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ABSTRACT

In this thesis, non-thermal plasma (NTP) has been combined with catalysts and dual
functional adsorbent/catalysts for abatement of volatile organic compounds (VOCSs). The main
aims of this work are to optimize the VOC decomposition and energy efficiencies as well as to

understand the effect of the scaling up a NTP reactor on the reactor performance.

The work is divided into six studies dealing with plasma-catalytic decomposition of
acetone, diethyl ether (DEE) and ethylene. For the purpose of optimizing the VOC
decomposition efficiency, various tandem catalyst arrangements of supported transition metal
oxides have been investigated for NTP continuous treatment of acetone and DEE (Chapter 3,
Sections 3.1 and 3.2). Despite the synergistic effect of NTP and catalysis, the energy efficiency
of the process is still poor, especially at low VOC concentration. The cyclic adsorption/plasma
oxidation of VOC:s is therefore intensively studied in the next studies (Sections 3.3-3.5) in order
to further enhance the energy efficiency. Finally, for the sake of practical application, effects of

scalability on the NTP reactor performance are under investigation and presented in Chapter 4.

From the first study, the experimental results show that more than 90 % of acetone has
been decomposed with a catalyst arrangement of in-plasma MnO, (0.1wt% Mn) followed by
post-plasma MnO, (5.0 wt% Mn), showing a great performance enhancement compared to the
tandem bare supports and ZnO (0.1 wt% Zn)-MnO, (5.0 wt% Mn) arrangement. The use of
MnO, either in or post plasma region substantially promotes the acetone decomposition,
obviously due to the dissociation of ozone into far more reactive oxygen atoms available for
oxidizing acetone. However, as dealing with DEE, an ozone-reactive compound, the presence of
Mn-based catalysts in plasma does not positively affect the DEE decomposition compared to the
bare and Fe,O3; coated cordierites. Even worse, Mn-Fe mixed oxide, the best catalyst for
decomposing ozone among prepared catalysts, lowers the DEE removal efficiency because of a
large amount of ozone catalytically decomposed in plasma to molecular oxygen. The presence

Xiii



of a catalyst with a high catalytic activity for zone decomposition in plasma is therefore not
beneficial for abatement of the ozone-reactive VOCs. However, as Mn-Fe/cordierite is used in
the post-plasma region of the Mn/cordierite one-stage reactor, the removal efficiency has been
greatly enhanced by more than 10 %. Choosing appropriate catalysts to couple with NTP is

therefore crucial and the nature of treated VOCs should be considered.

The abatement of acetone by cyclic treatment is performed in the third study using silver
coated B-zeolite. Dilute acetone (300 ppm) is completely removed from the gas stream by
adsorption on zeolite for 100 min and subsequently oxidized in oxygen plasma within 15 min.
The acetone abatement by the cyclic operation has largely improved the energy efficiency with

about 6.5 times higher than the continuous treatment at the same operating conditions.

Different from acetone, VOCs without polar groups within the molecule will be highly
volatile and have low ability of adsorption. In such a case, modification of available adsorbents
is needed to improve the adsorption capacity. In the fourth study, cyclic adsorption and
oxidation of ethylene on 13X modified with Ag and Ag-MxOy (M: Co, Cu, Mn, and Fe) are
investigated (Chapter 3, Section 3.4). The incorporation of Ag into zeolite affords a marked
enhancement in ethylene adsorption capacity due to the Ag-C,H, complex formation. Among
additional metal oxides, Fe,O, with high oxidation catalytic activity is able to reduce the ozone

emission while keeping a high effectiveness for oxidative removal of adsorbed ethylene.

In the next study (Section 3.5), it is found that the zeolite modification method (i.e., ion
exchange and impregnation) strongly affects the ethylene adsorption capacity, by which Ag
exchanged 13X (Ag-EX/13X) is superior over Ag impregnated 13X because of the higher
dispersion of exchanged Ag" active cites. The adsorption and decomposition of ethylene are
then performed on Ag-EX/13X with different reactor configurations including one-stage, two-

stage and the combination of the two (hybrid). The use of hybrid reactor results in a more

Xiv



effective generation of ozone and other reactive species, thereby shortening the oxidation time

and therefore achieving higher energy efficiency, which is evaluated to be ca. 2.4 g (kWh)™.

In the final study, the specific input energy and VOC decomposition efficiency are found
to be independent on the reactor size and the way reactor scaled up (i.e., in series or parallel).
Based on the finding, the required energy and reactor size can be predicted for treatment of a

specific gas stream with known VOC concentration and gas flow rate.
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CHAPTER 1: INTRODUCTION

1.1. Air pollution and volatile organic compounds

1.1.1. Air pollution

According to the World Health Organization (WHO), air pollution is contamination of the
indoor and outdoor environment by any chemical, physical, or biological agent that modifies the

natural characteristics of the atmosphere.

Air pollution causes originate from both natural and human activities. Natural phenomena
such as forest fires, lightning, volcanoes and dust storm can emit large amounts of pollutants of
carbon oxides, nitrogen oxides, sulfur dioxide and particulate matter into the air. Besides,
vegetation, biological decay, soil outgassing and sea spray also release the polluting species [1].
Although the contributions of natural sources are significant, the air pollution especially in
urban areas is mainly attributed to anthropogenic causes (e.g., incineration of fossil fuels to

produce energy, major industrial processes, and transportation) [2].

The pollutants those are major combustion-generated compounds include particulate
matter, sulfur dioxide, nitrogen oxides, carbon monoxide, and unburned hydrocarbons [3]. In
which, nitrogen oxides, carbon monoxide, and unburned hydrocarbons are known as precursors
of the tropospheric ozone. Excess of atmospheric pollutants causes various environmental
problems such as photochemical smog, acidification of soil and water, crop damage, altering
rainfall patterns, and greenhouse effects. Exposure to the atmospheric pollutants also adversely

impact on human health, from impairing the respiratory system to premature death [4-7].



1.1.2. Volatile organic compounds

Volatile organic compounds (VOCs) as defined by the USA Environmental Protection
Agency (EPA) are any compound of carbon, excluding carbon monoxide, carbon dioxide,
carbonic acid, metallic carbides or carbonates, and ammonium carbonate, which participates in
atmospheric photochemical reactions. This includes any organic compound other than the
compounds that have been determined to have negligible photochemical reactivity (e.g. methane,
ethane, methylene chloride...). According to this definition a wide variety of organic
compounds, such as aliphatic, aromatic and chlorinated hydrocarbons, aldehydes, ketones, esters,
organic acids and alcohols can be considered as VOC [8]. Like most of pollutants, VOCs are
mainly released from artificial sources, in order of millions tons per year over the world. In
South Korea, the amount reported in 2008 was 857,856 ton, while the number recorded in the

United States was approximately 15,000,000 ton [9,10].
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Figure 1. The VOC emission trend, South Korea.



According to South Korean Ministry of Environment, the total amount of emitted VOCs tended
to linearly increase from 2001 to 2010, along with the country’s economic development (Fig. 1).
In 2010, the largest contribution to VOC emissions was made by organic solvent sector with ca.

63.7 %, followed by production processes and on-road mobile sources (Fig. 2) [9].

2010 Emission (ton) (%)

Organic solvent use 552,042 63.7

Production process 136,864 15.8

On-road mobile sources :| 74,785 8.6
Waste treatment :l 36,880 4.3
Energy transportation and storage 35,504 4.1
Non-road mobile sources r 16,347 1.9
Combustion energy industry ] 7,070 0.8
Manufacturing combustion 3,288 04
Non-industrial combustion 2,991 0.3
Other side sources 587 0.1

0 200x10° 400x10° 600x10° (ton)

Figure 2. The emission sources of VOCs, South Korea, 2010.

As emitted into the atmosphere, in presence of sunlight and nitrogen oxides (NOy),
VOCs undergo complex photochemical reactions to form ozone, a key component of urban

smog [11]. The mechanism of ozone formation from NO, and VOCs is summarized as follows

[12]:
RH+OH—>R+H,0 (R1)
R+0,+M—>RO,+M (R2)
RO, + NO— NO, +RO (R3)



NO,—sNO+0 (R 4)
0+0, >0, (R5)

where RH is a VOC and M represents a third body.

In addition, next to carbon oxides and bio-aerosol, VOCs are major substances to be
controlled by indoor air quality (IAQ) management. The restriction of indoor VOCs emission
becomes urgent recently because nowadays, people stay indoors with more time than outdoors.
Typically, citizens in metropolitan areas spend more than 80 % of time in indoor environments
[13]. According to EPA, VOCs in indoor air are emitted by a wide array of products numbering
in the thousands. Examples include: paints and lacquers, paint strippers, cleaning supplies,
pesticides, building materials and furnishings, office equipment such as copiers and printers,
correction fluids and carbonless copy paper, graphics and craft materials including glues and
adhesives, permanent markers, and photographic solutions. Human who expose to VOCs can
suffer various adverse health effects, for example, eye, nose, and throat irritation; headaches,

loss of coordination, nausea; damage to liver, kidney, and central nervous system.

1.2. Abatement of VOCs by thermal and thermal catalytic oxidation methods

To cope with the atmospheric pollution, emission standards and regulations related to
VOCs and HAPs (hazardous air pollutants) are getting stringent in many countries over the
world. At the present stage, end-of-pipe treatment is a reasonable way to meet the
environmental goals [14]. Thermal and thermal catalytic oxidation are typically conventional
methods for abatement of VOCs, by which VOCs are converted into carbon dioxide and water

before being emitted into the atmosphere.



For thermal oxidation, a certain amount of energy is required to overcome activation
energy of combustion reaction, therefore temperature of the bulk gas have to be raised to a
certain point. The temperatures usually exceeding 800-1200 °C are needed to achieve complete

combustion, leading to high operating costs and exceeding formation of NOy [8,15].

In recent years, many studies have focused on the catalytic oxidation of VOCs [16-20].
This technique has benefits of operating under mild conditions (temperatures: 200-500 °C) and
low NOy formation [21]. Commonly used catalysts are supported precious metals, metal oxides
and mixed metal oxides. Precious metals are characterized by good stability and high activity at
low temperatures. However, their high cost and sensitivity to poisoning by chlorine and
formation of toxic polychlorinated compounds have motivated the search for alternative
catalysts. Oxides of transition metals, mainly Mn, Co, Fe and Cu have been explored intensively
as effective and more economical catalysts for total oxidation of VOCs. A common feature of
these materials is the presence of multiple oxidation states of transition metal in the structure,
resulting in the ability of cations to undergo reversible oxidation and reduction under reaction

[21-27].

A great advantage of the catalytic oxidation is that it can be used to treat exhausted air
from the mobile sources [8,28]. In 1970s, a Pt-Pd catalyst known as two-way converter was
utilized for oxidizing carbon monoxide (CO) and hydrocarbons (HC) those are among major
combustion-generated compounds. Soon after, in 1980, a three way catalyst (Pt-Pd-Rh or Pt-Rh),
which simultaneously removed CO, HC and NOy was introduced, and it has been extensively
used until today to reduce the emissions of combustion engines [29,30]. The catalyst industry
has improved the performance of the three-way catalyst by utilizing improved formulations and
layered structures. The new catalyst designs are more durable and thermally resistant.

