DBD system was operated in the frequency range of 500-800 Hz. At a frequency
lower than 500 Hz, the plasma distribution was not fairly uniform over the whole
electrode surface, and it tended to appear as a single strong stream of plasma
discharge, whereas the plasma could nﬂt’f{xﬁbal a frequency higher than 800 Hz. The
effect of input frequeney on the C;Hs and E}: conversions and the yield of EO is
illustrated in Fig. 2.4{&};-%&_{,!}1& n}put. frequeney was increased in the range of 500-
650 Hz, the O; and3 nversions and EO yield decreased dramatically, and they
turned to slightly dmth fu mcreasmg input frequency from 650 up to 800
Hz. The expianat%:hat fa’ h:gl‘i&r frequency results in a lower current that
corresponds to the ugba,n of the §1mhber of electrons generated (weaker field
strength), as shown'in Big. 2. 4{b} It t]wcfo;'c gauses the decrease in amount of active
species for further rEﬂZ;ﬁb res'(;l]tmg lﬁﬁhe decrease in the CsHy and O» conversions
and subsequently leading to tﬁﬂ-fmver y:ﬂﬂﬂ EO.

The effect of input frcq}uengi on tht’graﬁlj.],ct selectivities is shown in Fig. 2.4(c).
The aclectlwtlt fﬂr EO and CO tended to slightly é;{ease with increasing input
frequency up lﬂ’-dﬁﬂ Hz. At a higher frequency than‘ﬁgﬂ Hz, the partial oxidation,

oxidative dehydrogenation, and coupling reactions to form various products

increasingly occurred. Beyond 650 Hz, the selectivity for EO also gradually increased
with increasing frequency and reached @ maximum of 7.3% at 800 Hz, as compared
with 5.0% at 500 Hz for the low frequency range between 500-650,Hz. However, the
input frequency-of S00° Hz was consideréd as a patentially bet value, exhibiting the
highést EO yield with a reasonably high EO selectivity and a relatively low CO
selectivity.

The effect of input frequency on the power consumptions to break down each
C;Hy molecule and to create each EO molecule is shown in Fig. 2.4(d). The results
showed that both the power consumptions per C;H; molecule converted and per EO
molecule produced tended to increase with increasing input frequency, especially at

an input frequency higher than 600 Hz. Based upon the relatively high EO yield and
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the lowest power consumption per molecule of EO produced, the best input frequency

of 500 Hz was selected for further investigation.
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Fig. 2.4 (a) Conversions of ethylene and oxygen and yield of EO, (b) generated

current, (c¢) product selectivities, and (d) power consumptions as a function of input

frequency (feed molar ratio of O./C;Hs = 1:1; feed flow rate = 50 em’/min; electrode

gap distance = 10 mm: applied voltage = 17 kV: and residence time = 0.45 min).
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2.3.4 Effect of applied voltage
Under the studied conditions, the break-down voltage or the lowest voltage to

generate plasma (onset voltage) was found to be about 13 kV, and the DBD system
could not be operated at the applied voltage higher than 21 kV since the generated
plasma was found to have the non-uniform distribution characteristic. Therefore, the
reaction experiments were conducted in the voltage range of 13-21 kV in order to
determine the effect of the applied vnhag_/ﬁ»:{rhe effect of applied voltage on the C;Hy
and O; conversions and EQ yield |ri)1llustrafedm Fig. 2.5(a). The oxygen conversion
and EO yield tcnded,;m-mn;i:lerahl;y increase with increasing applied voltage in the
range of 13-19 kV,awhereas the ethylene conversion slightly increased. With further
Kﬁ h1gher 19 kV, the reactant conversions and the EO
yield did not signifi t}f chahgc T}it: explanaucrn for the rapid increment in the O
conversion with lry lg ap;rhed vqstage is that a higher voltage results in a higher
el /ﬁrmgth as sl{em in Fig. 2.5(b), leading to more available
electrons to increase an apportunity for 20]1151011 with oxygen. The results correspond
well with the previous’ w@,gka‘BZ—B‘?};;_-&_L‘@ontrast, it is unexpected that the C,H,
conversion only slightly jm;scd wﬁ:@gmasing applied voltage. This can be
explained in th@tﬁc bond dissociation energy of C.al-l{ {16.7 eV) is much higher than
that of O (12. Zfﬁu’ ). particularly causing O, mcﬂecule to be converted more easily
than CH,. o U
The effect of applied voltage on the selectivities for EO, CO, H,, CHs, CyH,,
C;Hg. and G3Hg 1§ sHown Th Fig) 25(c). The sétechivifics for EO, CO, Hy, and other

increasing applied

current (stronger

hydrocarbon products, except C;H, selectivity, increased with increasing applied
voltage. When the\ applied yaltage ‘increased, comresponding 'toincreasing O active
specigs as mentioned above, C,H, and other hydrocarbons are easily oxidized to form
more CO and EO. Interestingly, no CO; was detected under the studied conditions
since the system was operated under the O;-lean condition (the O;/C;H; feed molar
ratio of 1:1). The results therefore suggest that a higher applied voltage is more
favorable for EO production under the O;-lean condition. Only the selectivity for
C;H; was observed to decrease with increasing applied voltage. This might be because

the formed C;H; further reacts with largely available O active species to form other



Reactant conversion (%)

Product selectivity (%)

46

products more easily. Interestingly, the further increase in applied voltage higher than

19 kV did not help enhance the EO production.
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Fig. 2.5 (a) Conversions of ethylene and oxygen and yield of EO, (b) generated
current, (¢) product selectivities, and (d) power consumptions as a function of applied
voltage (feed molar ratio of 0,/C;Hy = 1:1; feed flow rate = 50 em’/min; electrode

gap distance = 10 mm; input frequency = 500 Hz: and residence time = (.45 min).
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Fig. 2.5(d) shows the effect of applied voltage on the power consumptions. With
increasing applied voltage, the power consumption per molecule of converted C;Hy
remained almost unchanged, whereas the power consumption per molecule of
produced EO substantially decreased. As mentioned earlier, the slight increase in
ethylene conversion with increasing applied voltage caused insignificant change in the
power consumption per molecule of eth}ulene converted. In contrast, an increase in the
selectivity for EO was comparatively hlghfa;. mcreasmg applied voltage, resulting in
lower power consumption per. mo]ec_\}le of pmdmd EQ.

From the results, theapplied voltage of 19-kV. was selected to be the best value
because this mltaga»‘prowded the reasonably high eonversions of C;H, and O,, and
the highest selectivity’ a:;;l yteld for 0. Ata higher voltage, it did not affect any of
reactant cﬂnvemion}ﬁﬁ 3elactwny aﬂ‘d ED yvield. Moreover, at the applied voltage of
19 kV, the lowest pmyﬁ Gﬁnmlmlmnn t&r‘Eﬂ molecule produced was obtained.

2.3.5 Effect arelecﬂfodg,;gag distance -,

The effects of c]eﬁtrqde gap. dﬂtaﬂ&@@nd corresponding residence time have been
shown to be very zmpartanym plasma’ oﬁzrétmn [35,37-39]. The effect of electrode
gap distance was studied ungarﬁthe best cc eonditions achieved above; an 0,/C;H, feed
molar ratio of 1\}& a feed flow rate of 50 cm®/min, amﬁp,ul frequency of 500 Hz, and
an applied mltage"’ of 19 kV. The electrode gap dlsthm:é#{'as varied from 10 to 11, 12,
13, and 14 nm, corresponding to the residence time of 0.45, 0.54, 0.63, 0.72, and 0.81

min, respectively. The lowest electrode gap distance for the studied DBD system was
limited at 10~ mm due 10 its ¢configuration. At an electrode gap distance higher than 14
mm, the generated plasma became unfavorably non-uniform. Thergfore, the reaction
experiments were conducted in the range of electrode gap distance between 10 and 14
mm ifi order to determine the effect of the electrode gap distance.

The effect of electrode gap distance on the C;Hy and O; conversions and EO
yield is illustrated in Fig. 2.6(a). The ethylene conversion and EO yield tended to
decrease with increasing the electrode gap distance, whereas the oxygen conversion
tended to be almost unchanged. The explanation for slight ethylene conversion
decrement is that a wider electrode gap distance results in a higher residence time for
several hydrocarbon species to recombine via coupling reactions, including backward

reaction to form ethvlene. causing lower conversion of ethylene. The unexpected
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nearly constant O; conversion with increasing electrode gap distance can be explained
in that the current slightly increases with increasing electrode gap distance, as shown
in Fig. 2.6(b), while the residence time is also increased. The results suggest that for
the O, conversion, the higher probability in converting O; molecules due to higher
electron density might trade off the higher probability in oxygen active species
recombination due to a longer residence time of gas flow. The expected increase in
current, i.e. electron density, might be,c_bﬂ‘ﬁibgted to the special characteristic of the
DBD system containing the dielectric piatia:_}as"’wgll as the various compositions of
gaseous species inside the _piasmd zone. At a higher electrode gap distance, the
dielectric plate rmﬁrtffuatamthedi charge a little bit more effectively due to less loss

of electrons via yﬁ#ugs"r_aagﬂpns, under the identical input frequency and applied

o

voltage. /,# £ ==
The effect of eleCtrgde’ gap Histance on the Selectivities for EO, CO, Hy, CH,

C,H,, C;Hs, and C;H;a'fs ;huwnm Fig;;z.g&). The selectivities for EO, CO, H,, and
CH, decreased with iﬂmpﬁsing_.ghp dial(ga;ge while the opposite trend was observed for
C;H,, C;Hg, and C;Hg’f Tbt;sfmay E{;ﬁﬁdicd that when increasing electrode gap
distance, the nppnrtunity.,n,ﬁgﬁupling{%s more favorably occur as secondary
reactions than g;g partial oxidation, as above exjgiamcgj

Fig. 2.6(d) ‘s%gm the effect of electrode gap dlstg_;c‘é on the power consumptions.

It is clearly seen-that both the power consumptions per molecule of converted C;Hy
conversion and per molecule of produced EO substantially increased with increasing
electrode gdp distance. A higher electrode gap distance ¢auses a higher probability of
secondary reactions, which unavgidably uses up. some power. dFrom ti.. results, the
electrode gap distance of 10ymm was considered as a best value because at 10 mm gap
distance, the highest EO selectivity and EO vyield with the lowest power consumption

per EO molecule produced were achieved.
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Fig. 2.6 (a) Conversions of ethylene and oxygen and yield of EO, (b) generated

current, (¢) product selectivities, and (d) power consumptions as a function of

electrode gap distance (feed molar ratio of 0./C;Hy = 1:1; feed flow rate

50

cm*/min; applied voltage = 19 kV; and input frequency = 500 Hz).

In comparisons. although the maximum EO yield of 5.6% obtained under the

aforementioned best conditions (an 0,/C;H, feed molar ratio of 1:1, a feed flow rate

C;:H, converted)
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of 50 em’/min, an input frequency of 500 Hz, an applied voltage of 19 kV, and an
electrode gap distance of 10 mm) using the studied DBD system was lower than the
EO yields of 30 and 10% obtained from the catalytic epoxidation process using 15
wt.% Ag/Al;O; at reaction temperatures of 280 and 350°C, respectively [15], the
DBD system is still considered to exhibit a high potential to be employed for EO
production under much lower operating temperatures. Again, the present work is the
first time to demonstrate the use of the mlaﬂBD system to synthesize EO without the
presence of catalysts. As shown in, the aforemeiitioned results, there were several
reactions occurring inthe'plasma redction zone s itis not possible to easily carry out
the kinetic conmderati’nn of 1 thc r,thyl ne epoxidation reaction. Future works will then
be focused on the;e'ombfnam:m of E’\

reported catalytica /Ly auﬁv,e f,atal}'sm used in the conventional catalytic process,
especially Ag/ALO; ﬁscﬂ catalysts [5 15.20], aiming to enhance the EO yield. The
comparative study of eﬂlyltne epnxldaﬁgr; under different kinds of low-temperature

e low-temperature DBD system with various

plasma discharges, such as corena diselw;ge system with pin and plate electrodes, is
also of our strong interest. Marwver th:e,lﬁﬁﬁtlc studies of the ethylene epoxidation
reaction will be conducted in- arder to ojhmgizf: the DBD process. The experimental

results will be Rregen[:d in the next contribution. £
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2.4 Conclusions 4

In this work, the epoxidation reaction of ethylene was investigated in the low-
temperature diclectric barrier discharge (DBD) plasma system. The effects of various
operating parameters, including feed molar ratio_of O,/C;Hs, feed flow rate, input
frequency. applied woltage, and electrode gap distan¢e, on the ethylene epoxidation
reaction was studied in order to achieve the best conditions. In order to obtain the
highest EO yield of 5.6% and the highest selectivity of 6.2%, the DBD system must
be operated at an O,/C;H; feed molar ratio of 1:1, a feed flow rate of 50 cm’/min, an
input frequency of 500 Hz, an applied voltage of 19 kV, and an electrode gap distance
of 10 mm. At these best conditions, the power consumptions to break down each C;Hy
molecule and to create EO molecule were found to be 0.37 x 107'® Ws/molecule of
C,H,4 converted and 6.07 x 10" Ws/molecule of EO produced.
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Abstract Ethyleng oxi A8) a:v'ai,@le chemical feedstock in producing many
industrial chemieals, s industriaily p md}wﬂ! by the partial oxidation of ethylene,
so-called ethylene epe idation, : s been of interest in many global research studies.

of ethylene under a low-temperature dielectric barrier dis-
, ‘iﬁﬂeﬁﬁﬁmw &LM t!ﬁ;_._hnstalupnmling conditions. It was
experimentally found/that the EQ.vield decreased with inereasing 0./C:H, feed molar
ratio, feed flow rate, inp ENcY, anid ¢ lectrode gap:l:"ilisxam:c. while it increased with
increasing applied voltage upgé!@‘#?‘. TWMEG vield of 5,6% was obtained when
an input frequency of 500 Hz and & applicd volage of 19 kV were used, with an 0,/C,H,
feed molar ratio of 1:1, a feed flow rate of S0 em min, and an electrode gap distance of
10 mm. Under these best conditions, the power consumption wf; found to be as low as
- . m—
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Introduction

Ethylene 63ide (CoH.0, EQ) is.a0 important industrial chiemical, which is primarily used
as an intermediate in the production of various useful chemicals. Its major use is in *Le
production of ethylene glycol. It is &lso used for the“manufacture of surfaCtants and
derérgents by 4 procéss Called-ethbxylation, solvems, nfifredecs, ddhesives, palybrethane
foam, fumigants for agriculiural producis, and Stetilants for medidal equiprient and sup-
plies, spices, and cosmetics [1, 2]. Since EO is a valuable chemical feedstock for many
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applications, the selective partial oxidation of ethylene to EQ, so-called ethylene epoxi-
dation, has been of great interest in global research works,