Development work continues to further improve the catalyst technology [31].
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Figure 3. VOC emission by on-road mobile sources, South Korea

As seen from Fig. 3, in contrast to the total VOCs released, the emission by on-road
mobile sources in South Korea has significantly decreased by ca. 38 % within the last decade,

probably due to the performance improvement of catalytic converters used in cars along with

more stringent emission standards.

1.3. Nonthermal plasma in combination with catalysis/adsorption for VOC abatement
1.3.1. Nonthermal plasma for VOC abatement

a) Physics of nonthermal plasma

Plasma, a quasi-neutral gas, considered as the fourth state of matter constitutes more
than 99 % matter of the universe. There is a large number of different species existing in plasma
including electrons, positive and negative ions, free radical, gas atoms and molecules in the

ground or any higher state of any form of excited species. Nonthermal plasma (NTP) is
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characterized by its thermal non-equilibrium state with electron temperature much higher than
those of ions and neutral species [32]. For this type of plasma, the gas temperature is virtually
equal to the atmospheric temperature, and the electron temperature is of the order of 1-10 eV or

several tens of thousands of K [33].

NTP can be generated at atmospheric pressure and room temperature by either corona
discharge or dielectric barrier discharge (DBD). Corona discharge has many applications where
small concentration of exited or charged species are needed, for instance, electrostatic
precipitators, copying machines, dry-ore separation system and high-speed printout devices.
Meanwhile, DBD discharge is predestined for applications of large volume plasma chemistry
such as ozone generation, surface treatment and air pollution control. Basic electrode
arrangements of DBD configurations are shown in Fig. 4. They are distinguished by the
presence of at least one insulating layer typically glass or ceramic materials between two planar

or cylindrical electrodes connected to an AC power supply [15].

Breakdown in the gas gap between two electrodes is locally initiated by applying an
electric field larger than the breakdown field. The growing electron avalanches quickly produce
such a high space charge that self-propagating filament streamers are formed. The DBD plasma
at atmospheric pressure is characterized by a large number of short-lived micro-discharges.
These micro-discharges are almost cylindrical plasma channels and spread into large surface
discharges at dielectric surface. The dielectric serves as dual purpose to limit the amount of
charge and energy imparted to an individual micro-discharge, and at the same time distributes
the micro-discharges over the entire electrode area. The formation of micro-discharges is
featured by electron multiplication; excitation, dissociation, and ionization processes and space

charge accumulation [35].
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Figure 4. Typical DBD reactor configurations.

The charge transferred in the micro-discharge or accumulated on the dielectric plays an
important role in the characteristics of the DBD, since it not only affects the electric field in the
gas gap, but also enhances the atomic processes in the discharge [36]. During the rising part of
external voltage, additional micro-discharges are initiated at new locations because the presence
of residual charges on the dielectric has reduced the electric field at positions where micro-
discharges have already occurred. On voltage reversal, however, the next micro-discharges will
form at old micro-discharge locations. Since the voltage has collapsed at these locations, it takes
less external voltage swing to reach breakdown in the following half period of opposite sign.
Consequently, high-voltage low-frequency operation tends to distribute the micro-discharges on

the available dielectric surface, while low-voltage, high-frequency operation tends to reignite



the old micro-discharge channels every half period. This memory effect due to charge

accumulation on the dielectrics is a dominant feature in all barrier discharges [37].

b) Chemical activity of nonthermal plasma

High chemical efficiency is the main advantage of NTP with nearly all input energy
converted to energetic electrons without significant heating of the bulk gas. The hot electrons
can trigger many different chemical processes such as excitation, ionization and dissociation,
leading to formations of various active species that can further react with more stable ones.

Examples of these species are OH, O, and N radicals; excited N, molecules; and atomic and

molecular ions (e.g., 0", 0;) [38].

The elementary processes in NTP can be broadly divided into a primary process and a
secondary process based on the time-scale of streamer propagation. lonization; electronic,
vibrational, and rotational excitation; fragmentation; light emission; and charge transfer are
those processes included in the primary process within a timescale of about 10® s. The
secondary process is the subsequent chemical reaction involving the products of primary
processes. Some additional radical species and reactive molecules (O3, HO,, and H,0,) are also

formed by radical-neutral recombination in the secondary process [39].

In treating gaseous pollutants in ppm (parts per million by volume) range, it is hard to
expect that a direct decomposition of dilute pollutant through collisions with energetic electrons
in the primary process play an important role. The majority of the electron energy is transferred
to the dominant gas molecules of nitrogen and oxygen through many inelastic collisions and
then leads to the formation of radicals. The decomposition of gaseous pollutants starts to occur

only after the formation of radicals is initiated [40].



¢) Nonthermal plasma for VOC abatement

Nonthermal plasma has been reported as an effective tool to eliminate VOCs from
effluent gases due to its unique properties over the conventional techniques such as quick
response at ambient temperature, achievement of high electron energies within short residence
times, no concentration gradient limited and no additional disposal required. In addition, the
system compactness, easy operation and flexible power adjustment to match the source flow are

also advantages of NTP over other methods [41,42].

Unfortunately, high reactivity usually means a poor selectivity. Reactive species present
in plasma not only react with pollutants but also undergo recombination process, leading to a
poor selectivity of the radical, especially when degrading dilute pollutants [39]. The low energy
efficiency, poor material balance and formation of unwanted byproducts are major obstacles for
NTPs to stand alone in real applications. As an example, ethylene (concentration: 1898 ppm)
decomposition using NTP was investigated by M. S. Gandbhi et al. [43]. Among used reactors,
the conventional DBD reactor resulted in a relatively low ethylene decomposition efficiency (ca.
40 % at specific input energy (SIE) of ca. 800 J L™) and poor selectivity toward carbon dioxide
(COy). In another work, Holzer et al. reported that plasma oxidation of methyl tert-butyl ether
(MTBE, 200 ppm) and toluene (450 ppm) resulted in carbon oxides (COy) selectivity smaller
than 30 % at SIE above 1000 J L™ for both VOCs [44]. Similar results were also observed in
other studies [45,46]. Besides, various secondary undesired byproducts such as CO,
formaldehyde (HCHO), formic acid (HCOOH), ozone (O3), nitrogen oxides (NOy and N,O)

were detected in plasma treated gases [47,48].
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1.3.2. Combination of nonthermal plasma and catalysis for VOC abatement

In order to make NTP applicable, researchers have been trying to combine NTP with
catalysis for removal of VOCs. The basis for the combination is that NTP and catalysis can
compensate the weaknesses of each other. While NTP is nonselective but can be ignited under
normal conditions of temperature and pressure, catalysis is featured as a selective process in
which catalyst is usually activated at high temperature. The most important characteristic of this
complementary combination is that plasma enables catalyst to work even at room temperature,
offering advantages for treatment of VOCs in terms of energy efficiency, product selectivity and

carbon balance [49,50].

a. Plasma-catalysis reactor configuration

Plasma-catalysis reactors are usually packed-bed DBD reactors. In which, catalyst is
placed either in or post plasma region known as one- or two-stage configuration (also referred as
one- or two-stage arrangement), respectively [51]. For the one-stage configuration, catalyst is
directly in contact with electrical discharge and active species those are generally short-lived,
e.g., excited-state atoms and molecules, reactive radicals, photons, and electrons. Meanwhile,
for the two-stage configuration, catalyst is separated from plasma and exposed only to long-
lived active species, namely ozone and, possibly, vibrationally excited species [52]. From the
physics point of view, the average electric field in the one-stage packed-bed reactor will be
enhanced compared to the empty reactor due to the short distance in the adjacency of contact
points, resulting in the improvement of oxygen dissociation process and formation of oxidative
radicals and reduction of gas breakdown voltage [53]. It has been experimentally demonstrated
that lattice oxygen of catalyst can be also activated by plasma for oxidation of VOCs [39,54,55].

Moreover, the catalyst with a significant adsorption capacity will prolong the pollutant retention
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time and increase the pollutant concentration in the plasma region, thereby improving the

selectivity and removal efficiency [56].

b. Catalysts used in plasma-catalysis combined system for VOC abatement

In general, catalysts those are used for thermal catalytic oxidation are capable to work
under plasma irradiation. Various supported catalysts such as Pt/TiO,, Ag/TiO,, Cu/HZSM-5,
Pd/Al,03, FeO,/SBA-15, MnO,/SMF, Mn-Co/Al,03, etc., have been combined with plasma for
VOC abatement purpose [57-63]. Due to the advantages from direct plasma-catalyst interaction,
many studies focused have on the one-stage combination and found positive synergy of plasma
and catalyst which significantly improves the VOC removal and energy efficiencies, enhances

the VOC mineralization and suppresses the formation of byproducts [64-68].

Among catalysts, silver is not only known as a unique catalyst used for commercial
production of ethylene oxide but also considered as one of the best catalysts for ozone
decomposition and deep VOC oxidation [51,52,69-75]. The high activity of this metal in the
oxidation process is associated with its ability to present at multiple oxidation states (+1 to +3)
and the easy dissociation of oxygen molecules on its surface [76]. In combination with plasma,
supported Ag strongly enhances the plasma discharges by facilitating generation of surface
streamer. This physical property is correlated with the chemical effect of the catalyst. For
example, Ag has better catalytic activity than Cu, which is consistent with the trend in plasma
expansion [49,50]. According to Kim et al. [77], Ag is also superior over Pt for cyclic treatment
of VOCs (i.e., VOC adsorption followed by oxygen plasma oxidation) due to its much larger
enhancement factor than that of Pt. The enhancement factor is used to evaluate the potential of a
catalyst for the cycled system and defined as the ratio of decomposition efficiency of VOC with

respect to the O, partial pressure at the same specific input energy.
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In other studies, iron (111) oxide (Fe,Os) was found to be the most desirable catalyst
among transition metal oxides ((TiO,, ZnO, V,0s, Fe,03 Co0304, MnO;, and CuO) in
combination with plasma for removal of diesel particulate matter (PM) [78,79]. The highest
catalytic activity for the PM oxidation with Fe,O3 has been suggested to be due to the balance
between the reduction rate and the re-oxidation rate within the redox catalytic cycles. Recently,
M. Lu et al. investigated the decomposition of toluene in DBD plasma using FeOx supported on
SBA-15 and revealed that Fe** species with relatively low reduction temperature and excellent

oxygen adsorption ability played a crucial role in the degradation of toluene [54].

Manganese oxides were also widely investigated in both one- and two-stage
combinations for VOC abatement [56,80,81]. Ozone formed in plasma is effectively
decomposed on manganese-based catalysts, forming atomic oxygen which plays a key role in
VOC oxidation [82-86]. Recently, Mn-Fe mixed oxide has gained attraction due to its excellent

activity for ozone decomposition, being capable to combine with NTP for VOC removal [87,88].