As discovered by Lefort in 1931 [3], the gas phase epoxidation of ethylene to EO
using molecular oxygen and silver catalysis is one of the greatest findings in hetero-
gencous catalysis, being the most widely used method for ethylene epoxidation. Since
1940, almost all EOQ produced industrially has been made using this method [4]. To date,
silver catalysts supported on a]phadflul? \p/a-Al204) with alkali and transition metal
promoters [5-15], such as Cs, Cu, Re, and Ad, or with addition of chlorine-containing
moderators into gaseous reactants [Iﬁ-“‘d‘l Suc! 'Inmclhan: (C;H4Cly) and viny!
chloride (CaH;CH), muﬂ%sﬂwlmt} oW ver, the conventional calal:,mc

- for th clhy.lm& man basically higher than
200°C. Moreover, the _ pmhic s at high temperature operation, i.e. catalyst
ion, and catalyst replacement, greatly reduces the working

efficiency uf the prnc asm diregtly leads to a high production cost. These turn
oul to become : pingf‘ a n’wr :ppmch to overcome the mentioned
problems. A
Mon-thermal pla
and glow disch ;uotntum[_ Itg@lﬁm for. chemical mactmn mvust:gnlmn
under non-equilibriugm’ igns operated at low l@p&tﬂtur@ and atmospheric pressure,
The main characteristi non-equilibriun plasfha i§ its high electron temperatures
(10°-10° K), whereas ral i ‘timmh as low as room temperature |21,
22]. This implies erg cuns%m on used for operating the
reaction system as com mal catalyue processes. The non-equilibrium
plasma with the highly cme&ﬂwH ad fow temperature in the bulk gas can
initiate several chemical ma:;upns.r——whmhfﬂ:gmnully not possible to occur at low

temperatures [23]. o YOS

DBD is the Hﬁm nmm‘nmly usnd mhmqu!: for mﬁ ssure plasma opera-
tion. The basi | Pline iple-ol-ihis-lechnigue-is-to-ulilize-noi-equilibfium plasma, in which
the major part af Tey ons and active radical
species generateﬂm subsequent m ij mmntagc of DBD is that the
entire electrode is effectively ::mpioyé& for dzschargc eheration, resulting in the
comparatively high discharge volume with a very low lemperature typically close to
rooin t:mperalure Thi: Cases of PBD for chemical syntheses and conversions have
become mﬁé Eur’#g‘-gpi’ app Qllmt:su@mﬁ cpartial oxidation of
methane | rmml'%nul. ﬂf]% mn gl’m,m ;mﬁlcc a:mjrgen [25], the
removal ufugasmus H,S and NH, ﬁ] lhc uanaunn of propene [‘f'.n'] ‘the dc;nmp-nsnmn
A::-I' tncl;.lqmelhy!cn: (28], the refumﬁn& uf hydmcurﬁmis ;m:} alcohols iﬁr hydrogen
“productioft [29), n% i€ rethané conversion fa/Cy hydractbons 1301 Haowaver, bp 1o
\’nms’lhu useﬁoﬁﬁﬂ for gas phase jon reaction Has been rarely investigated. To
olr knowledge, only one recent published work described about gas phase epoxidation of
propylene [31]; however, there has been no any literature reporting the epoxidation of
ethylene using DBD yel.

In this work, a low-temperature DBD system was employed for the first time for non-
catalytic ethylene epoxidation at stmospheric pressure. The effects of various operating
parameters, including 0./C;Hy feed molar ratio, feed flow rate, input frequency, applied
voltage, and electrode gap distance, on the activity of ethylene epoxidation and the system
performance were extensively examined.

&) Springer
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Experimental
Reactant Gases

All gases used in this work, i.e. 99.995% helium (high purity grade), 40% ethylene bal-
anced with helium, and 97% oxygen balanced with helium, were supplied by Thai
Industnal Gas (Public) Co., Lid. ,

/,
Dielectric Barrier Discharge System //

The experimental study of ¢ :H'ljrkn: apum@unn was nﬁﬁﬁwﬂ in a low-temperature DBD
system, which was W}!hﬁﬂ pmmmmd ambient temperaiure, around 25—
27°C (room tempe : schematic of the DBD system'is shown in Fig. la. The
acrylic plate-made D ac ;a:s were 2 em height < 3.emwidth x 15 cm length for
the inner dimensions, i Tem width % 19 cm length for the outer
dimensions. As showa [ of 2 S-mm-thick dielectric glass plate placed
between two parallel 3 glccundu; on the lower electrode. The gap distance
between the electrodes™ -fmﬂ ‘!’Eij'u 14 mm. The input power used to generate

(a)

Computer

_LL-

Exhaust

Feed gus Lower

mixiure Glass plate electrode

Fig. 1 ia) Schematic of experimental setup for ethylene epoxidation reaction in dielectric barrier discharge
plasmna system and (b) configuration of the dielectric barrier discharge reactor

ﬂ Springer
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microdischarge plasma between the electrode gap was domestic alternating current (AC),
200 V and 50 Hz, which was transmitted to a high voltage current via a power supply unit.
The power supply unit consisted of three steps. For the first step, the domestic AC input of
220 V and 50 Hz was converted to a DC output of 70 V by a DC power supply converter,
For the second step, a 500 W power amplifier with a function generator was used to
transform the DC into AC current with a sinusoidal waveform and different frequencies,
For the third step, the outlet voltage grq stepped up by using a high voltage transformer.
The description of the power supplywm ziven elsewhere [32]. The output voltage and

peator voltage and current at the low
voltage side were rrmurﬁd'ﬁmadof ihnse at the high voltage side across the electrodes
since the plasma generated is 1 Mlltb@m in mmﬁiﬁ Mhe high side voltage and current

were thereby “IWIW ' dmdmgby a factor of 130, respectively [32-
35). A power analy o power, current, frequency, and voltage at the
low voltage side of ipply uni

Reaction Testing

i and-lmhuﬂ} fed through the plasma reactor were con-
trolled by a set of electronic mass flow ollers am{ transducers, supplied by SIERRA®
qhxt hawng different flow rates and oxygen-to-
: in- Ilm«ﬁltw !gwd upurcam of each mass flow con-
troller in order to trap d']:arttglﬁ At 'I»:"W.'I% was placed downstream of each
mass flow controller to prev tnnhl;fgzt flow ofthe reactant gases. All of the reactant gases
were mixed inside a sin Iim:,ﬁfﬁ: hzmulﬁnm the DBD reactor. For any
studied conditions, the feed gaﬂgjm{e was uced into the DBD system without
turning on the power supply um:ﬁ.r the. m n of outlet gas was invariant with
time, it was turngd on. The Gutlet of the 1 either vented to the atmosphere via
rubber tube exhaust or was connected o an on-line gas chromatograph (Perkin-Elmer,
AutoSystem GC) for-analysi: s-of the produc ire i product gas stream

ethylene molar rati

was trapped by & wate trapﬁ]mbufﬂmm;  heate | line to the on-line
gas chromatograph. I?hr. gas chromatograph was equippes wn‘.h both a thermal conductivity
detector (TCD) and-4 flame ionization detector {FID] For m channel, the packed
column (Carboxen 1000) was used for separating the product gases, which were hydrogen
(Hz), oxygen (O5), carbon ‘Monoxidet€0), carbon dioxide(CO,), and ethylene (C,H,). For
the FID chﬁnﬁeliﬂw‘ﬁm qulpd!ﬁﬂ@k‘ﬁflﬂ U)was aised for afialysis of EO and other
by-product gases; i.e ﬂg‘ﬁ;l& Qndﬁﬁ;}ﬁ The cnltlpusi.lmn of product gas stream
was analyzed by the on-line gas chromatograph every 20 min. After the system, reached
steady state, an_analysis of outlet gas ‘mmpos nun was taken at least a few fimes. The
‘experimental | dmmm tinder a,eqd:,* state canditions were| aﬂﬁ'ﬂgﬁ‘.‘l and these ayerages
wm used to evdluate the performancé of the plasma systém. Tt is also worth' noting that
during the reaction, the temperature at the reactor wall was found to be lower than the
melting temperature of acrylic plate (130°C), which was used to construct the DBD reactor.

Reaction Performance Assessment
To evaluate the process performance, the conversions of ethylene and oxygen and the

selectivities for products, including EO, CO, CO4, H, CH,, CiH,, CiHs, and traces of Cs,
were considered. The conversion of either ethylene or oxygen is defined as:

&) springer
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{moles of reactant in — moles of reactant our) ( 100)
(moles of reactant in)

% Reactantconversion =

The product selectivity is calculated from the following equation:

% Product selectivity
__ |(number of carbon or hydrogen atom i t) (moles of product produced)](100)
[(number of carbonor hmw ne )(moles of ethylene converted)]

% EO yieldw={%et ]emdnvcmmivitﬂ{mm
To determine the €nergy efficienc the plasma systém, the specific power con-

sumption is calcula ethylene or per molecule
of produced EQ us

W ! ro's [ * \L:I_ﬂﬁoi:cuIWmDI, M = Rale
of converted ethylene mi  feedor 0 ced EQ molecules (mol/min).

The effect of O, i il studied in opder to obtain the most
suitable feed gé | g e - : et the low-temperature
DBD system. In thi§ e 0 was i estigated in the range of
1:1-4:1, while anpp ge of ) : - Hz, and a residence
time of 0.45 min we s ] per: DH i' system. The residence
time is calculated by the |ns|d= vnlumc of |]1e DBD reactor divided by a feed flow rate, The
effect of 04/C;Hy feed mu!ar ratio on the C:Hy and O conversions and the EQ yield is
shown in Fig. Za, and thnt the selecuvities for EQ, CO-€0,, H;, CH,, C5H,, CsH,, and

ook ﬁﬂiﬂ%‘ﬁ%ﬂﬂmﬂﬁw“

Il'l: 05/C,H, feed molar ratio range betw;en 1:1 and 3:1, n can be e:r.plauw:: Ihal i

1V which is about the l.hl:l:ll'!:lll’.‘-ll ratio for C;H.t complete combustion, as shuwn in th:
following equation. At a feed molar ratio higher than 3:1 or excess Oy condition, the
conversion of O tended to decrease since 05 is probably consumed at the same level.

C;H, + 303 — 2C0; + 2H,0

For the DBD system operated under the studied conditions, the vield of EQ and the
selectivities for EO, Hs, CsH, and CiHg tended to decrease, but in contrast, the selectivity
for CO; increased with increasing O./C.H; feed molar ratio, as aforementioned.

€ Springer
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Fig. 2 (a) Conversions of et vichd o product selectivities, and {¢) power

consumptions as a function of O, lar ratio” (feed Aow rate = 50 em'fmin; electrode gap

distance = 10 mm; applied voltage = [TR¥ input frequenic: = 550 Hz: and residence time = 0.45 min)
_ZEINTIN ) SR

Interestingly, selectivity for CHy rem e studied range of 04/
C;H; feed molap rz i lecti 1 | U/C.Hy feed molar ratio

increased, and it reache A maximun .

0,/C5H, feed mula.Qtai:& of 2:1, th ¢ decreased ug]rcach:d a plateau at the
theoretical 0,/C;H, Teed molar ratio for complete combustion of 3;1. Under the studied
conditions, the main pmdu?vcrc CO and CO; with significant amounts of EO, H;, CH,,

and C, prod H ). i i.e, CyHg, found in a very
small ﬁwmﬁﬁ & resull xpl t tha uﬂ th nce of oxygen,
both complete a al-oxi i inant. The se in the selec-

tivities for these hydrocarbons and H,and the increase in the selectivity foR2C0. with

. i R " i i
ﬂli ﬁvﬂl y ich conditions, b a e EO
selectivity was found to be the highest at the O4/C;H, feed molar ratio of 1:1 and decreased

wiﬁincmasing 0,/C;H, feed molar ratio. Furthermore, at a very high 0,/C5H, feed molar
ratio of 4.1, the selectivity for EQ dropped to zero level since this high 04/C5H, feed molar
ratio induced the complete combustion to occur more favorably than the partial oxidation,
as well as the epoxidation, indicating that the epoxidation reaction to produce EO is more
likely to occur under Os-lean conditions,

Figure 2c shows the power consumptions used to convert an ethylene molecule and to
produce an EQ molecule at different 02/C;H; feed molar ratios. The power consumption
per molecule of converted ethylene reached a maximum when the 0x/C;H, feed molar

‘E_] Springer
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ratio increased up to 2:1 and slightly decreased with further increasing feed molar ratio.
However, there was a significant increase in the power consumption per molecule of
produced EOQ with increasing 02/C;H, feed molar ratio, especially at the feed molar ratio
higher than 3:1. It is also worth noting that the power consumption per molecule of EO
produced was approximately two orders of magnitude higher than that per molecule of
ethylene converted. Hence, an 0./C;H, feed molar ratio of 1:1 was therefore selected for

further investigation because it provided ighest selectivity and yield for EO and the
lowest power consumption per molecule of uu:d

Effect of Feed Flow Rate.

The feed flow rate plays asignific

plasma zone, affecting
performed by varyi

to the residence time
lower than 50 cm’,
flow controller. The st
I:1, an applied vol
the influences of the 0
gradually decreased

- —
role on the residence time of gas molecules within the
rmance of the plasma system. The experiments were
wfaie from 0 0 75, IDD. and 125 cm’/min, corresponding
_ 0325 d 0.18 min, respectively. At a feed flow rate
rate cannm be adjusted due to the limitation of a mass
wsmm&is operated at an 0,/C,H, feed molar ratio of
nd.an input frequéncy of 550 Hz. Figure 3a illustrates
‘on the C .pghlf 0 conversions. The conversion of O
ing the feed flow rate from 50 to 125 cm’/min while the

conversion of C, ly dl.-.:;m sed. Al q'n:r:asc in the feed flow rate generally
reduces the gas residen in Iﬂéiéa‘m 0 system, resulting in having a shorter contact

time of ethylene and ulecy_lps o ﬁ with elu;trnns As a result, a reduction in
the feed flow rate enha thﬁWm lh C3H, and O,, which leads to an
increase in the yield of EO, aﬁ—iﬂsoxhuwn :

The feed flow rate dcp:ndence‘ﬁf p ctivities is depicted in Fig. 3b. It is
apparent that :m:n:asmg fﬂnﬂ‘ﬂﬂﬁvm pxmmujtcd in decreases in the selec-
tivities for EO and co. This is hocnus: a higher feed flow rate.
collision between sleet : pecies 1 grmediate molecules 1o
render the partizlo :damn l.mi epmudauun mmm ﬁl‘ other products, especially
C;H; and CiHyg, ﬁr selectivities tended to increase at shorfer residence times due to
higher feed flow rates, suggesting that the oxidative dnhydmgcnﬂdnn and coupling reaction
are more favorable to occur than the partial oxidation when the residence time is decreased.