Unlike packed-bed reactor, a reactor using porous alumina or cordierite monoliths as
catalyst supports results in low pressure drop, being meaningful from practical viewpoint.
Plasma generated in a monolith with multi-parallel channels can exist in both filament and
surface discharge modes. The strong filament discharge is advantageous for fragmentation of
VOCs and ozone formation. Meanwhile, surface discharge is crucial for catalyst activation [89].
The combination of plasma with alumina or cordierite monoliths for environmental purpose has

been recently reported, showing their potential for real application [90-93].
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1.3.3. Combination of NTP-catalysis with adsorption for VOC abatement

Combination of adsorption and plasma-catalytic oxidation in one process for VOC
abatement is a prominent way to further enhance the energy efficiency, especially at low-level
VOC contamination [59,94-97]. In such a cyclic process, dilute VOCs are first removed from
the gas stream and concentrated on the adsorbent without electrical discharge, and in the
subsequent step, the enriched VOCs are plasma-catalytically oxidized. The intermittent
operation includes a long time adsorption followed by a short time oxidation, leading to a great

deal of reduction in the energy consumption [98].

As a result of various intriguing properties such as high adsorption capacity, molecular-
sieving effect, and thermal stability, zeolite is a commonly used VOC adsorbent [99-101]. The
adsorption behavior depends upon various physicochemical properties of both VOCs and zeolite
(e.g., volatility, acidity, Si/Al ratio, crystal structure, pore structure, surface area, and pore
volume) [102]. With highly volatile compounds such as ethylene, modification of available
zeolites is needed to enhance the adsorption capability. In previous reports, zeolites such as NaxX
and NaY have been modified with various cationic surfactants and exchanged ions those have

high affinity towards VOCs, thereby largely improving the adsorption capacity [103-106].

1.4.  The concerns and objectives of this study

Although NTP generated by dielectric barrier discharge can produce various active
species capable for VOC decomposition, the short-lived species (e.g., excited N2, N, O and OH
radicals) are highly nonselective to react with not only VOC but also with the background gas
molecules and undergo the recombination reactions. In this sense, the effective recycling of

plasma-induced ozone, a long-lived species for VOC oxidation is a good way to enhance the
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VOC removal efficiency of plasma treatment. The combination of NTP with a catalyst could be
beneficial for the ozonation of VOCs by changing the reaction pathway and inducing the
formation of adsorbed atomic oxygen with higher activity for oxidation reactions than that of
gaseous ozone. However, the presence of an ozone decomposition catalyst in NTP may not
result in the same effect for treatment of VOCs those have different natures of reactivity towards
ozone. For comparative study, acetone and diethyl ether are chosen as the model VOCs. In
which acetone, a persistent VOC, hardly reacts with ozone in the gas phase, while diethyl ether
is known as an ozone-reactive compound. The effects of the ozone decomposition catalysts such
as MnO; and Mn-Fe mixed oxides on the continuous treatment of these VOCs are investigated
in combination with NTP. Besides, the influences of other catalysts such as photocatalyst (ZnO)
and oxidation catalyst (FexOy) are also tested. Despite many studies have proven the synergistic
effect of NTP and catalysis, most of them dealt with the one- and two-stage combinations
separately. This work tries to simultaneously couple NTP with catalysts in both in- and post-
plasma regions (called hybrid reactor) in order to promote the decomposition of VOCs at low
temperature by choosing the appropriate catalysts for each plasma region. The performances of
one- and two-stage reactors are also under investigation for comparison and to help elucidate the

mechanisms for VOC oxidation.

In an effort to further enhance the energy efficiency of acetone abatement, acetone
contaminated air stream is treated using cyclic adsorption-plasma oxidation instead of
continuous treatment with 3 zeolite as the adsorbent. The effect of silver coated on the zeolite
on both oxidation time and ozone formation is examined along with the stability of the

adsorbent/catalyst after several cycles of treatment.

For cyclic or sequential treatment, the adsorbent/catalyst is required to have both good
characteristic for VOC adsorption and high catalytic activity for oxidation of adsorbed VOCs

under NTP conditions. The VOCs with high molecular mass or possessing the polar groups in
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the molecules such as acetone usually have high adsorbability on the solid surface. However, for
compounds those are highly volatile (e.g., ethylene), the adsorption capacities of available
commercial zeolites such  and 13X zeolites are not sufficient to completely adsorb the VOCs
from gas stream for a long period of time and therefore, modification of these adsorbents is
needed. In order to intensively study the cyclic adsorption-plasma oxidation of VOCs, the
effects of the modification of 13X zeolite surface by different transition metals (e.g., Ag, Ag-Fe,
Ag-Cu, Ag-Mn, and Ag-Co) and the modification methods (e.g., ion exchange and
impregnation) on the ethylene adsorption as well as on the plasma-oxidative desorption of
adsorbed ethylene are investigated. The performance of reactor with different configurations is

also evaluated in order to minimize the oxidation time and energy consumption.

Most of studies on NTP for VOC abatement are performed on the laboratory scale. For
practical purpose, the effects of scaling up a DBD packed-bed reactor is studied in this work by
investigating the dependence of VOC removal rate on the reactor size, discharge power and

specific input energy.

1.5.  Organization of the thesis

The thesis begins with chapter 1, which gives an overview of VOCs and the techniques
for abatement of VOCs. In this chapter, non-thermal plasma in combination with catalysis and
adsorption/catalysis is focused to be introduced. The objectives and structure of the thesis are
given in this chapter (chapter 1). The following chapter (chapter 2) describes the methodology,
where the nature of selected VOCs, experimental system, and details of reactor configuration,
analyses and catalyst preparation methods are described. Chapter 3 includes sections 3.1 to 3.5
those are redrafted from published scientific articles, presenting experimental results and

discussion related to plasma decomposition of acetone, diethyl ether and ethylene. Chapter 4
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deals with the scale-up of plasma packed-bed reactor. The influences of reactor size and process
parameters on the VOC removal efficiency are given. Finally, general conclusions drawn from

the experimental results obtained in this thesis are provided in chapter 5.
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CHAPTER 2: EXPERIMENTAL METHODS

2.1. Selected model VOCs

In this thesis, acetone (C3HgO), diethyl ether (C4H100) and ethylene (C;H,4) are chosen

as model VOCs to be treated.

Acetone is used in innumerable products (e.g., solvent and paint thinner) and known to
cause carcinogenic effect on human beings [107,108]. Unlike other solvents such as ethers and
esters, ketones including acetone, methyl ethyl ketone and methyl isobutyl ketone are

chemically very stable, being recalcitrant to decomposition.

Diethyl ether (DEE) is among the more common of the aliphatic ethers present in the
atmosphere due to its use as fuel additive and solvent, contributing to the formation of
photochemical smog. Aliphatic ethers are generally more reactive in the atmosphere than
alkanes of similar chain length, and have propensities for ozone production on urban and

regional scales that are similar to or larger than alkanes of similar size [109].

Interestingly, ethylene is commonly released from both man-made and natural sources. It
is an important raw material widely used in various industrial reactions such as polymerization,
oxidation, halogenation, alkylation and oligomerization. In nature, ethylene is produced
throughout the life of plants as a hormone to stimulate the ripening of fruits, opening of flowers,
and abscission of leaves [103,110]. Many physical changes in the appearances of fruits and
vegetables are caused by ethylene, thereby degrading the quality of agricultural commodities

during storage and transportation [104].

18



Table 1. The gas composition, flow rate and VOC initial concentration

VOC/ Gas flow rate VOC concentration
VOC/Background gas
Treatment method (L min™) (ppm)
Acetone/
Acetone/Air 2.0 300
Continuous treatment
Acetone/ Adsorption | Oxidation | Adsorption Oxidation
300
Cyclic treatment Acetone/N, Pure O, 2.0 2.0
DEE/
DEE/AIr 1.0 150
Continuous treatment
Ethylene/ adsorption oxidation adsorption oxidation
Cyclic treatment with 270 and 650
Ethylene/Air |  Pure air 1.0and 2.0 | 1.0and 2.0
impregnated zeolite
Ethylene/ adsorption oxidation adsorption oxidation
Cyclic treatment with 200
Ethylene/Air |  Pure air 1.0 1.0
ion exchanged zeolite

The VOC contaminated gas streams were prepared by mixing the gaseous VOCs with
synthetic air (79 % N, and 21 % O, by volume) or nitrogen (N,) before being fed to the
experimental reactor system (see in the next section). The VOC initial concentrations and gas
flow rates (at 25 °C and 1.0 atm) were controlled by mass flow controllers (MFC) and shown in

Table 1. For information, 1 ppm is tantamount to a molar concentration of 0.0408 pmol L™

For continuous treatment of VOCs, the contaminated gas stream was continuously
introduced into the reactor with plasma turned on. Meanwhile, for cyclic treatment, dilute VOCs

were first adsorbed on adsorbent/catalyst without plasma for a certain period of time. After that,
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the gas stream was switched from VOC-contaminated gas to either pure oxygen or pure

synthetic air and plasma was ignited soon afterwards.

2.2. Experimental setup

2.2.1.General experimental setup

The schematic diagram of experimental setup is shown in Fig. 5. Generally, the DBD
reactor consisted of a dielectric quartz tube wrapped outside with a grounded aluminum foil, and
a high voltage (HV) electrode was coaxially inserted into the quartz tube. More details about the

reactor parameters are summarized in Table 2.
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Figure 5. Experimental setup.
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An alternating current (AC) power source was used to ignite plasma at a fixed frequency of 400
Hz. The DBD reactor was filled with different catalysts to construct the hybrid plasma-catalysis
systems, depending on specific experiments. The preparation and amount of catalysts used will

be presented in section 2.4.

Table 2. Parameters of DBD reactor.

Dielectric Discharge
VOC/ HV electrode
Thickness length
Treatment method ID (mm)
(mm) (mm) Material | OD (mm)
Acetone/ Stainless
30 2 100 4
Continuous treatment steel
Acetone/ Stainless
26 2 50 6
Cyclic treatment steel
DEE/
26 2 70 Copper 1
Continuous treatment
Ethylene/
Stainless
Cyclic treatment with 26 2 100 6
steel
impregnated zeolite catalyst
Ethylene/
Stainless
Cyclic treatment with 26 2 50 and 100 6
steel
ion exchanged zeolite catalyst
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2.2.2. The plasma-catalysis reactor for continuous treatment of acetone

As seen from Fig. 6(a), two monolithic ceramic-supported catalysts (diameter: 29.5 mm;
length: 150 mm each) having nineteen 4 mm-holes were placed in series inside the quartz tube.

( a) Gas outlet
Quartz tube

Second monolithic catalyst

First monolithic catalyst

HV electrode
Insulator tube S

Gas inlet
4 mm-hole

Copper foil (ground electrode)

Figure 6. Cutaway view of plasma-catalysis reactor for continuous treatment of acetone (a) and

plasma generation within the alumina monolith (b).