Figure 3¢ shows the effeét of feed flow rate on the-pgwer consumptions. The power
consumption Per molecule alcropvened ethylene slightly decreased,m the power con-
sumption per niulﬁ;ulunf pp:odueed BD— !:l:kd tol grg:algy mcﬁ;asa ‘with increasing feed
flow rate. The lower feed flow rate gave cumparalw:ly low power consumption per
molecule of produced EO, as well as mich  higher rcactarﬁ conversions and desiréd product
eledinly. Therefore e feed-flow tate nf S0 o /min ‘was ‘Sefectet! s a;hpst ‘candition
and used for fufther investigation. .

duges the opportunity of

Effect of Input Frequency

Input frequency is one of the most important parameters in plasma reactor operation,
significantly affecting the field strength in the plasma zone, The studied DBD system was
operated in the frequency range of 500-800 Hz. At a frequency lower than 500 Hz, the
plasma distribution was not fairly uniform over the whole electrode surface, and it tended
to appear as a single strong stream of plasma discharge, whereas the plasma could not exist

2| Springer
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[a) Residence time (minj ) Residence time (min)
[EL] (&L ] 0,225

Reaclanl conversion (%)
&

fed

Power consumplion
(x10" We'molecule of
C3H,O produced)

-

Fig. 3 (a) Con
consumplions asi
distance = [0 mmi dpple

at a frequency hlgx than 800 Hz. T ect of input I’raq@cy on the C.H, and O,
conversions and the vicld of EO is 1IIustraI:d in Fig. 4a. When the input frequency was
increased in the range af_500-630.Hz, the O, and &l—h conversions and EQ yield

decreased increasing input
frequency up o E '% Et:ﬂ uiﬂ ency results ina
lower cu atl co trons generated

{weaker ﬁr.ld strength), as shown in Figrb. It therefore causes the decrease fri-dmount of

'&Wﬂ&ﬁﬂﬂﬁﬁﬁﬁ%ﬁﬁﬂﬂﬁﬂ”

(The effect of input frequency on the product selectivities is shown in Fig. de.
Snltctl'll'illtﬂ for EOQ and CO tended to slightly decrease with increasing input I'n:qu:nr:y up
to 650 Hz. At a higher frequency than 650 Hz, the partial oxidation, oxidative dehydro-
genation, and coupling reactions to form various products increasingly occurred. Beyond
650 Hz, the selectivity for EO also gradually increased with increasing frequency and
reached a maximum of 7.3% at 800 Hez, as compared with 5.0% at 500 Hz for the low
frequency range between 500 and 650 Hz. However, the input frequency of 500 Hz was
considered us a potentially best value, exhibiting the highest EO yield with a reasonably
high EO selectivity and a relatively low CO selectivity.

&) Springer
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Fig. 4 (a) Conversions of ethylene md’g'rigm: Ié Id of ﬁ] fii generated current, (¢} product
selectivities, and (d) power cg umpuam—u a ﬁ.&' f mpu frequency (feed molar ratio of 0./
C.H, = I:1; feed fAow rate = 50 l:nv'ﬁ ‘{!.Mrﬂb mm; applied voltage = 17 kV: and
residence time = 0.45 min) =

|l
W

B —

= /‘\l Yd=—

The effect of-input t’rv.'.:l:]m:.:r:;uI on 1 the pnwe‘}'co#mm; to break down each C.H,
molecule and ta¢ thﬂmolacuhls QWL in The results showed that both
the power conshm' 5 el pe p maolecule produced
tended to increase with incmsmg hipulfnqumy-a_ ; atan input frequency higher
than 600 Hz. Based upon the refatively high EO s and the }}*rvcs\ power consumption
per molecule of EQ produced, the best input frequency of 500 Hz was selected for further
investigation. .

Effect of W|qﬁ ?ﬂllggg

Under the studied mndﬂmm lhr. hn:alg-duwn vultage ap-the lowest mhag:#ag:nemle
plasma, \(@fset, voltage)) was\ found 4o-be about 43 kVi-and the)DBD)system could nat be
operated at the iﬂﬂlfﬂ‘ﬂﬂtﬂ# hﬁgﬂqrm f}c\g"smc«: p'u:acrmrai:f plasma § was found to
haye the non-uniform distribution characteristic. Therefore, the reaction experiments were
conducted in the voltage range of 13-21 kV in order to determine the effect of the applied
voltage. The effect of applied voltage on the C;H, and O, conversions and EO vyield is
illustrated in Fig. 5a. The oxygen conversion and EO yield tended to considerably increase
with increasing applied voltage in the range of 13-19 kV, whereas the ethylene conversion
slightly increased. With further increasing applied voltage higher than 19 kV, the reactant
conversions and the EO yield did not significantly change. The explanation for the rapid
increment in the O; conversion with increasing applied voltage is that a higher voltage
results in a higher current (stronger field strength), as shown in Fig. 5b, leading to more

& Springer
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(a) 100 S L
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x t‘) gencrated current, (¢) product
selectivities, and (d) power coms rnruﬂﬂ.gs ed voltage (feed molar ratio of O
CaHa = 1:1; feed flow rate =50 cyf fnfuz & 10 mm: input frequency = 500 Hz;
and residence time = 045 min)

Fig. 5 (a) Conversions of

available electrons to i ‘ ﬁpfnm:ﬁitjr lision with oxygen. The results cor-

respond well wil revious work expected that the CoHy
conversion only shghtly ased w TEASINE @ #¢. This can be explained
in that the bond dissocia nergy of | nuch higher than that of O,
(12.2 eV), particularly causing O, molecule: i easily than C;H,.

The effect of applied voltage on the selectivities for EQ, CO, H,, CH,, CiH;, C;Hg, and
CiHy is shown in Fig. 5¢. The selectivities for EO, CO, H,, and other hydrocarbon
products, except C;H, seleCtivity, ‘inereased with incréasing applied voltage. When the
applicd \'ﬁ ingTeasee ponding/to (mérédsi

nding/ to mereasi ﬁﬁa es as mentioned
above, Cs sily oxidi 0 re CO and EO.

Interestingly, no CO, was detected under the studied conditions since the gystem was

reasing applied voltage. This might be because the formed CsH, further reacts with
largely available O active species to form other products more easily. Interestingly, the
further increase in applied voltage higher than 19 kV did not help enhance the EO
production.

Figure 5d shows the effect of applied voltage on the power consumptions. With
increasing applied vollage, the power consumption per molecule of converted C;H,
remained almost unchanged, whereas the power consumption per molecule of produced
EQ substantially decreased. As mentioned earlier, the slight increase in ethylene

&) Springer
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conversion with increasing applied voltage caused insignificant change in the power
consumption per molecule of ethylene converted. In contrast, an increase in the selectivity
for EO was comparatively high as increasing applied voltage, resulting in lower power
consumption per molecule of produced EO.

From the results, the applied voltage of 19 kY was selected to be the best value because
this voltage provided the r:asunably high conversions of CyHy and O, and the highest
selectivity and yield for EO. At a higher ge, it did not affect any of reactant con-
version, EO selectivity, and EQ )ﬂ.:fﬂ. *M# i the applied voltage of 19 kV, the

lowest power consumption Ld EO mo‘laculﬁ wits obtained,
—. = J L—_’ -
Effect of Electrode Gap Distance- s ———

- —

4 :uﬂ sponding residence time have been shown to
m operation [35, 37-39]. The effect of electrode gap
conditions achieved above; an 04/C.H, feed molar

‘ o' frimg an input frequency of 500 Hz, and an applied
voliage of 19 KV, Th ec gap distance was varied from 10 to 11, 12, 13, and 14 nm,
corresponding to i a'!"‘ﬂ , 0.54, 0.63, 0.72, and 0.81 min, respectively.
The lowest electrode 0 ﬂﬂJED system was limited at 10 mm due to

for e 5
ils configuration. A e gap.dl.mné higher than 14 mm, the generated plasma
became unfavorably no L

Hmel'cm&ﬁe reaction éﬁp:nmcnia were conducted in
the range nfclectmdt ::v: 'gawun }nd 14 mm imnrdcr to determine the effect
.

JJJ

The effects of clectr?(
be very important in pl

dismnc: was studie de

The effect of electro gap | ‘distarice on 1 and b conversions and EO yield is
illustrated in Fig. 6a. The cth?En::s:cn EO yield tended to decrease with
increasing the electrode gap Jirsmng. whereas ‘Epgcn conversion tended to be almost
unchanged. The-exp lanation for ‘slight Ethylm mnvum‘.nn degrement is that a wider
electrode gap results ina hip rmdmcaﬂma drocarbon species to
recombine via 61: oling reactions, i ackward reaction @ﬂ:rm ethylene, causing
lower conversion 0 ethylene. The wwmnmnl 0, conversion with
increasing electrode gap distance can be explained in that the cu‘r;éwt slightly increases with
increasing electrode gap distance, as shown in Fig. 6b, while residence time is also
increased, The results suggest that for the O, conversion, the higher probability in con-
verting O rg,@le.cules due lnﬁnghnr t[pﬂt!ynrdﬂnsmr ITIIET'I[ ti'ad:; off the higher probability in
oxygen acmc ipq.‘mr. r&omﬂnh:m*m lu:ﬁ longer rﬁiﬂtnn: timéof gas flow. The
expc.ctad mt:rbam in curvent, ii‘:“elutl:ﬁn d&tuity. nhgh! be contribdied to the special

«omposiions of wﬂws species inside theplasma zone, A hggher slaalmi!cm distance,
!hy;diddgm: pl'_ @1[ suﬂam-ih; dﬂsﬁtq? e [iﬁlt bltmm?; dfegti’w& due fo ks&‘im of
electrons via various reactions, under the identical mpu* frequency and appﬁl!ﬂ voltage.
The effect of electrode gap distance on the selectivities for EO, CO, Hi, CH,, C:H,,
C:Hg, and CyHg is shown in Fig. 6c, The selectivities for EQ, CO, Ha, and CH, decreased
with increasing gap distance while the opposite trend was observed for C;H,, C;H,, and
C;Hy. These may be implied that when increasing electrode gap distance, the opportunity
of coupling reactions more favorably occur as secondary reactions than the partial oxi-
dation, as above explained.

Figure 6d shows the effect of electrode gap distance on the power consumpltions. It is
clearly seen that both the power consumptions per molecule of converted C;H, conversion
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selectivities, and {d{ wer consumptions i 4 I Me, gap distance (feed molar ratio of O/
C;H, = 1:1; feed flow rale = 50 em'/min; applied voliage = 19 mm;n@mqmcy = 500 Hz)
N - = — |

and per mulccuk:_:ﬂf produced EO substantially W&ﬁ@eusing clectrode gap
distance. A higher-electrode gap distance causes a higher probability of secondary reac-
tions, which unav::ﬁ‘:iy uses up some power. From the results, the electrode gap distance
of 10 mm was considered as a best value because al 10 mm gap distance, the highest EO
selectivity and EQ yield with the lowest power cunsurgp.l\;mu per EOQ molecule produced

In comparisans, althoigh the maximum EO yield ‘of 5.6% obtained under the afore-
mentioned best conditions tan 0,/C,H; feed motar ratio of 1:1, a feed flow rate of 50 cm'/
min, an input frequency of 500 Hz, an-applied voltagecof, 19 kV, and an eléctrode gap
i 6710 mm) using the studied DBD)system was Jower than the EQ"yields of 30 and

0% obained froth the catalytie cpoxidation process using 15 WS Ag/ALQy \a feattion
temperatures of 280 and 350°C, respectively [15], the DBD system is still considered to
exhibit a high potential to be employed for EO production under much lower operating
temperatures. Again, the present work is the first time to demonstrate the use of the sole
DBD system to synthesize EQ without the presence of catalysts. As shown in the afore-
mentioned results, there were several reactions occurring in the plasma reaction zone so it
is not possible to easily carry out the kinetic consideration of the ethylene epoxidation
reaction. Future works will then be focused on the combination of the low-lemperature
DBD system with various reported catalytically active catalysts used in the conventional
catalylic process, especially Ag/Al:0;-based catalysts [5-15, 20], aiming to enhance the
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EO yield. The comparative study of ethylene epoxidation under different kinds of low-
temperature plasma discharges, such as corona discharge system with pin and plate
electrodes, is also of our strong interest. Moreover, the kinetic studies of the ethylene
epoxidation reaction will be conducted in order to optimize the DBD process. The
experimental results will be presented in the next contribution.

Conclusions

stigated in the low-temperature
ers, including feed molar ratio
1d electrode gap distance, on
the best conditions. In
ivity of 6.2%, the DBD
21, afeed flow rate of 50 cm’/

19 kV, and an electrode gap
) ns to break down each
% 107" Ws/molecule of

In this work, the epoxidati
DBD plasma system. The
of 0,/C;H,, feed flow ri
the ethylene epoxidati
order to obtain the I'u i
system must be op
min, an input frequene
distance of 10 m
C,H,; molecule and to
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Abstract In 1 ff :p_@idaiipn of ethylene over different catalysts—namely
Ag/(low-surface-ared, LSA)a-A1,0s, Ag/(high-surface-area, HSA)y-ALO;, and Au-Ag/
(HSA)3-AlLO5—i korona discharge system was investigated. In a
comparison ied cnml ‘ﬂw Ag/LSA)x-ALO; catalyst was found to offer

ethylene nﬁdﬁ,‘ as well as the lowest selectivity for carbon

; Cchivity for cﬂqyleﬂe oxide increased with increasing
applied voltage, while the selectivity for ethylene oxide remained unchanged when the
frequency was varied in zjﬁmge of M&iz evertheless, the selectivity for eth-
ylene oxide decreased with mcreasing f'm beyond 500 Hz. The optimum Ag loading
on (LSA)x-AlO, was-fqgnd*tp be II&’ .t which a maximum ethylene oxide
selectivity of 12.9% was obtained at the optimum %e and input frequency of
15 kY and 500 Hz, ectively. Under these : 5, the power consumption
was found io x s/molecule of Qﬂl}!‘m u{._ﬂe produced. In addition, a
low oxygen- tu-uthjrhn.c molar ratio and a low feed flow rate were also experimentally
found to be beneficial for the ethylene epoxidation, U

the highest selectivi

Keywords Ethyleng epoxidation - Ethylene oxide - Corona discharge -
Silver .. Alumina, '

Introduction

The selective oxidation of ethylene, especially ethyleneepoxidation, is currently the largest
hydrocarbon partial oxidation process in industry because the desired product, ethylene
oxide (C;H,0, ED), is a valuable chemical feedstock or intermediate product for many
important applications, such as solvents, antifreeze agents, textiles, detergents, adhesives,
polyurethane foam, and pharmaceuticals [1]. Besides, this is in good accordance with the
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Abstract In this paper, epogidation of ethylene over different catalysts—namely

DaAl 04, Ag/thigh-surface-area, HSA)y-ALOy, and Au-Ag/
ow-tgmperature Corona discharge system was investigated. In a
comparison among the studied gatalysts, the Ag/(LSA)u-AlO; catalyst was found to offer
the highest selectivity for cthylénie oxide, as well as the lowest selectivity for carbon
dioxide and carbon monoxide. The seléativity j:th}rlcne,pxiac increased with increasing
applied voltage, while the se ag&ffﬂi{ﬂr hylene oxide remained unchanged when the

Ly

frequency was varied in the m&l&tam—m &uvcl‘ihcl:sz, the selectivity for eth-

e v

ylene oxide decreased with increasing freq eyond 500 Hz. The optimum Ag loading
on (LSA)jx-AlLO; was found-to-be 12.5 wt. at which a maximum ethylene oxide
selectivity of 12.9% was obtained at the optimum applied voltage @nd input frequency of
15 kV and 500 spectiy iderthese. conditions; the power consumption
was found to be 12.6 x 107'° W s/molecule of ethylene oxide produced. In addition, a
low oxygen-to-ethyléne molar ratio and a low feed flow rate were also experimentally
found to be beneficial for the ethylene epoxidation. )

Keywords Ethylene epogidation - Ethylene oxide - Co;_uga discharge -
Silver - Alumifia.