The HV electrode was coaxially inserted into the first monolithic catalyst loaded with ZnO (0.1
wt% Zn) or MnO; (0.1 wt% Mn). By which, the first catalyst was directly exposed to the plasma
discharge. The aim of using the plasma-in-catalyst configuration was to investigate the
combined effect of the plasma-catalysis on the decomposition of acetone. It can be seen from
Fig. 6(b), the electrical discharge gradually spread out over the cross-section of the monolith by
increasing the discharge power. The second monolithic catalyst was loaded with MnO, (5.0 wt%

Mn), which was placed in the post-plasma region in order to further improve the acetone
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decomposition by dissociating residual ozone to produce more reactive oxygen radical. For the
sake of comparison, some experiments were carried out with the bare monoliths, which may

clearly differentiate the catalytic effect from the plasma effect on the decomposition of acetone.

2.2.3. The plasma-catalysis reactor for continuous treatment of DEE
For DEE removal test, a one-stage reactor was constructed by placing different cordierite
honeycomb supported catalysts including Mn, Fe and mixed Mn-Fe oxides directly in the

discharge region of the DBD reactor (Fig. 7(a)).
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Figure 7. Plasma-catalysis reactor for continuous treatment of DEE
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To examine the catalytic activity for ozone decomposition, the investigated monolithic
catalysts were placed downstream the blank DBD reactor (Fig. 7(b)). By which, ozone was first
generated in the plasma reactor with either air or oxygen stream and subsequently decomposed
in the catalyst bed at room temperature and a gas flow rate of 1.0 L min™. The ozone
concentration was kept at 300 ppm for the both cases.

Similar to the continuous treatment of acetone, in order to archive higher performance in
terms of DEE decomposition and energy efficiencies, an ozone decomposition catalyst was
additionally placed in the post-plasma region (Fig. 7(c)). By which, residual ozone in plasma
effluent was catalytically dissociated to give active atomic oxygen which, in turn, decomposed

remaining DEE and further oxidized intermediate species.

2.2.4. The adsorption/plasma-catalysis reactor for cyclic treatment of acetone

The uses of alumina monolith and cordierite honeycomb result in a low pressure drop;
however, their multi-channels and low specific surface areas make them impossible to be used
as the VOC adsorbents. Meanwhile, zeolite with micro-porous structure and large specific

surface area can be utilized as adsorbent for cyclic treatment of VOCs.

The removal of dilute acetone through consecutive adsorption and plasma-catalytic
oxidation (i.e., cyclic process) was performed in a DBD reactor fully packed with Ag
nanoparticle coated f—zeolite as both adsorbent and catalyst. As shown in Fig. 8, one cycle of
the treatment included an adsorption step (100 min) followed by a plasma-catalytic oxidation
one (15 min). In the oxidation step, oxygen was used as the gaseous oxidizing agent instead of

air in order to avoid the formation of nitrogen oxides.
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Figure 8. Adsorption/plasma-catalysis reactor for cyclic treatment of acetone.

For the sake of comparison, continuous plasma-catalytic treatment of acetone was also
carried out in the same reactor with an initial acetone concentration of 300 ppm in air (flow rate:
2.0 L min™®). The adsorption capacity for acetone was separately examined in a packed-bed

column at 1000 ppm of acetone in N gas (flow rate: 2.0 L min™).

2.2.5. The adsorption/plasma-catalysis reactor for cyclic treatment of ethylene using silver-

based bimetallic impregnated 13X zeolite

Dynamic adsorption of dilute ethylene on silver and silver-based bimetallic impregnated
zeolite and plasma-catalytic oxidation of the adsorbed ethylene were investigated using a
packed-bed DBD reactor similar to that shown in Fig. 8, in which the discharge region was fully

packed with Ag or Ag-M, Oy (M: Co, Cu, Mn, and Fe) impregnated 13X zeolite.
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2.2.6. The adsorption/plasma-catalysis reactor with different configurations for cyclic

treatment of ethylene using silver-exchanged 13X zeolite

To investigate the effects of reactor configuration and elucidate the roles of plasma
induced active species, the cyclic treatment of ethylene was carried out in a reactor with three

different configurations (i.e., one-stage, two-stage and hybrid), as shown in Fig. 9.

Blank

Qutlet
—>

One-stage

Figure 9. Adsorption/plasma-catalysis reactor for cyclic treatment of ethylene using silver-

exchanged 13X zeolite.

In the one-stage configuration, the 50-mm long discharge region was fully packed with
silver-exchanged 13X zeolite, while for the two-stage configuration, the same amount of the

packing material was placed downstream the discharge region. The hybrid reactor was
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combination of the one- and two-stage reactors, resulting in a 100-mm long discharge region in

which the first half was left blank and the second half was filled with the adsorbent/catalyst.

2.3. Measurement methods
2.3.1. Electrical and temperature measurement

The high voltage applied to the reactor was recorded by a digital oscilloscope (Tektronix
DPO3034) via a high voltage probe with an attenuation ratio of 1000:1 (Tektronix P6015A).
Charge dissipated in the plasma reactor was measured by measuring the voltage across the
capacitor (capacitance: 0.1 uF) connected to the reactor in series using a 10:1 voltage probe
(Tektronix P6139B). The discharge power was determined from voltage-charge Lissajous figure.

For continuous treatment of VOCs, the specific input energy (SIE) was calculated by:

60P
SIEQLY)=—" El
oL 9 (E1)

where P is the discharge power in W, Q is the gas flow rate in L min™, and 60 is the conversion
factor from minutes to seconds. The SIE was varied by changing the applied voltage.

In plasma-catalysis process, the gas temperature (i.e., reactor temperature) may not
sufficient for catalyst activation, but it can negatively affect the formation of ozone, especially
in presence of catalyst. For in-situ measurement of the reactor temperature, an ethanol

thermometer was placed 5 mm downstream from the discharge region.

2.3.2. Concentration measurement of gaseous species

The concentration of VOCs before and after the reactor was monitored by a gas
chromatograph (GC, Bruker 450-GC) equipped with a flame ionization detector (FID) and a 60

m x 0.32 mm BR-624ms capillary column. A Fourier—transform infrared (FTIR) spectrometer
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(Bruker IFS 66/S) with a 21-cm long gas cell was used to identify and measure the
concentrations of gaseous products at the reactor outlet. The intensity of infrared absorbance at a
characteristic wavenumber for a certain compound is proportional to its concentration. The
FTIR was calibrated for VOCs, CO and CO, with known concentrations. For the quantification
of other byproducts identified, they were assigned in the spectra, and the measured absorbance
was converted into concentration using standard compilations [111]. All samples were collected
at a resolution of 0.5 cm™ with 10 scans. The concentration of ozone was measured using a
portable gas analyzer (PortaSens Il, Analytical Technology, Inc.). For the continuous treatment,
the VOC decomposition efficiency is then calculated by:

_[voc], -[voc]

o1t 51 00% E2
voc, (E2)

in

where [VOC], and [VOC],,are the inlet and outlet VOC concentrations, respectively.

out
For the cyclic treatment, the energy yield (YY) was defined as follows:

TxP

Y (Jpmol *) = x 60 (E3)

where T is the plasma-catalytic oxidation time in min, P is the discharge power in W, A is the
total amount of VOC adsorbed in umol.

The average CO, generation rate (R, ) was calculated by following equation:

Q[ Ceo, x10°¢
R o, (ML min ) = —= =

%1000 (E4)

where C, is the concentration of CO; in ppm, Q is the gas flow rate in L min™, and 1000 is

the conversion factor from liters to milliliters.

The CO; selectivity (S¢,, ) was defined as:
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other

where ng, and n;™ are the amounts of CO; and any carbon-containing byproduct other than

CO,, respectively, a is the number of carbon atoms contained in any carbon-containing
byproduct molecule, and n is the number of carbon-containing byproducts except CO..

The contribution of an individual carbon-containing product (A) detected at the outlet of
the reactor to the carbon balance was evaluated as the percentage ratio of the atomic carbon

contained in the product A (C,) to the atomic carbon in the adsorbed VOC (Ciq):

%C, = Ca x100 (E 6)

tot

The mineralization efficiency is defined as the fraction of the adsorbed VOC oxidized to
carbon dioxide which corresponds to the contribution of CO, to the carbon balance.
The energy efficiency was defined by the mass of VOC removed (g) per electrical

energy input (kW h).

2.4. Catalyst preparation
2.4.1. Preparation of ceramic supported catalysts for continuous treatment of acetone

The ceramic membrane used for supporting catalysts consisted mainly of alumina, and
its Brunauer-Emmett-Teller surface area, average pore size, and pore volume were measured to
be 2.1 m?g™, 1.2 pm and 0.135 cm>g™, respectively. The supported catalysts including ZnO (0.1
wt% Zn) and MnO, (0.1 and 5.0 wt% Mn) were prepared using an incipient wetness
impregnation method [90]. After impregnating the ceramic membrane with respective aqueous

acetate (Zn(CHsCO,),, Sigma-Aldrich, for ZnQO) and nitrate (Mn(NO3),.6H,0, Sigma-Aldrich,
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for MnO,) solution, it was dried overnight at 110 °C in a dry oven, and then calcination was

performed in air atmosphere at 550 °C for 5 h, thereby forming the corresponding metal oxides.

2.4.2. Preparation of cordierite supported catalysts for continuous treatment of DEE

The cordierite honeycomb in cylindrical shape (diameter: 26 mm, length: 70 mm) was
cut from a commercial cordierite monolith (diameter: 144 mm, high: 152 mm, 400 cells per
square inch). Different catalysts including Mn, Fe and Mn-Fe mixed oxides were prepared by a
dip-coating method using Mn(NO3),.6H,O (Junsei Chemical) and Fe(NO3)3.9H,O (Daejung
Chemicals & Metals) as metal precursors.

For preparation of the Mn-Fe catalyst, a mixture of the two nitrates was used. The
cordierite support was dipped into the respective aqueous nitrate solution at room temperature
and then dried overnight in the dry oven at 110 °C before calcined at 500 °C for 3 h. The
dipping step was repeated several times before calcination.

Finally, cordierite supported Mn (1.7 wt%), Fe (1.6 wt%) and Mn-Fe (1.5-1.5 wt%)
catalysts, denoted as Mn/cordierite, Fe/cordierite and Mn-Fe/cordierite, respectively, were
obtained. The contents of active components were estimated from amounts of solutions

adsorbed on cordierite supports.

2.4.3. Preparation of adsorbent/catalysts for cyclic treatment of acetone

The catalyst support was B-zeolite pellets (diameter: 3 mm; Si/Al molar ratio: 130;
Brunauer—Emmett-Teller (BET) specific surface area: 550~600 m? g*) purchased from Cosmo
Fine Chemicals. Silver nanoparticles were dispersed onto the zeolite pellets by using ultra-

sonication for 30 min in the presence of water, which was then dried in the dry oven at 100 °C
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for several hours to obtain zeolite-supported Ag catalyst (3.0 wt%). The preparation of silver
nanoparticles followed a procedure described elsewhere [112].