Introduction

The selective xidation of ethyleie, @specially.ethylene epoxidation, is currently the largest
hydfocarbon partial oxidation process in industry because the desired product, ethylene
oxide (C,Hs0, EO), is a valuable chemical feedstock or intermediate product for many
important applications, such as solvents, antifrecze agents, textiles, detergents, adhesives,
polyurethane foam, and pharmaceuticals [1]. Besides, this is in good accordance with the
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currently high global demand for ethylene oxide, which exceeds 40 billion pounds per
annum [2], indicating high ethylene oxide consumption around the world.

Ordinarily, ethylene can be oxidized to ethylene oxide with a high selectivity over
unique traditional silver catalysts supported on low-surface-area alpha-alumina (Ag/
(LSA)2-Al04). Commercially, the addition of a few ppms of chloride to gaseous reactants
as a moderator in the form of chlorine-containing hydrocarbon species, such as dichlo-
roethane (C;H,Cl,) and vinyl chloride (C3H3Cl), was reported to significantly increase the
selectivity for ethylene oxide by 15-20% [3-6] tﬁlyln and alkali earth, such as Cs and Re,
were also reported to provide an improvement of the selectivity toward ethylene oxide by
10% [7, 8]. In a recent work [9], a silver catalyst supported on high-surface-area gamma-
alumina (Ag/(HSA)y-Al,O;) was provedito exhibit a good selectivity toward ethylene
oxide. Moreover, adding a small &mount of Au to form Au-Ag bimetallic catalysts on the
high-surface-area alpha- ﬂummqmppun as found 1o favor the epoxidation reaction of
cthylene to ethylene oxide, They rep that ethylene conversion obtained from these
catalysts did not occur peratures below 220°C. Even though the reaction temperature
was raised to 270° ylm'n: gonversion was still low, around 1-4% [10]. Consequently,
this limitation results Igefl!gh' tutrgjr*mnmmptlnn for the catalytic reaction at high tem-
peratures, whlch rn:,f an ﬂbstrucunu in developing the process for industrial

application. A n a}‘cﬂﬁ]}'m technique 15, therefore, expected to overcome this
constraint. One polen lqehnmuu 15.to birie selective traditional catalysis and non-
thermal plasma, whieh is believed to redncéjhu power consumption and/or increase the

selectivity and yield for ethylene oxide pmdﬁdinm

Non-thermal plasmais one kind of electric gas discharge [11]. In non-thermal plasmas,
the electrons in el:cmdg:‘epm energy from &:mal applied voltage until they possess
enough energy to overcome the ,jmtmml haﬂkmf‘lﬂlal surface electrodes. Then, they can
move from one electrode to the othies, &nd -energy electrons will chemically excite
or dissociate the gaseous species by colliding with the gaseous components present in the
plasma zone. Typiﬁnlly. 1h=ss excited or dissociated atoms urmulml:s have a much higher
reactivity than néuiral species at the ground state, and consequentl; can easily lead to the
formation of nnk ﬂlanucal species. Furﬂmnnm‘a, the most. ﬁn_pn anl characteristic of non-
thermal plasma is that the electrons in the plasma zone have & higher energy, but the
temperature of the jlull: gas is still much lower [12]. Examples of chemical synthesis using
plasma are oxidations of olefins, aromatics, and so on [13, 14]. The combined processes of
catalysis and non-thermal plasma have been demonstrated.to offer a number of advantages
over conventional. catalytic processes, One advantage, is-to require, low.operational tem-
peratures clase to 'room temperature and low pressure al mear or slightly higher than
atmospheric’ pressure, as described above, This implies comparatively that non-thermal
plasma processes offer a lower energy consumption used foractivating catalysts ascompared
with (eonyentional | catalytic) processes. Hence, (cotona dischdrge wis lemployed for this
research because itis capable of operating at low temperature and atmospheric pressure [11].

A basic configuration of corona discharge is to use a pair of in-homogeneous metal
clectrode geometries, which can stabilize the discharge generated. There are many
industrial applications involving the utilization of corona discharge, such as NO, and 50,
reduction in flue gas, toxic compound destruction, and ozone production [15-17], From
literature review, the combination of corona discharge and heterogeneous catalysts has
been used for many applications [18-30]. Recently in our previous works, it was also used
with photocatalysts for the gaseous removal of benzene and ethylene [31, 32).

The objective of this work was, for the first time, to investigate a combined catalytic and
corona discharge system for the epoxidation of ethylene using different catalysts:
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Ag/(LSA)z-AlO5, Ag/(HSA)y-Al,03, and Au-Ag/(HSA)y-Al0s. In this study, the effects
of various operating parameters, including applied voltage, input frequency, molar ratio of
oxygen to ethylene, and feed flow rate, on the activity of ethylenc epoxidation were
examined systematically. Moreover, the optimum conditions for maximum ethylene oxide
production and minimum power consumption were determined.

Experimental ’

'/,

Materials and Reactant Gases
. - 2
The two types of supports used-were (LSA)a-AlyO, supplied by A.C.S. Xenon Limited
Parmership, and (HSA)-Al,O4 8 plied by Acrosil®. _Sillir'éi“i'litrat: {AgNO;), supplied by
Carlo Erba, and hydrp/}, loroaurate (1) trihydrate (HAuCl, - 3H,0), supplied by
Alfa Aesar, were emp a5 silver and gold catalyst precursors, respectively. All
chemicals were used @s | without purification. Distilled water was used for
catalyst preparation in idy. For the reactant gases, 99.995% helium (high purity
ith hefium, and 97% oxygen balanced with helium were

obtained from Thai Industri {(Public) Co., Lud.
’ : v
Catalyst Preparatio DL
-é 4;4 & /i-é' 4

ation method used o prepare all catalysts according to
literature [9, 10, 33]. For Silver $upported ! Mnt-A{]zC-;, the alumina support was
impregnated with aqu solutions of silver nitrate 10 achieve various nominal Ag
loadings ranging from 0 to 15 wt.% and then dricd in air at 110°C overnight. These
mixtures were calcined in air at 400°C for I'&-Wéﬁtﬂlal. each impregnated catalyst was
sieved in order to obtain the desired grain ;én range of 221-425 um for the activity
studies. For silve w {HSA}y-ALO,, the alumina support was impregnated with
an aqueous s:n'l’z:l of silver nitrate to achieve lﬁﬁﬁf‘ﬁgﬂd&dmg of 13.18 wt.%,
exhibiting superior-dctivity in previous works (9, 10], and then dried in air at 110°C
ovemight. This mixtare was calcined in air at 500°C for 5 h. After that, the impregnated
catalyst was also sieved in order to obtain the desired grain size range of 221-425 pm for
the reaction activity experiments, which will be described later. For bimetallic Au-Ag
supported on(HSA)y-AlzO5, 2 Ag catalyst on the alumina support with an optimum Ag
loading of 13.18 wi.% was initially prepared and dried at 110°C for 2 iy This catalyst was
then sequentially impregnated With an appropriate amount of an aquedus solution of tet-
rachloroaurate (I1I) trihydrate to achieve-an optimum Au Jeading of 0.63 w1.%(]9,10]. This
imprégrated catalyst was thescdried in picat 110°C overnight-and calcined in-air at, 500°C
for 5 h. ‘After that, the catalyst was sieved in the same manner as explained aboye.

The incipient wetness i

Catalyst Characterizations

The specific surface areas of all prepared catalysts were determined by a surface area
analyzer (Quantachrom, Autosorb-1) using nitrogen adsorption analysis. A catalyst sample
was dried and outgassed in a sample cell 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 specific surface area of each catalyst was calculated from the S-point adsorption
isotherm. The results were analyzed by Autosorb ANAGAS software, version 2.10.
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The actual contents of silver and gold in the prepared catalysis were determined by an
atomic absorption spectroscope (AAS) (Varian Spectr, AA-300).

The crystalline phases of the prepared catalysts were investigated by an X-ray dif-
fractometer (XRD, Rigaku RINT-2200) equipped with a graphite monochromator, a Cu
tube for generating CuKz radiation (4 = 1.5406 A) at a generator voltage of 40 kV and a
generator current of 30 mA, and a nickel filler used as the filter for Kff removal. The
goniometer parameters were; divergence sliv= 1°(26), scattering slit = 1°(26), and
receiving slit = 0.3 mm. The catalyst sample was held in the hollow of a glass slide holder
and was examined in the 20 range of 20-90° ni’_._ﬁganh speed of 5°(28)/min and a scan
step of 0.02°(28). The digital eutput of the p:ﬁg‘ibadﬁfglﬁ_x-my diffractometer and the
goniometer angle measurements were sent to an online microcomputer to record the data
and to perform subsequent analyses. ] :

Transmission electron microscopy {TEJA} was employed for investigating the average
particle size of Ag pamicles and identifying the microstructures of the prepared catalysts.
The catalyst sample M’inﬁm fine powder and ultrasonically dispersed in ethanol.
A small droplet of the suspension was deposited on a copper grid, and the solvent was

i ifig the sample into the TEM. The TEM (JEOL, 2000 CX) was
operated at an accelemlir It g’ufz_ﬂﬂ KV in bright field mode.
rammed oxidation { was employed to quantitatively investigate
the coke formation on thie spent catalysis. The TPO analysis was performed at a continuous
flow of O/He (ratio 2:1) total flow rate of 40 mlfmin. A spent catalyst was placed in
the quartz tube, and it wa secure; with packing quartz wool. The sample temperature was
lincarly increased witha ¢ istant rate of 10°C/min to reach a maximum temperature of
850°C. The carbon fracl'.iun.ﬂ? the safiple mg&miy oxidized to form carbon dioxide.
After this reaction, the effluent gas was passed through a methanator containing a Ni/Al;O;
catalyst to convert the carbon dioxide o methane. Subsequently, the produced methane
was detected with a flame ionization detecior (FID). The.area under the obtained curve was

used to calculate carbon content in the spent catalyst sample. The agriount of coke formed is
reported based ﬁnw—_i‘ ~/
Y, N

Experimental Setup-and Reaction Activity Experiments -

]

The experimenial study of ethylene epoxidation was conducted in an AC corona discharge
reactor, which was operatedsat atmospheric pressure and ambient temperature, around
25-27°C (toofm temperature). A schematic.of the corona discharge system is shown in
Fig. la. The reactor comprised an_|1.25-inch-long quartz tube with an puter diameter of
10 mm and an ifner diameter of 8 mm. Plasmawas generated in the réactor via pin-and-
plate electrodes, which were located at'the center of the, reactor. The power used to
genefate plasma was Gltefiating current, 200 V)and 50 Hz, which was-ransformed o a
high voltage current wia a power supply unit. The output voltage and frequency was
adjpsted by a function generator, whereas the sinusoidal wave signal generated was
monitored by an oscilloscope. Since the plasma generaled in the reactor was found to have
a very high fluctuation, it was not possible to measure the voltage across the electrodes of
the reactor (high-side voltage). Therefore, the low-side voltage and current were measured
instead, and the high-side voltage and current were then calculated by multiplying and
dividing by a factor of 130, respectively. To investigate the effect of catalyst in the plasma
reactor on the ethylene epoxidation, 0.24 g of each of the three studied catalysts was
individually placed on the plate electrode and secured by a quartz wool layer, as shown in
Fig. 1b. In this study, the gap distance between the two electrodes was fixed at 1 cm.
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(a) Pawer supply unit

Exhaust

- controller

L R N e T e Rl

To Mow meter

(b} Feed mixiure

Plate electrode

Fig. 1 (a) Schematic of cxperfinefital setup-for ethylene epoxidation reaction in corona discharge plasma
system and (biconfiguration of the corona.discharge reactor

Reactant-gases (ethylene, oxygen-and helium) fed through' the'plasma reactor we .
controlled by a set of electronic mass flow controllers to obtain a feed gas mixture having
different”flow, rates and molar-ratios, of oxygen, to, ethylene, while the ethylene concen-
trition was fixed at 6%. All reactdnt lines had 0.7 pm in-line filters before being passed
thraugh the mass flow controllers in order to trap any foréign particles. When the Com-
position of the feed remained constant, the power supply unit was turned on. After 60 min,
the composition of the effluent gas was analyzed every 60 min until it was invariant,
indicating the steady state condition. Reactor pressure was controlled by a needle valve,
and the outlet of the reactor was either vented to the atmosphere via rubber tube exhaust or
was connected to an on-line gas chromatograph for analysis of the product gases. Before
being fed to the on-line gas chromatograph, the moisture in the effluent gas was removed
by a water trap filter. The gas chromatograph used was a Perkin-Elmer AutoSystem GC
equipped with both a thermal conductivity detector (TCD) and a flame ionization detector

&) Springer
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(FID). For the TCD channel, a packed column (Carboxen 1000) was used for separating the
product gases—oxygen (0), carbon monoxide (CO), carbon dioxide (CO,), and ethylene
{C,H,). For the FID channel, a capillary column (OV-Plot U) was used for analysis of the
ethylene oxide (C;H;0), methane (CH,), ethane (C;Hg), acetylene (C;H,), and propane
(C3Hg). Since the gas volume was changed after the reactions, the flow rate of the outlet
gas was also measured. The experimental data taken under steady state conditions were
averaged, and these averages were used in-t#ni?uatr. the performance of the plasma system.

To evaluate the process performance, the ions of ethylene and oxygen and the
selectivities for products, including CO, CO,, CzHG. C3Ha, and traces of C;,
were considered. The conyersion. of either :thyftncvr a;.ggan is defined as:

{males of :epctam in — moles of reactant our)
o {moles of reactant in)
The product SBIM/' i _lcﬂhud fram the following equation:
YoProduct selectivi ¢ 3
~ (number of c’éqﬁghiﬁt‘pfud@tﬂmnlﬂ; of product produced) (2)
~ (number cﬂﬂr_ ‘atem in ethylene)(moles of ethylene converted)

To determine the e efficiency of gw ‘plasma system, the specific power con-
sumption is calculated in a unitef W s per molecule of converted ethylene or per molecule
Il:p“«follwrtg‘fg maﬂnn:

Sftll'cmrc (3)

,{
where P is the power (W), N is° Aggadm 5 Eﬁﬂ' 6.02 x Il]23 molecules/mol, M is
the rate of converted ethylene. g}iﬁ:culcs mﬁpx rate of produced ethylene oxide

x 100 (1)

ToReactant conversion=

molecules {nmUmn}
[J
.~
: S — _JJ
Results and nis'e{ﬁun N

T

Catalyst Characterization Results

The nominal metal loadings, actual metal loadings, and* BET surface areas of all the
studied catalysts are shown comparauvely/in Table! 1. The atwual mefal loadings of these
three catalysts obtained from AASwere not significantly different from(the nominal metal
loadings. This implics that the incipient wetness impregnation technique used-for loading
melals onsupports is reliably effective to.control any-desired catalyst loading.

\The' BET | sirface, areas of | the MLLSA}N-M;D; family sll,ghﬂy ingreased with
incteasing silver loading, indicating that the silver particles are well dispersed on the
support without the sintering effect during the preparation step. For the other catalysts
supported on (HSA)y-Al;04, their surface areas were similar to those of the unloaded
support in the range of 97-101 m?/g. These results also imply that both Ag and/or Au were
highly dispersed on the surface of this high-surface-area support [10].

Figure 2 shows the XRD patterns of the Ag catalysts on (LSA)a-Al,Oy at different
silver loadings. For the unloaded support, only the «-Al,0; phase was observed as a major
phase. The silver phase was found at the diffraction peaks of approximately 38, 44, and 64
when silver loading increased up to 12.5 wi.% Ag. At 15 wi.% Ag, a silver nitrate phase
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Table 1 Textural charscteristics of all prepared catalysts

Catalysi Mominal content (wi.%) Actual content” (WL%) BET surface
arca” (m’/g)

Ag Au Ag Au
Ag/(LSA)2-Al,0, 0 0 0 0 0.4

10 ] 9.63 0 0.61

12.5 \ \ ’/ 12.54 0 074

15 SRR ////? 0 0.89
Ag/HSA)-Al ] IR 0 101

g/ Al \ P

13— O 2 4 ] 98
AuAgHSA)-ALO, 1318 0.63 078 97
* Determined by AAS
* Determined by Ns ad \

-
Fig. 2 XRD patterns of { A Ag
(LSA)-ALLO;, (b) 10 \ o mki0;
A/(LSA)x-ALO,, (1125 & AENO,
Ag/LSA)a-Al0y, and (d)
15 wt.% AghLSA)x-ALOY A
[ o]
T il | Y I‘I‘}L

s

-
s

at )

e

Theta (degree)

WU Aa a
was addiliﬁm%m . As shown in
Fig. 3,itc v it y¢Al504 phase i a major phase of

the (HSA)y-Al,04-supported Cﬂl.lhl'sls. the 13.18 wi.% Ag/(HSA)y-AlLO silver

a joned diffra 1. 0.63 wi.% Au was
N LR A B e o
, without distingtishable diffracti p e ir

same positions as the diffraction peaks of silver phase.

Figure 4 shows the morphology and mean particle size of Ag on the surface of the
studied catalysts observed by using TEM. The TEM results show that Ag particles are
highly dispersed on the alumina supports. The TEM micrographs of a representative
12.5 wt.% Ag/(LSA)2-Al,05, which exhibited superior activity toward ethylene epoxi-
dation as explained later, are depicted in Fig. 4a, b (low and high magnifications,
respectively). From the TEM results, the mean Ag particle size was found to be approx-
imately 9.5 nm.
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Fig. 3 XRD patterns of {a) A Ag
13.18 wi% Agf{HSA)p-AlyOy o An
and (b) 0.63 wi.% Au-
1318 wi.% Ag/(HSA)-ALD; W 1410,
3
L.
3.
g
-4
E
f—
50 60 0 BO 9%
2Theta (degree)
(a) (b)

Fig. 4 TEM micrographs of 12.5 wi.% AgALSA)-ALD; at (a) low magnification and (b) high
magnification

Reaction Activity Performance

ATl cXperiments were canfed ontatambient temperature and atmospheric-pressure in erder
to'determine the-effedts of type of catalyst, silver Joading, applied yoltage, input frequency,
molar ratio of 0,/C,H,, and feed flow rate on the epoxidation activity of ethylene. Under
the studied conditions, the product gas contained carbon monoxide, carbon dioxide, eth-
ylene oxide, methane, ethane, acetylene, and traces of C;. Interestingly, hydrocarbons
containing a carbon number greater than C; were not detectable.

Effect of Type of Catalyst

In the corona discharge system without a catalyst, most of the discharge energy is used to
produce and accelerate electrons, which then react with gas molecules to generate highly
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active species (metastable radicals and ions). Ethylene and oxygen are, therefore, chemi-
cally activated directly by electron collisions. For a combined catalytic-plasma system, a
catalytic material in the plasma or discharge zone is used to enhance the selectivity and
efficiency of the plasma process by surface reactions.

Figure Sa shows the ethylene and oxygen conversions and cthylene oxide yield over
different catalysts. The ethylene conversion was always lower than the oxygen conversion
in both the sole plasma and combined catalytic-plasma systems since the bond dissociation
energy of ethylene (682 kJ/mol) is much higher than that of oxygen (498.38 kl/mol).
Under the studied oxygen-to-éthylene molar ratio af-4:1, both partial and complete oxi-
dation to produce CO and CO; appear, as confirmed in Fig. 5b. As a result, the oxygen
conversion was higher than the ethylene conversion. The plasma system without a catalysl
provided the highest oxygen conversion. The oxygen conyersion on the Ag/(HSA)y-Al O,
was higher than that on the Agi(LSA)z-Al;0; since the high-surface-area alumina support
can provide higher silver dispersion than the low-surface-area one, therefore improving
oxygen adsorption for the oxidauon feaction, 10 result in a higher oxygen conversion.
Interestingly, the bimetallic Au=Ag/(HSA)y-AL,0; gave a lower oxygen conversion than
both Ag/(HSA)y-Al;O; and Ap/(L3A)s-ALOs A possible explanation is that if chemi-
sorption-induced surfage ensichment is operative, it will tend to enhance the concentration

(a)

o

T CH, com.
WD, goarr,
B CH 0 yild

l ! z ;

Converslon or yield (%)
s

I 1
Nocamlyst 115wt [318w% 06 wi % Au Nocsalyst  135wi% [31Ewr% D6 wL%Aw
AgILEAY  APTHSA) -IL1Ewi% ARALSAY  ApiHBA) -1NIEwt%
wALD,  TALD,  AgTHSA) aAlLD, +ALD,  ApTHEA)
y-ALD, - ALD,
() Type of catalyst Type of catalyst
[
#
; 4
g
5 01
i
-
1
o
129 wi% LW 006w Au-10 08
AgILSA-ALD, AgNHEAY-ALD, wi% AgiHSA)
T-AL D,
Type of catalyst

Fig. 5 (a) Ethylenc and oxygen conversions and ethylene oxide yield, (b) product selectivities, and (¢)
amount of coke formed as a function of different catalysts (molar ratio of 0CH, = 1/1; feed Mow
rate = 50 mlfmin; gap distance = | em; frequency = 500 Hz; and voltage = 15 kV)
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of Ag on the surface. This is due to the fact that oxygen forms strong chemisorption bonds
with silver, while it does not chemically adsorb, to any appreciable extent, on gold. It is
well known that the component that forms the strongest chemisorption bonds tends to
segregate at the surface of the alloy particles [34], resulting in less oxygen chemisorption
and consequent lower oxygen conversion in the case of the Au-Ag/{HS5A)y-AlLQ,,
Interestingly, the oxygen conversion in the sole plasma system was higher than that in the
case of the combined catalytic and plasma systems. This result indicates that the activity of
the plasma can be slightly retarded in the presence of catalysts, since they simply reduce
the volume of the plasma zone, as well as act asaneleetrically resistant material. However,

the ethylene conversion on the Ag/(LSA)x-Al, O+ warﬁfmd to be comparatively the same
as that in the sole plasma system, but not in the case aof MLHSA]T Aly0;. Since the Ag
catalysts have been found ta be the hydrogenation sites for acetylene [35], this might be
another important reason o explainhow the lower conversion of ethylene was obtained on
the Ag catalyst supposied o 3A)y-Al,0;. This can imply that despite the presence of
the Ag catalyst, C;H; genation not favorably occur on the (LSA)ax-AliO,
support. Interestingly; 't ‘(J;SA];'»A. was also found to provide the highest eth-

ylene oxide yield, plausi e, tt:- the mn_q:mtival}' high ethylene conversion and the

as explained next.

aql'ccpwh:s shown in Fig, 5b, it can be seen that the
1! affects the se ivities for main products, i.e. C;H40, CO,

’meu-.nﬁmsan-aw, combined with plasma was

By considering
type of catalyst signifi
and CO,. Even tho
shown to favor the total exidation reaction as compared to the other two catalysts, it still
provided a moderate ethyle umdﬂ.&ﬂuﬂﬁﬂtﬁ ven higher than the Ag/(HSA)y-Al;0;.
The reason is that gold cou hchaﬁéis adi nt on the silver surface, resulting in
the destruction of multip suhﬂ-mm wmmm& alomic oxygen adsorption. As a
result, the addition of gold simply-éreates new adsorption sites for molecular oxygen,
which is also responsible I'orlhg.zﬂfykn: npmﬁgﬁml-maclmn [10]. The reason why the
Au— hgf{HSh}}—MQ{h showed the highest selectivity for cu‘hnn }l' joxide is that the 0%~
species arc scpamaled ITOm _Cach OMNEr, and INe adsoroed cryied omplcx can conse-
quently react with h alomic oxygen to form carbon dioxide and Wltg:) [34]. Obviously, the
Ag/(HSA)y-Al;0, catalyst was shown to be more active for the total oxidation reaction
than the Agi{LSA)a-Al,0, and the sole plasma sysiem. In the plasma system, it was
found to show the highest selectivity for carbon monoxide and a low selectivity for
carbon dioxide.

It is generally-accepted thai, nan-thermal, plasma changes the status-of reactant mol-
ecules. Instead ©f neutral ground state/molecules, a mifwre of electrons, excited
molecules, ibns, and radicals predominantly oftupiés the plasma zoné. The energized
electrons and excited aclive species arg in a thermodyn@mically initial state-for sub-
sEquenit reactions, Besides, thetinteractions among the active speCies and catalyst lead to
unusual plasma catalytic reactions [36], In comparisons of these thrée catalysts combined
with plasma and the sole plasma system, it is clear that the presence of a suitable catalyst
in corona discharge can enhance the selectivity for the desired product, ethylene oxide.
In this experiment, the Ag/(LSA)x-AlO, catalyst was found to offer the highest ethylene
oxide selectivity, the lowest carbon dioxide selectivity, and the highest ethylene oxide
yield. Interestingly, as shown in Fig. 5c, the coke formed on the spent Ag/{LSA)x-Al,0,4
was comparatively very low, as the amounts of coke formed on the spent Ag/{HSA)y-
Al;04 and Au-Ag/{HSA)y-Al,O5 were approximately 13 and 21 times higher than that
on the Ag/{LSA)x-Al,04. Hence, the Ag/l{LSA)a-Al;04 catalyst was selected for further
studies.
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Effect of Silver Loading

Figure 6a illustrates the conversions of C;Hy and O, and the C;H.O yield over the
Ag/(LSA)e-AlO; as a function of silver loading. The catalyst having a Ag loading greater
than 15 wt.% was found to produce a large amount of coke on the surface of the pin electrode
and on the surface of the catalyst. The lowest ethylene and oxygen conversions were
observed for the blank support, as compared 10 the Ag-loaded ones. This result indicates that
the presence of silver on this support is sary Lo enhance both C;H, and O, conversions.
The conversion of C;H, increased with ixmtﬁ_'m,/wading up to 10 wt.% and remained
almost constant beyond 10wt.% Ag, while gg_-!ﬁ'sion of O, also increased with
increasing the Ag loading ﬁp“@lﬂ wi.%, but suhillnﬁIIIffrﬁ_éc'reased with further increasing
the Ag loading. lntmstﬁgf?! a4 Ag loading of 12.5 wt.% was found to give the highest
ethylene oxide yield. Besides, asshown in Fig. 6b, it is worth noting that at high Ag loadings,
especially higher than 1,9, the amount of coke formed was observed to be relatively
high, resulting in si creases in the O, conversion and the C,H,0 yield.

The influence of si ing on the selectivities for C5HL0, CO, CO,, CH,, CoH,,
C,H;. and C3H; i i in Fig: 6c. It is apparent that an increase in silver loading
resulted in increases i i CO; sc‘icnwhﬁlcspocllﬂy with a Ag loading higher

4 | 4
b b) o7
d | 1
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@ o z
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270 = !2 x]‘ﬁ:ﬁ
= “] -E-
- - 0 | = v 0
0 5 10 15 o 5 o 15
Ag loading (wi.36) Ag loading (wi.%)

Fig. 6 (a) Ethylene and oxygen conversions and ethylene oxide yield, (b} amount of coke formed, (c)
product selectivities. and (d) power consumptions as a function of Ag loading on (LSA Ja-Al,0y (molar ratio
of OJCH, = I/1; feed Aow rate = 50 mlmin; gap distance = | cm; frequency = 500 Hz, and
voltage = 15 kV)
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than 12.5 wt.%: however, the selectivities for C;H,0 increased with increasing Ag loading
up to 12.5 wi.% and substantially declined with further increasing Ag loading. The results
also show that the selectivities for CsH; and C3Hy tended to decrease as the Ag loading
increased. The selectivities for CHy and C;Hg first increased and then decreased with
increasing Ag loading. By comparing the activity of the catalysts with various Ag loadings,
12.5 wi.% Ag was considered to be the optimum value because it provided the highest
C,H,0 selectivity and yield with relatively low CO and CO, selectivities.