For treatment of acetone, the amount of Ag-coated (3-zeolite packed in the reactor was
15 g. The acetone adsorption capacity was separately measured with 30 g of adsorbent (acetone

initial concentration: 1000 ppm).

2.4.4. Preparation of adsorbent/catalysts for cyclic treatment of ethylene
2.4.4.1. Preparation of silver-based impregnated 13X zeolite:

Commercial 13X pelleted zeolite (diameter: 4.2 mm, Cosmo Fine Chemicals) was
modified with Ag and Ag-MyOy (M: Co, Cu, Mn, and Fe) by the incipient wetness impregnation
method. An appropriate amount of respective metal nitrate was dissolved in the deionized water
(20 mL of water for 40 g of zeolite) under stirring condition for 30 min in dark. For preparation
of a bimetallic adsorbent/catalyst, a mixture of silver nitrate and the nitrate of each
corresponding metal was used. The prepared solution was added dropwise onto the zeolite
pellets. Then, the impregnated zeolite was dried overnight in the dry oven at 110 °C before
calcined at 500 °C for 5 h in ambient air. For convenience, the adsorbent/catalysts were named
as Ag(a%)/13X and Ag-M(b-c%)/13X, such as Ag(1.0%)/13X and Ag-Co(1.0-0.7%)/13X, in
which a, b, and c¢ stand for the weight percentages of the corresponding metals. The reactor was

packed with 29 g of each adsorbent/catalyst, unless otherwise mentioned.

2.4.4.2. Preparation of silver-exchanged 13X zeolite:

In this part, the parent 13X zeolite was exchanged with an aqueous solution of silver
nitrate (0.02 M) at 80 °C for 4 h under vigorous stirring condition. The Ag-exchanged 13X was

then filtered, washed several times with deionized water, then dried overnight in the dry oven at
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110 °C and finally calcined at 500 °C for 3 h in ambient air. The content of Ag in zeolite was
determined to be ca. 3.0 wt% using inductively coupled plasma optical emission spectrometry
(Agilent Technologies, 700 series ICP-OES). For comparison purpose, the parent 13X zeolite
was also modified by the incipient wetness impregnation method with the same amount of Ag
loading (3.0 wt%). These prepared adsorbent/catalysts were denoted as Ag-EX/13X and Ag-
IM/13X, respectively.

Each Ag-modified zeolite with a weight of 30 g was packed into a quartz tube (inner
diameter: 26 mm) for measuring the ethylene adsorption capacity. Meanwhile, 15 g of Ag-
EX/13X was used with the three different plasma/catalysis reactor configurations (described in

the previous section) for the cyclic adsorption/oxidation test.

2.5. Catalyst characterization

The prepared catalysts were ground into fine powder and their X-ray diffraction (XRD)
was performed on a diffractometer system (D/MAX2200H, Bede 200, Rigagu instruments)
equipped with Cu K, radiation (40 kV, 40 mA).

The powdered catalysts were well mixed with potassium bromide (KBr) and pressed into
disks for the FTIR analysis using a FTIR spectroscopy (NICOLET 6700).

The morphology of catalysts and dispersion of active components were characterized by
a field emission scanning electron microscope (FE-SEM, JEOL JSM-6700F) and a field
emission transmission electron microscope (FE-TEM, JEOL JEM-2100F).

The surface chemistry of the supported catalysts was characterized by an X-ray
photoelectron spectroscopy (XPS, Theta Probe AR-XPS System, Thermo Fisher Scientific) with
monochromatic Al K, radiation (1486.6 eV) operated at 15 kV and 150 W X-ray excitation

sources. The binding energies were calculated with reference to C1s peak (284.6 eV).
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The Brunauer-Emmett-Teller (BET) surface areas of the catalysts were measured by N,
adsorption at 77 K using a surface area analyzer (TriStar 11 3020, Micromeritics).

In addition, the content of active component in the ion-exchanged zeolite was
determined using an inductively coupled plasma optical emission spectrometry (ICP, Agilent

Technologies, 700 series ICP-OES).
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CHAPTER 3: RESULTS AND DISCUSSION

3.1. Continuous plasma-catalytic treatment of acetone in annular porous monolithic

ceramic-supported catalysts

Redrafted from:

Quang Hung Trinh and Young Sun Mok, Chemical Engineering Journal 251 (2014) 199-206

3.1.1. SEM characterization of the catalysts
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Figure 10. SEM images of bare ceramic support (a), ZnO-loaded (0.1 wt% Zn) (b), MnO,—

loaded (0.1 wt% Mn) (c) and MnO,—loaded (5.0 wt% Mn) (d).

Figure 10 shows the SEM images of ceramic supports with and without catalyst loading.

As can be seen from Fig. 10(a), the bare ceramic support showed a smooth and clean surface. In
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Fig. 10(b) and (c), the ZnO and MnO, nanoparticles that were uniformly dispersed on the
surface could be clearly distinguished from the ceramic support. The insets of Fig. 10(b) and (c)
tell that the mean sizes of the MnO; and ZnO nanoparticles were approximately 100 and 200 nm,
respectively. With higher loading (5.0 wt% Mn), the shape of the active component changed to

nanorod, as shown in Fig. 10 (d).

3.1.2. Acetone decomposition efficiency

Fig. 11 shows the plasma-catalytic decomposition efficiency of acetone as a function of

SIE for different catalyst arrangements listed in Table 3.
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Figure 11. Acetone decomposition efficiency for different catalyst arrangements.

35



Table 3. Catalyst arrangements in the plasma-catalysis reactor.

Configuration First monolith Second monolith
Bare—bare Without catalyst loading Without catalyst loading
ZnO-bare Coated with ZnO (0.1 wt% Zn) Ditto
MnO,—bare Coated with MnO, (0.1 wt% Mn) Ditto

Zn0O-Mn0O; Coated with ZnO (0.1 wt% Zn) Coated with MnO, (5.0 wt% Mn)

MnO,—MnO, Coated with MnO, (0.1 wt% Mn) Ditto

The acetone decomposition efficiency for the bare—bare arrangement gradually increased with
increasing the SIE and then saturated at about 67 %. The use of the ZnO-bare arrangement only
slightly improved the acetone decomposition efficiency, which reveals that the photo-catalytic
activity of ZnO for the decomposition of acetone was not significant under the influence of non-
thermal plasma. On the other hand, the MnOj-bare arrangement exhibited a noticeable
enhancement in the decomposition efficiency. As can be seen, the acetone decomposition
efficiency kept on increasing with increasing the SIE, reaching 82 % at a SIE of 731 J L™
Further increase in the SIE up to 1080 J L™ led to just a slight increment in the decomposition
efficiency.

The performances for the tandem arrangements of the catalysts were evaluated by
loading MnO, (5.0 wt% Mn) on the second monolithic ceramic support. As shown in Fig. 11,
the MnO,-MnO, arrangement showed better decomposition performance than the MnO,-bare
case. In detail, the MnO,—MnO, arrangement decomposed about 87 % and 93 % of acetone at
711 and 1031 J L™, respectively. The difference in the decomposition efficiency between the
MnO,—MnO, and the MnO,—bare arrangement reflects the amount of acetone decomposed in
the post-plasma region. In the post—plasma region, long-lived reactive species, namely, ozone

can be involved in the catalytic decomposition of acetone [65,113]. The dissociation of ozone
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on MnO; produces oxygen atom that is a far stronger oxidant than ozone itself, which can
account for the enhanced decomposition efficiency for the MnO,—MnO, arrangement. It should
be noted that the reactivity of ozone with acetone is extremely low and stronger oxidants other
than ozone is needed. In this regard, the use of MnO, catalysts in the post-plasma region is
advisable. Acetone is a stable compound, so that it does not break down easily. Recently, Zheng
et al. [47] investigated the decomposition of acetone in a DBD reactor with different packing
materials. They obtained maximum decomposition efficiency of 80 % (initial concentration: 100
ppm, gas flow rate: 200 mL min™) at 630 J L™ using y—Al, 03 packing material (specific surface

area: 174 m? g™).
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Figure 12. Acetone adsorption for bare-bare and MnO,-MnQO; arrangements.

In a plasma-catalytic decomposition process, the adsorption capability and therefore the surface
area of packing material play important roles [114]. The specific surface area of the monolithic

ceramic support (2.1 m? g™ is a lot smaller than that of y—Al,Os. In view of the high initial
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concentration (300 ppm) and the small specific surface area of the ceramic support used in this
work, 87% decomposition efficiency at 711 J L™ for the MnO,-MnO, arrangement is
noteworthy, which is ascribed to the aforementioned MnO, effect. For information, the
adsorption breakthrough curves of the bare-bare and MnO,-MnO, arrangements for acetone at a
concentration of 300 ppm under room temperature are presented in Fig. 12. From this figure, the
adsorption capacities of the bare-bare and MnO,-MnO; arrangements for acetone were
estimated to be 0.49 and 0.66 umol g™, respectively. Even though the presence of MnO slightly
improved the acetone adsorption capability, the supported catalyst has a very low acetone

adsorption capacity compared to highly porous alumina or zeolite pellets.

3.1.3. Ozone concentration

In order to get insight into the role of ozone in the decomposition of acetone, the
concentration of ozone was measured downstream the reactor for the different catalyst
arrangements listed in Table 3.

As shown in Fig. 13 (a), the concentration of O3 increased steeply with increasing the
SIE up to about 700 J L™ and leveled off thereafter in all the catalyst arrangements examined.
Electron-impact O, dissociation which ultimately affects the rate of ozone generation strongly
depends on SIE and it is natural that the concentration of ozone should increase with increasing
the SIE. The slight decrease in the ozone concentration above 700 J L™ is obviously due to the
dielectric heating of the monolithic ceramic. It is well known that the rate of ozone generation is
inversely proportional to the temperature. The dependence of the reactor temperature measured
downstream the plasma region on the SIE is shown in Fig. 13 (b). The in-situ temperature
measurement showed that the reactor temperature increased with increasing the SIE, reaching
152 °C at about 1.0 kJ L™ (Fig. 13 (b)). The increase of the reactor temperature must have

speeded up the decomposition of ozone.
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Figure 13. Ozone concentration for different catalyst arrangements (a), reactor temperature (b).
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As seen in the Fig. 13(a), the concentration of ozone for the ZnO-bare arrangement was
considerably higher than that for the MnO,-bare arrangement. Moreover, the concentration of
ozone was greatly reduced by using the MnO,-loaded monolithic ceramic in the post-plasma
region. As shown in Fig. 11, both the MnO,—MnO; and ZnO-MnO; arrangements resulted in
substantial enhancement in the decomposition efficiency, compared to the cases of MnO,—bare
and ZnO-bare. These observations indicate that ozone itself hardly oxidized acetone but the
atomic oxygen created from ozone on MnO, catalyst contributed to the decomposition of

acetone. The catalytic decomposition of ozone can be summarized by the following reactions

[115]:
0,+*>0*+0, (R 6)
0,+0*-0,*+0, (R7)
0,*—>0,+* (R 8)

where the symbol * stands for the active site on the catalyst surface. The active oxygen atoms
generated by reaction (R 6) can effectively oxidize acetone in the post-plasma region.
Meanwhile, the lower concentration of ozone for the bare-bare arrangement than the ZnO-bare
and MnO,-bare cases indicates that the catalyst can facilitate the formation of ozone when it is

exposed to the plasma.