Figure 6d shows the effect of silver kﬂﬂﬂgﬁn the power consumption for ethylene
conversion and ethylene oxide production. The Mﬁ:lwshnw that the power consumption
per molecule of C;H, converted was much Iowa'ﬂzlu'tﬁe power consumption per mole-
cule of C;H,40 produced. With inereasing the siver 1!::’5*:7:'@,L the power consumption per
molecule of C;Hy nnnv:ﬂe_;lg: .per molecule of €3H,0 produced substantially decreased
and reached the minimum at }ﬁglotdlng f 12.5 wt.5%. Beyond this optimum Ag loading,
the power ccnsumpuwm in;kii\d with further increasing the Ag loading. The

mcr:ase m the power ¢ mpﬁm /at aboye the 15 wt.% Ag loading resulted from the
cﬂgﬁtﬂum Ioadlng of 12.5 wt.% on {LSMWM;D, was

highest ethylene oxide amf the Iﬂw&t Ewcrmmnpunn This optimum Ag loading
was in good agree ahr pmvmua study [lﬂ}

Effect of Applied Vo

:/ r. I 14
A4 ') Af ‘J

Based on the preliminary on llw’wtmg‘y e that could be applied to the studied
system, the break-down voltage, mﬂ:hwﬂ:&yz (onset voltage), to generate plasma
was found to be about 7KV, and ut an applied voltage higher than 15 kV, the plasma
system became unstable due to a large amount of coke formation. Therefore, the reaction
experiments were conducted in the Voltage w&. 15 kV in order to determine the
effect of applied wﬂtagc The r.ffoct of appﬁnd vultlpun thr.clﬂya'nd 0, conversions and
the C,H40 yield isi N CONYersion and’cthylem: oxide yield
tended to increase e with i increasing applied voltage in the range l{_j-—li kV, whereas the
ethylene conversion-temained almost unchanged. One plausible-explanation for the con-
verted oxygen increase is that a higher voltage results in a higher generated current, as
shown in Fig. 7b, leading to more available electrons that, in tum, increase an opportunity
for collision with reactant molecules. Moreover, an increase in the O active species gen-
erated in theplasma zone results in their more opportunities to adsarb on the surface of the
catalyst for Further subsequent reactions, especially 1o yield the desired ethylene oxide
product. In contrast, it was tnexpected that C;Hy conversion remained nearly constant with
increasing applied voltage. This indicates that the converted C;H, species in‘the plasma
zone thay be recombinid (o fornt CgHy ds dsecanddry reaction’in the catalytic zone, More
diseussion will be\given in the pext,paragraph.

The effect of applied voltage on the selectivities for C;H,0, 'CO, CO,, CHy, CoHs,
C;HE and CiHg is shown in Fig. 7c. The selectivity for C;H4O obviously increased, but
only slightly for the CO; selectivity, with increasing applied voltage, in contrast to the
selectivity for C;H,. whereas the selectivities for CH,y and C;Hy first increased and then
decreased. The selectivity for C3Hy remained almost unchanged in the studied range of
voltage. When the applied voltage increased, commesponding to the increasing O active
species as mentioned above, active hydrocarbon species are further oxidized to form CO
and C,H40 on the surface of the catalyst, but CO is not further oxidized to CO,, as
confirmed by a sharp drop with increasing applied voltage from 13 to 15 kV. These results
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suggest that a highgﬁ number of O active species at a higher _jppli:d voltage is more
favorable for C;:H4O production than complete combustion. Interestingly, the amount of
C;H;, a product from the €;H, dehydrogenation in the plasma zone, tended to decrease
with increasing applicd.yoltage due to-the simultancous hydrogenation reaction of C;H; on
the Ag catdlyst [35], which miy compensate for the amount of C;H, tonverted in the
plasma zone, consequently resulting in almost Unchanged C,H, conversion.

Figure 7d shows the effect of applied voltage on ahe power consumption. With
increasing applicd) vollage, \Uhe. pawer |cansdmption” per molegule) of Canverted GoH,
incteased, whereas the\power cansumption per molecule of produced C;H,O substantially
decreased. As shown above concerning the almost unchanged ethylene conversion, the
rising average electron energy and the increasing number of electrons in the plasma zone
could not enhance the conversion of ethylene, probably due to the C;H; hydrogenation to
reform C;Hy on the surface of the silver catalyst in the catalytic zone, resulting in an
insignificant increase in energy conmsumption per molecule of C;H, converted when
increasing the applied voltage. In contrasi, an increase in the selectivity for C:H,0 was
comparatively much higher when increasing the applied voltage, resulting in lower power
consumption per molecule of produced C;H,0. From the results, the optimum voltage of
15 kV, which produced reasonably high CoH; and Os conversions, the highest ethylene

€ Springer



636 Plasma Chem Plasma Process (2008) 28:643-662

oxide selectivity, and the highest ethylene oxide yield with the lowest power consumption
per C2H40 molecule produced, was selected for further experiments.

Effect of Input Frequency

Input frequency is another important parameter greatly affecting the plasma characteristics
in terms of stability and efficiency perform In order to investigate the effect of input
frequency, the studied plasma system was Wm the 300-800 Hz frequency range
since a large amount of coke was found (o dej ‘_ the electrode surface at a frequency
lower than 300 Hz, and the plasma could not exist equency higher than 800 Hz. The
effect of input frequency on the CH, and O, conversions and the CoH,0 yield is illus-
trated in Fig. 8a. th frequency meruud,mt&ﬂz conversion decreased,
whereas the C;H, conversion.sémained almost constant. The explanation is that, as shown
in Fig. 8b, a higher frequencyresulis in lower current, which corresponds to the reduction

ns generated. Consequently, the opportunity for collision between
seules declines with decreasing current. Therefore, it was
f both C,H, and Oy, and the C,H,0 yield, should decrease
1owever, the conversion of C,H, did not follow this

expectation, which'is simila o case g il;?t!#lng applied voltage. As mentioned
M b,
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Fig. 8 (a) Ethylene and oxygen conversions and ethylene oxide yield, (b) generated current, (¢) product
selectivities, and (d) power consumptions as a function of input frequency in the presence of 12.5 wi% Ag
on (L3A)a-AlyO, (molar ratio of 0,/C,Hy = I/1; feed flow rate = 50 mlfmin; gap distance = | cm; and
applied voltage = |5 kV)
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earlier, the invariant conversion of C;Hy is the trade off between the C;H, dchjrdmgcnaliun
in the plasma zone and the C;H; hydrogenation on the surface of the silver catalyst in the
catalytic zone. Moreover, in the frequency range of 300-500 Hz, the C,H,0 yield was
found to remain almost unchanged, but beyond 500 Hz, it significantly decreased, probably
due to the dramatic decrease in O, conversion.

The effect of input frequency on the product selectivities is shown in Fig. 8c. The
selectivity for C;H,O remained nearly L'I:ﬂchﬂ%ﬂd when the frequency was varied in the
range of 300-500 Hz. Beyond 500 Hz, the. ivity decreased substantially with
increasing frequency. Since the decrease in the input fréquency from 800 to 500 Hz results
in increased current, there are accordingly more 0 ‘a.cﬂf&l species available to adsorb on the
surface of the silver catalyst for the epoxidation reaction, leading to the higher selectivities
for all products, mr;ludl}]gw Ata t’lﬁ;nc}r lower than 500 Hz, the selectivity for
C;H,0 did not further increase ng frequency, despite a higher amount of
generated electrons, i wko formation. The selectivities for CO and CO; also
tended to increase with decreasi ‘ginpui frequency. This is because more O active species
at lower input frequer d Jead fo the increase in the sclectivities for CO and CO,.
Therefore, an input fi ‘of 500 Hz was considered to be a potentially optimum
condition, exhibiting s W,ﬁh C,H.0 selectivity with relatively low CO and CO;
concentrations.

The effect of frequ : powarw:znphﬂn to break down each C;H, molecule
or to create each C;HO ile is shown in Fig. 8d. The result shows that the power
consumption per C;H, molectle converted Ighﬂ:d«'lu gra{lually decline with increasing
input frequency. Inte . the Po‘a mmn to create each C;H,O molecule
decreased with increasing mpu‘\:l:‘fequenc 500 Hz; beyond this frequency, the
power consumption dmmatlﬂnimmm Wacauu a higher frequency gives a
lower current, resulting in lowenng the number of electrons to initiate the plasma reactions,
Al a frequency lower than 500 Hz, both pomr@&mpuuns increased considerably with
decreasing frequ:nyy 'I'Ius is because the coke formation mpl? decreases the power
efficiency. Based u ; g oxide sefectivity and ethylene oxide
yield, as well as lnwe:s‘l puwnr nuuumpﬁun p&r molecule of @cm: oxide produced,
an optimum input [’r!,‘gur.ncjr of 500 Hz was selected for further-experiments.

S

)
Effect of Molar Ratio of 0/C:H,

To determine’ the-influence jof the feed, gas composition. on-the-ethylene epoxidation
reaction undé a corona discharge environment, the feed ()_JCQ-L; molar ritio was varied in
the range of 1/1 10 5/1, whilé the appliéd voltage™ and input frequency were kept constant at
15 kV and 500 Hz, rcspccuvcly An inctease in the OgfCyH, molar ratio Significantly

énfinneed only the C,H; conversion; while the 103 conversion increased and ther decreased
with further increasing the molar ratio-higher than 3/1; as, shown in Fig. Bm. The expla-
nafion is that an increase in the molar ratio of 0,/C;H; results in having more D; available

to react with ethylene molecules, leading to higher C;H, conversion. Interestingly, the
maximum conversion of O, was found to approximately be at the molar ratio of 3/1, which
is the theoretical ratio for the C;H, complete combustion. When considering the C,H,0
yield, as also shown in Fig. 9a, it was interestingly found to drastically decrease with
increasing the molar ratio from 1/1 to 2/1; and beyond the molar ratio of 2/1, the yield
tended to slightly decrease to almost zero at the molar ratio of 5/1.

The effect of 0./C;H; molar ratio on the product selectivities is shown in Fig. 9b. In
this corona discharge system, the selectivities for C;H.0, C;H; C;Hg, and CiHg
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decreased, but, in ﬂnu‘asl. the selectivity for CO, increased with increasing 0,/C;Hy
molar ratio. Interestingly, the selectivities for CO and CH, increased up to the O,/C;H,
molar ratio of 3/1; however, beyond. this ratio, their selectivities rapidly declined. At the
0,/C;H, molar ratioof 3(1, Oy wa;cnm.nhumd 10.form. tfnchsghas{ amount of CO. At a
molar ratia’ highg:r j,ha:l 3? L iimi:-\ijl as a mimﬁ(}g mndmm CO is further oxidized to
form CO,, 4s confirmed by an increase in the €O, selectivity, Moreover, at an 0,/C;Hy
molar ratio of 5/1, the selectivity for CsH,O reached zero;suggesting that C3H4O can be
qumd&r a_deficient 0, €andifion] The highest CyH,0 Selectivity Was Tourd 4t an
OHC M. molar ratio of 1/1, whichiis in'good agfeement with dur previous study [10].

Figure 9c shows the power consumption needed to convert ethylene and to produce
ethylene oxide at different 0./C,H, molar ratios. The power consumption per molecule of
converted ethylene reached a maximum at an 0./C5H, molar ratio of 3/1. At an 0./C5H,
molar ratio higher than 3/1, the power consumption rapidly decreased. However, there was
an extremely significant increase in the power consumption per molecule of produced
ethylene oxide with increasing the O./C.H, molar ratio, especially at a molar ratio of 5/1,
An 0,/C;Hy molar ratio of 1/1 was selected for further experiments because it provided the
highest ethylene oxide selectivity, the highest ethylene oxide yield, and the lowest power
consumption, in spite of having the lowest ethylene conversion,

a Springer
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Effect of Feed Flow Rate

The feed flow rate has a significant effect on the residence time of gas molecules within
both the plasma and catalytic zones, affecting the performance of the plasma system. The
experiments were performed by varying the feed flow rates from 50 to 150 ml/min at an
0,/C;Hy molar ratio of 1/1. The optimum applied voltage of 15 kV and the input fre-
quency of 500 Hz were still applied to cant e plasma system. Figure 10a illustrates the
influence of the feed flow rate on the G;Hq ): conversions and the C;H40 yield. The
conversions of C;H, and O, and the C;H,0 yield decreased almost linearly with increasing
feed flow rate from 50 to 150 mi/min, co nding to decreasing the residence time from
0.6 to 0.2 5. An increase 15?31&&:& flow rate mdummmd:m time in the reaction
zone, resulting in a shorter Ii:m: for ethylene and oxygen molecules to collide with
electrons. As a result, a reduciion.in the flow rate enhanced the conversions of both
C;H4 and O;. The feed'f e dependence for produet selectivities is depicted in

Fig. 10b. It is apparent that the s ities for C;H,0, €O, CO,, and other by-products
tended to decrease W asing e rate. As explained above, this is because a
higher feed flow rate redue ppo nmq' for collision between electrons and reactant/
intermediate molecul suhs&qu!_n} secondary reactions.
3
(a) 60 — f‘im w '
', Y I)ﬁ‘ J‘
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Fig. 100 (a) Ethylene and oxygen conversions and ethylene oxide yield, (b) product selectivities, and (c)
power consumplions as a function of feed flow rate in the presence of 12.5 wi% Ag on (LSA)z-AlLD,
(molar  ratio of Ou/CiH, = 1/1; gap distance = | cmiy  applied wvoltage = 15 kV; and  input
frequency = 500 Hz)
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Figure 10¢ shows the effect of feed flow rate on the power consumption. Even though
the power consumption per molecule of converted ethylene and per molecule of produced
ethylene oxide slightly decreased when increasing feed flow rate, a lower feed flow rate
could provide much higher reactant conversions and desired ethylene oxide selectivity.
This is possibly because the power consumption per molecule of produced ethylene oxide
at different feed flow raies is not varied much in the studied range, and its change is
relatively small compared to those for all previgus operating parameters.

From all experimental results obtained above, it was found that the ethylene epoxidation
preferably occurred in the combined catalyuic and corona discharge plasma system using
Ag/(LSA)z-AL,O; as a catalyst under a deficient ©; condition with an 0,/C;H, molar ratio
of 1/1, as compared with the sole plasma system. The chemistry of the combined catalytic
and plasma system is considerably complicated, and further investigation is needed to
obtain a better understanding of the interaction between plasma and catalysts on simul-
tancously occurring_chemical‘reactions including ethylene epoxidation. Based on the
current knowledge, for g;o"é:a:ma disch system without the catalyst, various oxygen
and hydrocarbon aclive spegies gan'be mostly generated by electron collision. The oxygen
active species can mainly react with ethylene molecules/radicals in the bulk gas phase to
form ethylene oxide,Whes the gombined catalytic and corona discharge is used, the
ethylene oxide can'be ad 'iu?illy'p;oducsd c;: the partial oxidation of ethylene molecule
with oxygen moleculagly adsorbed at the eatalyst surface [10]. Therefore, the ethylene
oxide formed in the €ombined system can be plausibly produced via the combination of
gaseous discharge mechanism and catulytic surface chemistry.