3.1.4. Product formation and decomposition pathway

Fig. 14 shows the FTIR spectra of the effluent before and after the plasma treatment at a
SIE of 659 J L™ for the bare-bare arrangement. The gaseous products identified by the FTIR
included carbon oxides (CO and CO,) and aldehydes (HCHO and CH3;CHO), among which
carbon oxides were dominant. Regarding the decomposition of acetone, there are numerous

reactions known in the literature [116].
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Figure 14. FTIR spectra of the effluent before (a) and during the plasma treatment (b) for the

bare-bare arrangement (SIE: 659 J L™).

The reactions in Table 4 and Table 5 were chosen, based on the magnitude of rate
constant. The reactions responsible for the decomposition of acetone are summarized in Table 4.
All the rate constants are the values at 298 K [116]. First, the energetic electrons created by the
electrical discharge collided with the gas molecules to produce reactive species such as
N3(A*TH), N3(B3[l,), O('D) and O(°P) [117]. Subsequently, these species and electrons
dissociated acetone molecules into fragments (CH3; and CH3;CO) by reaction (R 9). The
recombination of CH3;CO (reaction (R 10)) and the partial oxidations of the fragments via
several steps (reactions (R 11)-(R 19) and (R 24)) can explain the formation of CH3CHO and
HCHO. The carbon-containing intermediates were further oxidized to CO and CO, through

reactions (R 20)—(R 31).
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Table 4. Reactions responsible for the oxidative decomposition of acetone.

Reaction

Rate constant at 298 K

(cm® mol™ 5%

(R9)

(R 10)
(R 11)
(R 12)
(R 13)
(R 14)
(R 15)
(R 16)
(R 17)
(R 18)
(R 19)
(R 20)
(R 21)
(R 22)
(R 23)
(R 24)
(R 25)
(R 26)
(R 27)
(R 28)
(R 29)
(R 30)
(R 31)

CH,COCH, +energetic species (e, NZ(A3Z:))—>CH3CO+CH3

2CH,CO—CH,CHO+CH,CO
CH,CO+0—CO,+CH,
CH,+0—CH,O+H
CH,+0,—->CH,0,
CH,+0,—»CH,0+0,
CH,CO+H—CH,+CO
CH,0,+0—CH,0+0,
CH,0+0—CH,0+0H
CH,0+0,—->CH,0+HO,
CH,0+0OH—CH,0+H,0
CH,CHO+0—CH,CO+OH
CH,CHO+0OH—CH,CO+H,0
CH,0+0—-0H+HCO
CH,0+0OH—H,0+HCO
HCO+CH,CO—CH,CHO+CO
HCO+0O—0H+CO
HCO+0—CO,+H
HCO+0,—>CO+HO,
HCO+0,—»H+CO,+0,
HCO+OH—H,0+CO
CO+0—-CO,
CO+0(*D)—CO,

8.99 x 10*2
9.64 x 10*
5.66 x 103
1.08 x 10%
1.57 x 10%
3.47 x 10%
2.59 x 10%
6.03 x 10%
1.15 x 10°
1.81 x 10%
2.70 x 101
8.35 x 10*
1.01 x 101
6.03 x 10%
9.04 x 10*
3.01 x 10
3.01 x 10
3.37 x 10*
5.00 x 10™
1.02 x 10"
3.88 x 10*
4.82 x 108
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Besides, several nitrogen—containing byproducts such as N,O, NO and HNOx were also
observed in the FTIR spectrum. The reactions related to the formation of these byproducts are

given in Table 5.

Table 5. Reactions leading to formation of nitrogen-containing byproducts.

Reaction Rate constant at 298 K (cm® mol™ s™)
(R32) N,+0(*D)-N,0 1.27 x 101
(R33) N,0+0(‘D)—2NO 4.04 x 10"
(R34) N+0,->NO+O0 5.12 x 10’
(R35) NO+0O-—NOQ, 1.81 x 10"
(R36) NO+0,—NO,+0O, 1.13 x 10%
(R37) NO+OH—HNO, 2.17 x 10"
(R38) NO+HO,—NO,+OH 5.73 x 102
(R39) NO,+H-—->NO+OH 7.70 x 10"
(R40) NO,+0—NO, 1.32 x 10%
(R41) NO,+OH—HNO, 452 x 10"
(R42) NO,+HO,— O,+HNO, 1.15 x 10*2
(R43) NO,+CH,0—CH,0+HNO, 9.11 x 10™

The formation of N,O can be interpreted by reaction (R 32), and reactions (R 37) and (R
41)—(R 43) led to the formation of nitrous and nitric acids (HNOy). The trace of NO, could not
be detected by the FTIR, suggesting that most of NO, generated has been converted into HNO,.
The formation of NO which appears as a weak absorption band in the spectrum can be
explained by reactions (R 33) and (R 34).

Fig. 15 presents the concentrations of the carbon—containing products in the effluent for
the bare-bare arrangement as a function of SIE. As seen, the concentrations of all products

increased as the SIE was increased. Acetone was found to be oxidized primarily to CO of which
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concentration rapidly increased with increasing the SIE up to 659 J L™ and then slowed down. It
is not surprising that CO is the main product, because O, is involved in reaction (R 27)
responsible for the formation of CO. Note that the concentration of O, (20% by volume) is far
higher than those of other plasma-induced reactive species leading to the formation of CO,

(reactions (R 26) and (R 28)).
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Figure 15. Concentrations of carbon-containing gaseous products for the bare-bare arrangement.

Fig. 16 shows the FTIR spectra of the effluent gases obtained with the MnO,-MnO, and
ZnO-MnO; arrangements. Both of the catalyst arrangements formed CO, CO,, HCHO and
CH3CHO. In case of the MnO>—MnO,, however, more CO, was formed, and the trace of NO
disappeared from the spectrum. The removal of NO can be explained in the same line as the
enhanced acetone decomposition resulting from the dissociation of ozone on MnO,. That is, the
atomic oxygen formed by reaction (R 6) helps improve the oxidation of NO.
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Figure 16. FTIR spectra of effluent gas obtained with MnO,—MnO, arrangement at 711 J L™ (a)

and ZnO—MnO, arrangement at 657 J L™ (b).

Fig. 17 presents the product concentrations obtained with the MnO,-MnO, and ZnO-
MnO, arrangements as functions of SIE. Similar to the observation with the bare—bare
arrangement, the product concentrations of MnO,-MnO, and ZnO-MnQO, tended to increase
with increasing the SIE. As expected from the enhanced acetone decomposition (Fig. 11), the
MnO,-MnO, arrangement produced more carbon-containing products than the ZnO-MnO,

arrangement did.
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Figure 17. Concentrations of carbon-containing products obtained with MnO,-MnO; and ZnO-

MnO, arrangements.

Fig. 18 shows the cumulative carbon concentration as a function of SIE for the MnO,—
MnO, arrangement. The concentration of carbon atom corresponding to the initial concentration
of acetone is 36.6 pmol L™ As can be seen, the increase in the SIE increased the carbon
concentration accounting for the identified byproducts. However, the amount of the missing
carbon also showed an increasing trend. The missing carbon resulting in poor carbon balance
can be interpreted by the formation of low and nonvolatile organic compounds. Indeed,
polymer-like deposit with brownish color was formed, which was accumulated on the inner wall

as a result of repeated use of the reactor.
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Figure 18. Distribution of carbon—containing gaseous products for MnO,—MnQ; arrangement.
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Figure 19. FTIR spectrum of polymer-like deposit collected from reactor inner wall.
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The brownish polymer—like deposit on the reactor wall (the inner surface of the quartz
tube in which the monolith is placed) was collected, well mixed with KBr powder, and then
pelletized for FTIR characterization. The FTIR spectrum in Fig. 19 shows that the polymer—like
deposit consists of methyl (CHs), methylene (CH,), and methine (CH) groups. The CH3 group
appears at a wavenumber of 2956 cm™ by the asymmetric stretching vibration. The absorption
bands peaking at 1466, 2852, 2924 cm™ are due to the bending, symmetric and asymmetric
stretching vibrations of CH,, respectively, and the peak at 2781 cm™ can be assigned to the CH
stretching. The stretch bands of carbonyl group (C=0) are observed at 1653 and 1724 cm™
[118,119]. In addition, the peaks at 1070 and 1194 cm™ are indicative of the CO—O—C and C-O
(of ester group) stretching vibrations [120,121]. The sharp intensive peak located at 1385 cm™ is

due to the presence of nitrate (NO3), which confirms that HNO3; was formed in the reactor [122].
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Figure 20. FTIR spectra of fresh and used MnO,-coated monoliths.
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The formation of polymer-like deposit on the MnO,-coated monolith which was placed
in the plasma region was also examined by FTIR. Figure 20 compares the FTIR spectrum of the
MnO,-coated monolith used for acetone treatment with that of fresh one. As shown, both
spectra are quite similar to each other and the traces of organic compounds were under
detectable levels. This observation suggests that the MnO,-coated monolith effectively prevents

the formation of polymer-like deposit as a result of enhanced oxidation capability.

To summarize, the oxidative decomposition of acetone over multichannel monolithic
ceramic-supported catalysts combined with non-thermal plasma is investigated. The tandem
plasma-catalytic reactor consisted of two ceramic-supported catalysts containing zinc oxide
(Zn0O) and/or manganese oxide (MnO,), in which the first supported catalyst was exposed to the
plasma discharge and the second one was placed in the post-plasma region. Several sets of
catalyst arrangements such as MnO,-loaded monolith followed by bare monolith, ZnO-loaded
monolith followed by bare monolith, ZnO-loaded monolith followed by MnO,-loaded monolith
and two consecutive MnO,-loaded monoliths with different Mn contents were examined in
relation to the acetone decomposition and the product formation. More than 90 % of acetone is
decomposed at a specific input energy (SIE) of about 1.0 kJ L™ with the catalyst arrangement of
MnO; (0.1 % Mn) followed by MnO; (5.0 % Mn), while the decomposition efficiency obtained
with two consecutive bare monoliths was about 66 % at almost the same SIE. The use of ZnO in
the plasma discharge region does not largely improve the acetone decomposition efficiency.
Wherever it is placed either in the plasma discharge region or in the post-plasma region, MnO,
catalyst substantially promotes the acetone decomposition, obviously due to the dissociation of
ozone into far more reactive oxygen atoms available for oxidative transformation of acetone.

-------------- 00o--
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The question is whether the effects of the ozone decomposition catalyst in combination
with NTP are the same for other VOCs, especially for those with high reactivity towards
plasma-induced ozone. In such a case, ozone and ozone-induced atomic oxygen are both
involved in the oxidation reactions. The plasma catalytic decomposition of diethyl ether, an

ozone-reactive VOC, using Mn-based catalysts is therefore studied in the next section.
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3.2. Continuous plasma-catalytic treatment of DEE in annular cordierite honeycomb

supported catalysts

Redrafted from:

Quang Hung Trinh and Young Sun Mok, Catalysts 5(2015), 800-814

3.2.1. XRD characterization of the prepared catalysts
Powder XRD patterns for the bare cordierite and cordierite supported catalysts are

shown in Fig. 21.

(a) Bare cordierite
—— (b) Fe/cordierite

(c) Mn/cordierite
—— (d) Mn-Fe/cordierite

L J
o4

e

Intensity (a.u.)

°® J
0
T

20 (degree)

Figure 21. Powder XRD patterns of bare and coated cordierites.
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As can be seen, the separate introduction of the manganese and iron oxides into
cordierite led to the appearance of new diffraction peaks. For Fe/cordierite, several peaks were
observed at 26, namely at 24.0°, 33.0°, and 35.6°, and were assigned to the formation of o-
Fe O3 [123]. A new peak that appeared at 32.8° for Mn/cordierite was attributed to the presence
of Mn,O3. Other peaks of this phase (e.g., at 38.3° and 55.2°) overlapped with those of the
support [124]. Interestingly, the XRD pattern of cordierite did not exhibit any changes after co-
impregnation of the two metal oxides. This observation suggested a strong interaction between
the Mn and Fe species, which likely existed as an amorphous mixed oxide. A similar result was

reported by Lian et al. for a bimetallic Mn-Fe catalyst prepared by a hydrothermal method [87].

3.2.2. Catalytic activities of prepared catalysts for ozone decomposition

The catalytic activities of the prepared catalysts toward the decomposition of ozone
generated in the air plasma were investigated and shown in Fig. 22(a). The preliminary
experiment showed that the bare cordierite support did not show any activity for ozone
decomposition. Meanwhile, all the prepared catalysts were observed to achieve a complete
destruction of ozone early in the test. However, the performance of the catalysts subsequently
decreased to different extents as a function of time-on-stream. Both the Mn and Fe-coated
cordierites exhibited a drastic attenuation in their respective catalytic activities. Indeed, the
ozone decomposition efficiency of Fe/cordierite reached zero after 6 h, whereas that of
Mn/cordierite was reduced to only ca. 20 % during the same period of time. As expected, the
behavior exhibited by Mn-Fe/cordierite differed from those of the other catalysts. The ozone
decomposition efficiency for the mixed oxide catalyst gently decreased to ca. 89 % after 3 h,
which exceeded the simple sum of those of the monometallic catalysts. This result clearly

showed the synergistic effect of Mn and Fe on the decomposition of ozone. The low
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crystallinity of the Mn-Fe mixed oxide, as observed by XRD, which indicated more defects and

possibly an enhanced surface area, is believed to favor the decomposition of ozone [87].
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Figure 22. Ozone decomposition on prepared catalysts with air plasma (a) and on Fe/cordierite

with oxygen plasma (b) (initial concentration: 300 ppm).
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The deactivated Fe/cordierite was then regenerated at 250 °C for 1h in ambient air to

further investigate the catalyst performance for ozone decomposition with oxygen plasma. As

shown in Fig. 22(b), Fe/cordierite recovered its catalytic activity after the thermal treatment. In

contrast to its behavior in the presence of air-generated ozone, catalyst deactivation was not

observed during 3 h with oxygen plasma. The nitrogen oxides (NOy) that formed in the air

plasma were thus considered to be responsible for the degradation of the catalysts. The strong

adsorption of NOy resulted in a blockage of the active sites that are used for ozone

decomposition. In our preliminary experiment, the Fe/cordierite could not be regenerated below

a temperature of 150 °C. Hence, the selection of an ozone decomposition catalyst with a long-

term stability at low temperature should be considered, especially in the two-stage arrangement.

The use of oxygen plasma is ineffective unless a cyclic treatment (i.e., VOC adsorption

followed by oxygen plasma oxidation) is applied [14,125].
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Figure 23. FTIR spectra of Fe/cordierite before and after ozone decomposition with air plasma.
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Samples of Fe/cordierite were collected before and after the ozone decomposition test
(with air plasma), after which they were powdered, thoroughly mixed with KBr, and then
pelletized for FTIR characterization. As shown in Fig. 23, the FTIR spectrum of the supported
catalyst did not display any characteristic changes after the ozone decomposition reaction,

except for a peak that appeared at a wavenumber of 1385 cm™, which confirmed the presence

of nitrate species (NO;) that formed according to the following reactions [126]:
3NO, + O, (surf) - 2NO;(ads) + NO (R 44)

2NO, + O, (surf) —» NO;(ads) + NO; (ads) (R 45)

3.2.3. DEE decomposition in one-stage reactor
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Figure 24. DEE decomposition efficiency in one-stage reactor with different catalysts
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The DEE decomposition efficiency in one-stage reactor with different catalysts is shown
in Fig. 24. For comparison, the experiment was also performed with the blank DBD reactor.
Generally, in all of the cases, the DEE removal rate increased as the specific input energy (SIE)
was increased. For the blank reactor, ca. 71 % of DEE conversion was obtained at an SIE of ca.
618 J L™, a result which was in good agreement with a previous report, which described the
energy efficiency for DEE decomposition using a double dielectric barrier discharge (DDBD)
reactor [42]. The introduction of cordierite honeycomb into the plasma appeared to improve the
destruction of DEE, especially for low amounts of SIE. The improvement was probably due to
the modification of plasma discharge and the extension of the DEE resident time. Unexpectedly,
the separate incorporation of Fe and Mn into the cordierite did not lead to any further
improvement in the DEE decomposition, indicating that, in this case, most of the DEE was
destroyed by the plasma. Therefore, in the three particular cases, ca. 96 % of DEE was removed
from the gas stream at an SIE of ca. 600 J L™. Jo et al. also reported a similar result for the
plasma-catalytic decomposition of ethylene using bare and MnO,-coated alumina ceramic
membranes [90]. Even worse, the bimetallic Mn-Fe/cordierite catalyst lowered the DEE
decomposition efficiency by more than 15 % across the whole range of SIEs that were used.
Raising the SIE beyond this range to 900 J L™ resulted in only a ca. 90 % of DEE conversion.

Figure 25(a) shows the outlet ozone concentration during decomposition of DEE in the
one-stage reactor as a function of SIE with different catalysts. For comparison, the ozone
concentration of the blank reactor is also included. At low SIE, the presence of the bare and Fe
coated cordierites resulted in the formation of more ozone probably by enhancing the local electric

field near the catalyst surfaces.
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Figure 25. Outlet ozone concentration (a), reactor temperature (b) and NO and NO,

concentrations (c) during decomposition of DEE in one-stage reactor.

As opposed to its reduced ability to affect DEE decomposition, the catalytic activity of the Mn-
Fe/cordierite was observed to exceed those obtained using the other methods for ozone
decomposition under plasma activation. The ozone concentration of Mn-Fe/cordierite was
saturated at only 220 ppm, while the saturation values obtained otherwise ranged to above 600
ppm. This behavior was similar to that observed in the ozone decomposition test (shown in
section 3.2.2). Thus, the one-stage combination of plasma with a well-performing ozone
decomposition catalyst (i.e., Mn-Fe/cordierite) did not prove advantageous for the removal of
DEE. It seemed that under plasma activation, Mn-Fe/cordierite accelerated the decomposition of

O3 to O,, in that the adsorbed O° radicals that formed were not mainly consumed during the
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oxidation of DEE. As proposed by Li and Oyama [127], the decomposition of ozone is initiated
by the dissociative adsorption of ozone to form an oxygen molecule and an atomic oxygen
species, which in turn reacts with ozone to finally form molecular oxygen. The mechanism is
summarized in the reaction sequence (R 6) to (R 8) (see section 3.1.3). Through reaction (R 7),
the ozone that effectively formed near the catalyst surface might compete with the DEE for
atomic oxygen. The low DEE decomposition efficiency with Mn-Fe/cordierite suggested that in
plasma, besides active short-lived species, ozone itself played a significant role in the reaction
of DEE. In an earlier study, Ogata et al. [128] also reported that the use of a Cu-Cr catalyst to
dissociate ozone into active atomic oxygen species was not effective for the reaction under
plasma discharge, for which the extent of the decomposition of toluene and dichloromethane in
a one-stage reactor was almost the same or even worse (for an increasing amount of catalyst)
than in a conventional plasma reactor. These authors concluded that, for the single-stage
combination (i.e., the one-stage arrangement), the ozone decomposition property of the catalysts
was not important. Similarly, Van Durme et al. [129] found that when MnO,-CuO/TiO, was
subjected to a plasma, it resulted in a low toluene removal efficiency compared to TiO,, which
does not have the ability to decompose ozone. However, a positive effect was observed for in-
plasma supported MnO, when dealing with acetone, a persistent compound [81,126], in which
case the formation of ozone-induced atomic oxygen therefore becomes important. It is noted
that, unlike acetone, the above VOCs (e.g., ethylene, diethyl ether, and toluene) are more
reactive with ozone. The gas-phase reaction of ozone with toluene, for example, is slow;
however, in the presence of plasma discharge, ozone could be excited, whereby its activity
increased [130,131]. The destruction of vibrationally excited ozone, generated by three-body
reaction, was reported to be about 1600 times faster than ground-state ozone due to collisions

with oxygen atoms [132,133].
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Interestingly, the ozone concentrations of the bare and Fe-coated cordierites reached
almost zero at a high SIE of ca. 600 J L™ In our preliminary experiment, ozone was only
significantly decomposed in the gas phase above 150 °C; however, as seen in Fig. 25(b), the
reactor temperature did not exceed 70 °C, indicating the negligible thermal decomposition of
ozone. The occurrence of a zero ozone concentration at high input energies was also reported
elsewhere [128,134]. It was proposed that O3 is consumed by NO, which is favorably formed at
high SIE values to produce NO;, which subsequently reacts with atomic oxygen to regenerate
NO [135]. The catalytic cycle for O3 destruction by NOy is described as follows:

NO+0O, - NO, +0, (R 46)

NO,+0—->NO+O, (R 47)
Net reaction:
0,+0-50,+0, (R 48)

The concentrations of NOy at the outlet of the one-stage reactor for the Mn and Fe
coated cordierites were measured during plasma-catalytic oxidation of DEE. As can be seen in
Figure 25(c), NO was not detected within the investigated range of SIE for Mn/cordierite but
appeared at above 400 J L™* for the Fe/cordierite. Meanwhile, the formation of NO, slowly took
place at SIE below 400 J L™* for both catalysts and then steeply increased as further raising SIE,
especially for the Fe/cordierite. At the SIE of ca. 590 J L™, the NO, concentration obtained with
the Fe/cordierite reached ca. 190 ppm, while that of the Mn/cordierite was only ca. 60 ppm. The
concentration of NO was much less than that of NO, because NO rapidly reacted with ozone (R
46) and atomic oxygen (R 49) to form NO,.