7’ 4 “f
B N da

Durability of Catalyst

)
)

To study the durability of the 125-WE% Ag/L
performed in two consecutive Ams Without any intermediate treatment. The studied plasma
reactor packed with the catalyst was operated about 3 h for each run to reach the steady

- «
po e L7
Y

s

-Al,0y catalyst, the activity lest was

slate. Tjgure | |“le ¢ LhE comparison of the process periorm _( M the two CDI’ISI.‘.I.:UI.‘II‘-"#
runs under the optimum conditions. The results show that iﬁipng;.h performance of the

™

Fig. 11 Reactant conversions 60
and product selectivities obtaingd
by catalytic-plasma system at (e
oplimum contitiong Tar o
consecutive muns (molar ratho of
04/C:Hy = 1F; Tecd flow

rale = 50 ml/min; gap

distanee £ em;

fiequenéy, = 500 H; and
voltage =15 kV)

01" run

M 2™ run

Conversion or selectivily (%)

Ethylene
Oxygen
Ethylene oxide
Carbon dioxide
Methane
Ethane
Acetylene
Propane

Carbon monoxide
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(a)

Fig. 12 TEM micrograp
magnification

s |
 th of the nin terms of the oxygen conversion and all
 ethylene & ion. This lower activity could possibly be
‘sﬁéﬁtﬂu'fjim”&d by TPO, as mentioned previously,
omeration vetified by the TEM micrographs, as shown in Fig. 12.
ryzmb h catalyst (Fig. 4) and of the spent
‘particle size mrﬂs&d from 9.5 to 15 nm after the
aclivity experiment. The A.g the catalyst surface is believed to resull
from the high energy intensi used in this study. For non-thermal

corona
AC plasma, the bulk B tramperatore is mmmﬂvaty low; hoﬁwzr. the energetic elec-

second run was lower (i
product selectivities ex
due to the coke formati
as well as the Ag
When comparing the
catalyst (Fig. 12}, the

trons may have Ehergy-ianging G Aich corresponds to extremely high
temperatures of about 10, 000 to lm,[ll'l K [12]. m 1e catalyst surface has high
probability to be &0 llided intermittently with tbﬁhiﬂﬂmnpﬂalum electrons, causing the

increase in tem re on scattering micro-sized spots in a very short period throughout
the catalyst surface and subsequently resulting in the Ag agglomeration. The measured
temperature of the bulk gas'was low. in the range of 100-200°C, whereas the temperature
of these aforementioned spols wmxpccted o hnngpﬁﬂnﬂv higher-In our future study,
a dielectric’ hnmu d:mw (DBD), which ¢an produce, microdischarge with much lower
energy intensity, will also be tesied for the cl‘fl:.rlme epoxidation reaction without causing
the sintering effect of Ag nanoparticlés.

Gpndur;iuns

In this work, the epoxidation reaction of ethylene under AC low-temperature corona
discharge was investigated in the presence of catalysts; Ag/(LSA)x-AlLOs, Ag/(HSA)y-
Al Oy, and Au-Ag/(HSA)y-Al,O;. In comparisons among the studied catalysts, Ag/
(LSA)2-Al,0; was experimentally found to be the best catalyst to provide the highest
ethylene oxide selectivity. The optimum Ag loading on the (LSA)a-Al;0; was found to be
12.5 wi.%, at which a maximum ethylenc oxide selectivity of 12.9% was obtained at the
optimum applied voltage and input frequency of 15 kV and 500 Hz, respectively. Under

@ Springer
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these optimum conditions, the power consumption was found to be 12.6 x 107" W &/
molecule of ethylene oxide produced. In addition, decreases in the oxygen-to-ethylene
molar ratio and feed flow rate were also experimentally found to provide better ethylene
epoxidation activity.

Acknowledgments The authors would like to gratefully acknowledge the Ratchadapisek Somphot
Endowment Fund {Contract/Grant No. R019-2550), gkom University, Thailand, the Research Unit
of Petrochemical and Environmental Caialysis u Ratchadapisek Somphot Endowment Fund,
Chulalongkomn University, Thailand, and lhaHlmnﬂ enter for Petroleum, Petrochemicals, and
Advanced Materials under the Ministry of Education, for their partial financial support and for

providing all research facilities, ’/‘___
References -
1. httpifiwww.osha, gov/Oshil i ylene-oxide-factsheet pdf. Accessed | April 2008
2. hitpefiwww dow.com)| oxide/news Accessed | April 2008
3. Law GH, Chit 342) S Paie, ~
4. Campbell CT, Paffett \ppl 5 42
5. Tan SA, Grant RB, [1986) Lf!l'.l.}lm 383-301 '
6. Yeung KL, Gavrii Narm _Bhul\l (lﬂﬂj{w 174:1-12
7. Iwakura G (1985) Japan(P 126852, ) '
8. Bhasin MM (1988) US P 8343 L\
9, Rojluechai §, Chavadej ' m.‘}!eeyqa—’i 2007) Catal Commun §:57-64
10. Rojluechai S, Chavade] IW, Mecyoa ) 1 Chem Eng Ipn 39:321-326
11. Eliasson B, Kogelschaiz U (1991) IEEE Trans Sci 19:1063-1077
12. Rosacha LA, Anderson GK, Bechiold LA, Coogan | HGI;{(mg M, McCulla WH, Tennant RA,

Wantuck PJ (1993) NATO ASI Serics, Part B 34~~~ ] A

13, Subr H (1983) Plasma Chem Plasma Process 3161

14. Patifio P, Ropero M, lacocca D (1995) Plasma | a Process 16:563-575

15. Chang JS, Lawless PA, Y:lml.l:ﬁl}? h}) %‘ Sci 19:1152-1166

16. Yan K, Hui H, €ui M, Miao J, Wu X, Bao C, Li R (1998) J Electrostat 44:17-39

17. Broer S, Hamies (2000 Appl Catal B: Environ 28:101-111

1B. Marafee A, L1u‘ G Mallinson -8 1 197 36:632-637

19. Liu C, Marafee A /Mallinson R, Lubhnl.u%ﬁmlf xﬁfﬁu! 33

20. Liu C, Mallinson Re-Lobban L (1998) J Catal 179:326-334

21. Liu C, Mallinson R, Lobban L (1999) Appl Catal At Gen 178:17-27 |

22. Francke KP, Mie H, Rudolph R (2000) Plasma Chr.m Plasma Process 20:393-403

23, Wen Y, Jiang X (2001) Plasma Chem Plasma Process 21:665-678

24. Li D, Yakushiji D, Kanaza&a 8, Ohkube.T, Nomoto Y '[Eﬂ?.l«i Elﬂ:lmﬂu 55:311-319

25. Sobacchi M@, Saxelicx, AV, Fridman AA, Kennedy, Lﬁ,ﬁhmads Krauge.T (2002) Im J Hydrogen
Energ 27:635-642

26. Gordon CU\ Lobban LL, MallinsosRG (2003) Caal Today 84:51-57

27. Dors M, Mizeraczyk J (2004) Catal Today 89:127-133

28. Kudié H, Koprivanac N, Locke BR (2005) ¥ Hazard Mater 125:190~200

29 LMW, 40 CP;  Tian YL X0 mmn FCL. ngm(ﬁm g Fuel 20110331038 |

i, $lr:hi_:1'm 1 hwuﬁi $ymw.~w Leys €, Van L-mnhmﬂ 1 Appl Catal B: En'dmn
4: 161-169 ’

31. Chavadej S, Kiawbolpaiboon W, Rangsunvigit P, Sreethawong T, Mol ] (2007) Catal A: Chem
263:128-136

K ;_‘;:;nd:j 5, Sakirakool K, Rangsunvigil P, Lobban LL, Sreethawong T (2007) Chem Eng I 132:345-

33, Linic 5, Jankowiak JT, Barteau MA (2004) J Catal 224:489-493

34, Geenen PV, Boss HI. Pont GT (1982) J Catal 77:499-510

35. Sarkdny A. Révay Zs (2003) Appl Catal A: Gen 243:347-355

36, Malik MA, Malik SA (1999 Platinum Metals Rev 43:109-113

&) Springer



L v

Contents lists ava

Chemical Engineering Journal

journal homepage: www.elsevier.com/locatelcaj

Chemical Engineering Journal xxx [2009) xxx-xxx

ilable at ScienceDirect

Ethylene epoxidation in low- temperature AC corona discharge over

Ag catalyst: Effect of promoter

4 The Petraleun and Perrochemical College. Chubalongkom LRty Sod Chula 12

¥ Cenrer for Petroleum, Perrochemicals, and Advanced hmm

\//

Thammanoon Sreethawong*®, Thanapoom Suwan

m,

")nmaeth Chavadej?®"*

hat Road PEINURwn, Bangkok 10330, Thailand
mmw

e

ARTICLE INFO

-

Article histary:

Received 19 May 2009

Received in revised form 29 July 2009
Accepted 31 July 2009

£cpox

15

WLk G

Keywards;
Epoxidation
Etlwylene oxide
Corona discharge

$mq;!k wﬁqﬁunrhu &
_?mq&ﬁi!h Wna;m.- ic Ag catalyst.

tion of ethylene ush:iluw temperature corona discharge system was inves-

sreperigd catalytically active catalysts: Agfa-Al;0;, Cs-Agja-Al; 0y, Cu-Agla-Al; 0y,
0y It-was efpefknemlly found that the investigated catalysts could improve the

lene oxide (ED) yield and selectivity for the corona discharge system,

J-Al; 05 and 02wt X Au-12.5 wi.% Aglea-Al 0. The power consump-
corona discharge system, combined with the superior bimetallic
fthe sole corona discharge system and that of the corona discharge

© 2009 Elsevier BV, All rights reserved.

Ag catalyst
¥ 1
Promoler 4 ' A
A]Jfﬂ: )‘AA

REE Tl

— ——
1. Introduction Zld . electrans gain enough energy from an external applied voltage

r 4 N - H :
iz “Jtﬁ mnme the potential barrier of metal surface electrodes

ical mdustry for producing a versati
maolecule. The most widely used technig
duction is catalytic processes using silvel
catalysts supported on low-surface am}aju -alumina (Ag/(LSA -
Al;04) provide high ED selectivity | 1-4]. Some previous research
has revealed that alkali and transition metals, es clgﬂy cesium(Cs)
|5-11], copper (Cu) [12-15], and Id {Au]l [1 ] also“provide
the improvement of the EQ sfel €
catalytic processes are generalig:fq: aied ﬁmpﬁt
operation, implying high energy mnsumptlun e normal tem-
perature used for such processes is at least 200 C. In additidn,

the use of high temperag 1’I'lllr\tmﬂ;q'!m'm
causes nperaﬂuniml WE:: :ﬁf%
o b B o el

regeneration, and cat
new low-temperature plasma technique for ethylene epoxidation
wot'ld be attractive for [owering the energy consumption and alle-
viating the catalytic problems.

Mon-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

i fer :thne p
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based catalysts. Sﬂiﬁ:r.
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energetic electrons can move from one
r and instantaneously collide with gaseous
sma zone to generate highly active atoms,
] d radicals by excitation and dissociation reactions.
"I‘HE excited andg:m:mted 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 appréximately 107-10° K, while the bulk gas still has a much
p'ﬁrr teﬁﬁﬁ'fqr@“‘;lﬁ‘m room temperature [23-25], leading
( ere reyuuiment as compared to the conventional
' cataly I prucrsses l'i'lereeu:r me low-temperature operation of

non-thermal plasma is Exp-ect #'td enable its combined use with a

:’;:1: w@wtw Qrﬂhgm:g catalytic problems.

n&r ﬁeiﬁl;s rk Epaxldatian using a low-
ten‘iper:lur‘e” edrnﬁa seharge siﬁﬁ was, for the first time,
studied both in the absence and in the presence of various pow-
der catalysts, including Ag/(L5A)n-Al;04, Agl{high-surface area,
HSAy-Alz 05, Au-Ag/(HSA Jy-Alz 05, and AuTiO; [26]. The results
showed that the combination of corona discharge and the reported
highly active Ag/(LSA)u-Al 05 catalyst with an optimum Ag load-
ing of 12.5wt.% offered the highest EQ 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




GMadel m
CEL6489: No.of Pages8

2 T. Sreethawong of of [ Chemical Engmeening faumal wor | 2009 xox -

catalysts. However, 1t can be concluded from the experimental
results of the previous wark that both low-temperature corona
discharge and DBD systems are highly potential candidates (o be
used for ethylene epoxidation. In this extended work, the effect
al promoter (Cs, Cu, and Au) on the ethylene epoxidation activity
overa 125w Ag/(LSA ba-Al: 05 catalyst using 4 low-temperature
corona discharge system was investigated.

2. Experimental

21 Materials and reactant gases

In this work, the support used was (L5AJo-Al; 05 {ALS,
Silver nitrate [AgNOs, Carlo Erba), cesium nitrate [CsN@y, M
copper nitrate trhydrate (Cu{NO; )3 3H20, Merck]
gen tetrachloroaurate trihydrate (HAuCl; 3H,0. Alfasde
employed as silver. cesium, copper, and gold cata
respectively. All chemicals were used as receiVedwitho
purification. For the reactant gases, 99.995% Lali 2*’, rity
grade), 40% ethylene balanced with helium, and 9387 0xyEc
anced with helium were used and were suppled'by Ti 1'.-, ¢ al
Gas (Public) Co., Ltd. '

27 Catalyst preparation procedisre
All imetallic catalysts were prepared

ent wetness (mpregnation method using (L3
catalysl support. First, 4 Ag catalyst on the

fal

CyH)

ik

was prepared by using a AgNO,y 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 muxture 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 agueous solution of CsNO;,
CulNOy): 3H;0, or HAuCly 3H;0. For each bimetallic catalyst,
Le., Cs-Ag/[LSA)a-Al 0y, Cu-Ag/(LSA Ja-Al 0y, and Au-Ag/{L5A )a-
Al;07, the loadings of Cs, Cu, or Au were 0.2 and 1 wt.X for each.
After that, these impregnated catalysts were dried inairat 110 C
overnight and then calcined in air a1 400 C for 12h. Finally, all
the prepared catalysts were sieved in order (o obtain the desired

ain size range of 221-425 wm for the reaction activity experi-
ks
&cgamﬂm‘mﬁnn techmigues

rface areas of all prepared catalysts were deter-
rea analyzer [Quantachram, Autasorb-1 ) using
Lion analysis. A catalyst sample was dried and out-
wim at 150 C for 106 to remove the humidity and
omponents adsorbed on the catalyst surface before
hecrystalline phases of the prepared catalysts were
oy.an X-ray diflractometer [XRD, Rigaku RINT-2200)
\ phite monochromator, 4 Cu tube for generat-
i =1.5406 A) at a voltage of 40 kV and a current

Cwinigrinter
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Fig. 1. (4} Schwematic of expeiimental setup of corona discharge syseem and [(b] configaration of ie corona discharge peactor




GModsl il " : 4-
& L b T Sl | _ .
CE6489; No.ofPages8 - e i

T Sreethmwang ef al. / Chemical Engineering faurnal ool [2009) axx-xc 3

ning speed of 5 ( 2¢/)/min. Transmission electron microscopy (TEM,  gen. and helium) fed through the plasma reactor were controlled
|EOL 2000 CX) was employed for investigating the average particle by a set of electronic mass flow controllers and transducers, sup-
size of the Ag particles on the prepared catalysts, The catalyst sam- plied by SIERRA® Instrument Inc. A 7-pm in-line filter was placed
ple was ground into a fine powder and ultrasonically dispersed in upstream of each mass flow controller in order to trap any solid
cthanal. A small droplet of the suspension was placed on a copper  particles. A check valve was placed downstream of each mass low
grid, and the solvent was evaporated prior to loading the sample contraller to prevent any back flow af the reactant gases. All af
into the TEM. The TEM was operated at an accelerating voltage of  the reactant gases were mixed inside a single line before being
200 kY. Temperature-programmed oxidation [TPO] was employed introduced into the plasma reactor. Prior to the reaction start-up,
to quantitatively investigate the coke deposition on the spent cata- the feed gas mixture was first introduced into the plasma system
lysts. The TPO analysis was performed at a continuous flow of Oz /He without turning on the power supply unit. After the composition
{ratio 2:1) with a total flow rate of 40cm? fmin. A spent catalyst of outlet gas was invariant with time, it was turned on. The outlet
was placed in the quartz tube and was secured with packing quartz of the reactor was either vented to the atmosphere via a rubber
wool. The sample temperature was linearly increased to rea tube exhaust or was connected to an on-line gas chromatograph

maximum temperature of 850 C in order to completely oxidi : rkinElmer, AutoSystem) for analysis of the product gases.
the carbon fraction of the deposited coke to CO;. The effl 5 isture in the product gas stream was removed by a water
was passed through a methanator containing 4 NLUAL st ter before entering a heated stainless steel line to the on-
to convert the COy to methane at 400 C. Subsequently, the pro- The GC was equipped with both a thermal conductivity
duced methane was detected with a flame iomzatiendetector [H?, and an FID. For the TCD channel, a packed column

SRl model 110). The area under the obtained curve"Was used Lo Car |000) was used for separating the product gases, which
¢ W 00, CO4, and C3H,. For the FID channel, a capillary
Plot LI} was used for the analysis of EO and other by-
‘2., CHy, CaHg, CaHg, and CyHg. However, there were
: products with small quantities produced during the
‘ton,whi Id not be analyzed, The composition of the prod-
m was determined by the GC every 20 min. Alter the
¢ d steady state, an analysis of the outlet gas compo-
5 taken at least a few times. The experimental data taken
dy state conditions were averaged, and these averages
o evaluate the performance of the plasma system.
te the process performance, the conversions of CiHy
the selectivities for products, including EDQ, CO, COy, Ha,
“JH,,. and traces of C3, were considered. The conversion
her @y H,y or O, is defined as:
e 1_:|_1£‘I51_nr reactant in - makes of rv..-amm aut ) 100}
{males af reactant in)

confirmed by the weight change of spel
analysis,

24 Reactron testing experiments

The ethylene epoxidation experimients
corona discharge system, which was oper.
ature and atmospheric pressure. The
setup of the corona discharge system and the
corona discharge reactor are shown in Figsl,
used to generate plasma was alternating current
and 50Hz, which was transmitted 1o a high v
power supply unit. The output voltage was adjusted®ayafun
generator, whereas the sinusoidal wave signal was cont

monitored by an oscilloscope. A quantity of 0.24§ of € . ct selectivity is calculated from the following equa-
ied catalyst was individually placed 9n the plate electrode an ;
secured by a quartz wool layer. The'ba | It

e rraction conditions used — f
5 2% S Ml .‘

i of Cm H atom in product ) (moles of product produced 11100}
| mbﬂf ar H arem in CyHy ) {moles af T Hy converted )

for the comparative investigation
of 1/1, a total feed gas flow rate of

age of 19kV. an input [requency of 50@;:. and an electrode

distance of 10 mm. The flow rates of redefant gases (ethylene, oxy-
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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 C3H4 and product, and moles of
CaHy converted and product produced.

The EO yield is calculated from the following equation:

(% CaHgconversion) (¥EO selectivity)
[100)

ZEO vield =

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;Hy or per molecule of produced EQ using
the following equation:

specific power consumption = M
(N)M)

where P, Power (W) N, Avogadro's numbes=B602 < 104

melecules/mol, and M, rate of converted CaHgomolecules in

the feed or the rate of produced EO molecules {molfmin);

Table 1
Specific surface ared and amount of coke lormed lor all investigated caralysts used
for the corona discharge system

Catalyst sSpeific surface Coke
area (m? g) formation (%)

125 wLE Ag/(LSA s -Al; Oy [ 1] ] 026
0.2 WX Ci-12.5 wiX AgLSA Ja-Aly 0,y 013 011

TWLE C5-12.5 WX Agf{LSA - Al Oy 044 06
0.2 wi % Cu-12.5wi X AZ/[LSAJa -AlDy 039 0.4
1w Cu- 125 wiX AgiLSA)a-Al Oy 0.74 022
0.2 wb.X Au-125wrX Ag/{LSA J-AlLD, 033 0.75
| wibX Au- 125 wit X Agi L5A - Al Oy 042 1.a7

3. Results and discussion

In" thus®work, four types of catalysts - Ag/(LSA)a-Al0;,
Cs=AZlilSAJe=AL 0y, Cu-AglLSAJx-Al: 0y, and Au-Agf{LSA -
Al 0y = were used for investigating the ethylene epoxidation
activity in the combined catalytic and corona discharge system.

(a) B Mo Catalyst DO 12.5wt % Ag{LSA)-AIZ03
2 0.2 wt % Cs-12.5 wi® AgllSA ) A203 0 ! wi% Cs-12.5 wi % Ag(LSA s AI203
002 wt.% Cu-195 wr WAl SA)eARG3 1wt % Cu-12.5 Wi % Ap(LSA)M=ALZO3
W02 W% Au-12.591 % AR(LSAJor-AIZO3 @ | Wi% Au-12.5 wi % Ag(LSA)eARO3
100 :
-~ 80 1
B
M
S 60 - .
© O
]
- LA
= 40 4 B
e o
LUJ . o
': r:r
20 s . ot
*r p':
¢l v
e N
0 o , :
C;Hy conversion 0; conversion
(b) 7
fi =
-
= 5
>~
= 44
2
. 3
e RRRRRRY
2 1 LLOLGO
i R sounaan
Bl LLGSSNY
[I ! 1.1'4‘1.1'4.“‘

Fig. 3. Comparison of {a] CyHe and O; conversions and {b) EQ yield of the corona |1n.u;h4rg¢ system over Ag catalyst with different promoters.
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The specific surface areas of all investigated Ag/{LSA)a-Al;0;-
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; 04 catalyst, the specific surface
areas of all bimetallic catalysts slightly increased. This implies
that all the loaded second metals showed good dispersion on the
Agf(LSA)a-Al; 04 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)x-Al:04 catalyst, mainly consisting
of a-Al;05 and Ag phases. For the Au-Ag/(LSA)a-Aly0y catalyst,
the peaks corresponding to the Au phase were clearly observed.

For both the Cs-Ag/(LSA)a-Al;0y and the Cu-Ag/{LSAJa-Ali0y
catalysts, however, there was no clear evidence of any peaks cor-
respanding to Cs and Cu. This is possibly due to their light mass as
compared to that of Au at the same wL% 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 (CzHy and O4) to gener-
ate several highly active species (metastable radicals and ions) | 26].
It was experimentally found that the CaHy and 05 conversions and
the EO yield were significantly enhanced by using all the bimetal-
lic catalysts with a suitable second metal loading, as compared

(o the monometallic Ag catalyst and the system without catalyst
| Fig. 3). Among the investigated catalysts, the | wi.% Cs-12.5 wt.%

(a) @ No Catalyst
202 W% Cs-12.5 wi e g(ESA)oa1203
0.2 w2 Cut2'S wisdA gl SAJeA1203

B 12,5 wt.% Ag(LSA)arA 203
B 1wt % Ce-12.5 wt % Ag(LSAJeALRO3
B | W% Cu-12.5 wt % Ag(LSA )rA1203
[ Tt Au-12.5 Wt % Ag(LSA)JaAL2O3

W02 wt% Au- 128 WA gﬂ%ﬁlﬂ] _

i - £

30

20 -

Product selectivity (%)
2
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S
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(b) 20

Product selectivity (%)

H; C:H;

Fig. 4, Comparison of product selectivities for (4] EQ. CO. and CHy. andd {b) Hy, C3Hy, C3Hy, and C3Hy of the corona discharge system over Ag catalyst with different promoters
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Ag/(LSA)a-Al;05 and the 02 wiL® Au-12.5wLE Ag/(LSAJa-Al; Oy
catalysts provided a comparatively high EO yield. The use of Cu as
the promater, however, slightly increased the EO yield only at the
high loading of 1 wi.%, while 0.2 wt.% Cu showed no improvement
of the EQ yield as compared to the monametallic Ag catalyst.

The main products of the studied plasma system with dif-
ferent bimetallic catalysts were EQ, CO, CHy, and H; with trace
amounts of C3Hs, C3Hg, and C3Hg (Fig. 4). No CO; was observed
from ethylene epoxidation in the studied corona discharge sys-
tem. |t can be seen that the type of catalysts significantly affected
the selectivities for the main products. Particularly, the bimetallic
T wLECs-12.5 wiLX Ag/(LSA)x-Al; 05 and the 0.2 wtE Au-125wt X
Ag[{LSA)a-Al; 04 catalysts combined with plasma were found ta 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 CyHs.
From the results, it can be concluded that for the.sele corena dis-

charge system, both the EQ selectivity and yvield wepe relatwc]yJ

low because most reactions occur in the gas phaseqand CoH, is ‘
mostly split into CHy and is partially oxidized to CO,dn'the pres-

ence of the monometallic Ag catalyst, the CyHg'co oy and |
both the EO selectivity and yield greatly ffitrease Compared to \
the sole corona discharge system; this is bec thesystem pros

vided the additional Ag active sites for mol

cnjdwr{puon
to consequently favor ethylene epoxidation |2

added on the Ag catalyst. moreover, neutralige sjesfbn the
catalyst surface, which are active for the | 4&0;1. and
oxidation of EO |29), and adjusts the surface n density io
reduce the binding strength of EO to the camalyst rface. result-

ing in less oxidized product formation [30]. Tn addition; Cs plays a
role in increasing the adsorption probability of y? on th:,?qg
active sites [11]: whereas, the Au promoter aifects the electrosic
properties of Ag by weakening the Ag-0 bond Etrcﬁth wiiERin

turn, promotes ethylene epoxidation |19.28). It was fﬁdaéﬂlﬂtn*
tally found that in the presence of small amounts of Au'Hnwer
than 0.54wi.%) on the Ag catalyst, the interaction hﬂ)ﬁ'ﬂn ‘the
Au and Ag significantly enhanced the n:;&gen adsorption for the

ethylene epoxidation; however, a higher Au addition (greater than
0.54 wt.%) caused the Au-Ag alloy formation, instead of Au-Ag
bimetallic formation, which was proved to be disadvantageous for
ethylene epoxidation |28]. [t can also be seen from the present
work, using the combined catalytic-corona discharge system, that
a low Au addition of 0.2 wt.¥ 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 | wiiE (sufficiently large amount), it can possibly form
alloy with Ag (12.5wL%), This Au-Ag alloy formation negatively
affected the epoxidation performance. Therefore, a suitable addi-
‘tign of each promoter should be used.
m# general observation, it was found that the power con-
per ED molecule produced and per C;Hg molecule
twmqh,were greatly reduced in the presence of all the stud-
jed ca{ﬁysu&ﬂg, 5L The power consumption per EQ molecule
produced was.much higher than that per C;Hy 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 E0 molecule produced, and the lowest power
consumption per EQ molecule produced was found with the

¢ ITWEECs-12.5WERAZ/(LSA)a-Aly O and the 0.2 wrE Au-12.5wLE

Ag/(LSAJx-Al; 04 catalysts, which exhibited good epoxidation per-

ells promote: ..fdnnance (Figs. 3and 4).
1 .+ After the plasma reaction testing experiments, the spent cat-

alysts were analyzed to determine the amount of coke deposited
n the catalyst surface (Table 1), and the Ag partcle size. It can be

tlearly seen in the table that there were, overall, extremely low

y ts of coke formed on all the studied catalysts, However, the
Au-Agl{ LSAjn-Aly 04 catalysts, which exhibited the comparatively
epoxidation performance, tended to induce slightly higher
“coke fogmation. TEM was employed to observe the mean particle
‘ﬁ'zgijzllc Ag nanoparticles on the surface of the investigated cat-
Eﬂ ig. 6). The results from the high resolution TEM (HRTEM)
show that Ag nanoparticles are highly dispersed on the
alumina support Iurfhl.- freshly prepared catalysts. As exempli-

- - - 4/
v X )
@ No Catalyst 8125 5t % Ag/(LSA)eAIZ03

W | wi% Cs-12.5 wi% Ag/(LSA)wAI203
& 1 wi% Co-12.5 wt % Ag/(LSA)o-AI203
T W% Au-12.5 wi% Ag/(LSA)a-AI203

B0.2 wtL% Cs—l.@.ﬁwl.% Ag/(LSA)eAROY
@ 0.2 wt.% Cu-12.5 wi.% Ag/LSA)e-ARO3
W02 wi% Au-12.5 M.%'M{LSWIIGS

50 L5
per EO produced per C;H 4 converted
g3 407 1.2
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Fig. 5 Comparison of power consumptions per EQ molecute produced and per €3Hs maolecule converted of the corona discharge system over Ag catalyst with different
promaoters.
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Fig. 6. HRTEM micrographs of Ag nanoparticles gl liesband dhi spentbwit Ciel dowilb A LodsasAly ) raralysr, and (c] fresh and (d) spent 0.2 wis Au-125wes

AR LSA M -AL Dy catalyst

fied in Fig. 6, the HRTEM micrographs.gfthe 1 wtE Cs=125wLE
Ag/(LSA)a-Al, 04 and the 0.2 wit.% Au-12.5wt.% Ag/(LSA)a-Al04
catalysts, which exhibited superior activity towardethylene epox-
idation, as explained above, show average Ag particle Sizes of
approximately 5-7 nm for batheel the (fesh catalysts and approx-
imately 9-12nm for both of the'spent catalysts, suggestiag that
the Ag agglomeration occurred after the activity testing under the
corona discharge environment. This Ag agglomeration on the-sur-
face of the spent catalysis/ possibly results from thehigh energy
intensity from the corona discharge-with'the pin and plate-elec-
trodes used in this waork. 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 15nm), 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 wark

4. Conclusions

In this work. ethylene epoxidation was investigated in a com-
bined catalytic-corona discharge system. The catalysts used were
(L&A Jee-AdaD4-suppolted, 1 2.5 wit. Ag with a 0.2 or 1wt Cs, Cu,
ar Au promoter, The addition of the promoter on the Ag catalyst
helps enhance the ethylene conversion and the EQ yield and selec-
tivity whiéncombined with the €ofona discharge, especially for the
1 Wit Ts<T2 SR A/(LSA)a<Al04 and the 0.2 wt.3 Au-125wt.%
Mgl LSA)o-Aly 05 catalyses. The carona discharge system, combined
with these catalysts, also consumed relatively low power to pro-
duce the EO molecule,
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