NO+0O — NGO, (R 49)
The regeneration of NO from NO; through reaction (47) was relatively slow. The behaviors of

the two catalysts for the formation of NOy were in contrast to their effects on the Ogj
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concentration at high SIE shown in Figure 25(a), indicating that NOx played significant roles in
the suppression of O3 formation.

Our results indicated that it is possible to improve the performance of the reactor by
using a hybrid reactor containing Mn/cordierite in the plasma and Mn-Fe/cordierite in the post-
plasma stage. This reactor, henceforth denoted as the Mn+(Mn-Fe) reactor, was proposed for
further experiments (see Fig. 7(c), section 2.2.3), in which the post-plasma catalyst bed was left

at room temperature.

3.2.4. DEE decomposition in Mn+(Mn-Fe) reactor
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Figure 26. DEE decomposition efficiency of hybrid Mn+(Mn-Fe) reactor and one-stage reactor

with Mn/cordierite catalyst.
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As seen from the Fig. 26, the efficiency of the DEE decomposition increased by more
than 10 % compared to that without Mn-Fe/cordierite at SIE values below 300 J L™, after which
saturation occurred at around 99 %. Thus, an appropriate combination of plasma with the two
Mn-based catalysts resulted in an obvious improvement of the reactor performance in terms of
both DEE conversion and energy consumption. The ozone that formed during plasma discharge
and its catalytic dissociation to produce atomic oxygen in the post-plasma stage was thus

effective for achieving the oxidation of DEE.
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Figure 27. Outlet ozone concentrations of Mn+(Mn-Fe) hybrid and Mn one-stage reactors.

The combination also substantially diminished the emission of ozone, a toxic gas, to
levels below 200 ppm (Fig. 27). Additionally, it is shown in Figure 26 that the hybrid reactor
was also more efficient than the two-stage reactor with Mn-Fe/cordierite as the post-plasma
catalyst, especially at low values of SIE. The result came from the advantage of the in-plasma
catalysts, which probably altered the plasma discharge mode and enhanced the residence time of

gaseous species.
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The concentrations of carbon oxides (CO and CO,) that were detected during DEE
decomposition in the Mn+(Mn-Fe) reactor are shown in Fig. 28. The amount of CO, increased
almost linearly as the SIE was increased, whereas that of CO tended to rise exponentially to a
maximum within the SIE range. These trends were also observed in previous studies, thereby
implying a high degree of oxidation of VOCs to CO,, which is favored at high SIEs [81,90];

that is, ca. 89 % of DEE was oxidatively transformed to carbon oxides at around 600 J L™,

The stabilities of catalysts used in the Mn+(Mn-Fe) reactor were judged in terms of DEE
decomposition efficiency and outlet ozone concentration at SIEs of ca. 382 J L™ . From Fig. 29,
it can be seen that there was no decline in the DEE decomposition efficiency during the course
of experiment. The outlet ozone concentration, however, increased with time-on-stream and
reached a steady-state at 180 ppm after 5 h. This indicated that the unreacted DEE and oxidation
products, such as COy, H,O, and the intermediates that had reversibly adsorbed on Mn-

Fe/cordierite, could partially inhibit NO, adsorption, slowing down the catalyst deactivation.

In summary, the removal of dilute diethyl ether (DEE, concentration: 150 ppm) from an
air stream (flow rate: 1 L min™) using non-thermal plasma combined with different cordierite-
supported catalysts, including Mn, Fe, and mixed Mn-Fe oxides, is investigated. The
experimental results show that the decomposition of DEE occurs in a one-stage reactor without
the positive synergy of plasma and supported catalysts, by which ca. 96 % of DEE is removed at
a specific input energy (SIE) of ca. 600 J L™, except when the mixed Mn-Fe/cordierite is used.
Among the catalysts that were examined, Mn-Fe/cordierite, the catalyst that is the most efficient
at decomposing ozone is found to negatively affect the decomposition of DEE in the one-stage
reactor. It is proposed that in plasma, a large amount of ozone is rapidly decomposed on Mn-

Fe/cordierite to molecular oxygen without involvement in the oxidation of DEE. However,
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when Mn-Fe/cordierite is utilized as catalyst in the post-plasma stage of the two-part hybrid
reactor, in which Mn/cordierite is directly exposed to the plasma, the reactor performance in
terms of DEE decomposition efficiency is improved by more than 10 % compared to that
achieved without Mn-Fe/cordierite at low values of SIE. The ozone that is formed during the
plasma stage and its subsequent catalytic dissociation during the post-plasma stage to produce

atomic oxygen therefore play important roles in the removal of DEE.

The plasma-catalytic continuous treatment of acetone and DEE with proper combination
of NTP and tandem Mn-based catalysts has shown a great enhancement in the VOC removal
efficiency and reduction of byproduct and ozone emissions. However, the energy efficiency of
the process is still low, especially at very low VOC concentration because the plasma-induced
reactive species mainly react with the background gas molecules. Enrichment of VOCs by
adsorption on the adsorbent/catalyst before plasma ignition is a feasible way to increase the
VOC concentration in the plasma region and therefore increase the number of treated VOC
molecules per unit of consumed energy. The major requirement of such cyclic treatment is that
VOCs are completely removed from the gas stream during a long-time adsorption step, while
NTP should be able to regenerate the adsorbent/catalyst by oxidative desorption of adsorbed
VOCs in the subsequent short-time oxidation stage. In the next section, cyclic treatment of
acetone will be investigated and compared with the continuous treatment under the same

operating conditions.
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3.3. Adsorption and plasma-catalytic oxidation of dilute acetone over B-zeolite supported

silver nanoparticles

Redrafted from:

Quang Hung Trinh, M. Sanjeeva Gandhi and Young Sun Mok, Japanese Journal of Applied

Physics 54 (2015) 01AG041-6

3.3.1. TEM characterization of the catalyst

Figure 30. TEM images of bare zeolite (a) and Ag-coated zeolite (b).

TEM images of the bare and Ag-coated zeolites are shown in Fig. 30. The black spots in

Fig. 30(b) indicated the presence of Ag nanoparticles with an average particle size of ca. 12 nm.
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3.3.2. Adsorption capacity of the Ag-coated zeolite
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Figure 31. Temporal variation of acetone concentration at outlet of packed-bed column (inlet

acetone concentration: 1000 ppm, Ag-coated zeolite: 30 g).

Figure 31 shows the temporal variation of the acetone concentration at the outlet of the
packed-bed column (30 g of adsorbent) for an inlet concentration of 1000 ppm. As seen, for the
first 100 min of the adsorption, acetone was almost completely removed from the gas stream,
and then the concentration of acetone gradually increased, reaching the inlet concentration in
700 min. From the breakthrough curve, the amount of acetone adsorbed on the Ag-coated

zeolite was estimated to be 1.07 mmol g™ at 25 °C.
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3.3.3. Gaseous product formation in one cycle of treatment

As aforementioned, during the adsorption step, the model gas at an acetone
concentration of 300 ppm was continuously fed into the reactor for 200 min. During this step,

acetone was not detected at the outlet of the reactor. The amount of acetone accumulated in the

reactor was calculated to be 2.45 mmol.
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Figure 32. Concentrations of CO and CO; for one cycle of treatment with and without Ag

loading (discharge power: 25 W for bare zeolite; 28 W for Ag-coated zeolite).

Figure 32 shows the concentrations of CO and CO, produced during the plasma-catalytic
oxidation step (15 min) for the bare and Ag-coated zeolite. The discharge power determined
from the Lissajous voltage-charge figure was 25 W for the bare zeolite and 28 W for the Ag-
coated zeolite. As can be seen, the concentration of CO, (CO and CO,) obtained with the Ag-
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coated zeolite sharply increased to the maximum value (about 18800 ppm), and then quickly
decreased within 10 min. Thereafter, the concentration of COy kept below 400 ppm. On the
other hand, the concentration of COy obtained with the bare zeolite slowly increased to the
maximum value (about 7500 ppm), and then slowly decreased. In both cases, CO, was more
abundant than CO in the effluent stream. For cyclic treatment of VOCs, the combination of
plasma and silver catalyst not only minimized the emission of ozone but also speeded up the
oxidation reactions, and therefore, shortened the plasma-catalytic oxidation period. In Fig. 32,
the peaking of COy concentration for Ag-coated zeolite in the early stage of the plasma-catalytic
oxidation step can be attributed to the generation of strong oxidizing atomic oxygen from the

decomposition of ozone on the surface of silver catalyst.
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The concentrations of desorbed acetone and other carbon-containing byproducts
produced during the plasma-catalytic oxidation step are shown in Fig. 33. The desorption of
acetone lasted for about 10 min when the Ag-coated zeolite was used. The instant concentration
of the acetone desorbed from the Ag-coated zeolite surpassed that from the bare zeolite
probably due to partial blockage of zeolite pores by Ag nanoparticles. However, considering
that the adsorption was carried out for 100 min, the amount of the acetone desorbed was not so

much.

As shown in the inset of Fig. 33, methane (CH,4) was the only carbon-containing byproduct
other than COx when the bare zeolite was used. The use of the Ag-coated zeolite somewhat
reduced the formation of CH,4, however, gave rise to the formation of formaldehyde (HCHO)
and acetaldehyde (CH3CHO). The increases in the concentrations of aldehydes with the Ag-
coated zeolite can be explained with the enhanced oxidation of adsorbed acetone and
intermediates to gaseous byproducts due to the highly oxidative atomic oxygen formed on the
catalyst surface. For the Ag-coated zeolite, the removal efficiency, carbon balance and fraction
of COy contributed to the carbon balance were estimated to be 97.0, 66.8 and 61.8 %,
respectively. The energy efficiency with adsorption/oxidation cyclic treatment was calculated to
be 19.72 g kW h™.

Figure 34 shows the temporal variations of the ozone concentration in the effluent
stream during the plasma-catalytic oxidation step. For the bare zeolite, the concentration of
ozone suddenly started to increase up to 350 ppm at ca. 1 min and then decreased. After the
initial transient state, the concentration of ozone maintained stable at ca. 30 ppm. On the other
hand, the concentration of ozone obtained with the Ag-coated zeolite kept almost constant at ca.

20 ppm throughout the plasma-catalytic oxidation step.
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Figure 34. Temporal variations of O3 concentration in effluent during oxidation step for bare

and Ag-coated zeolite (discharge power: 25 W for bare zeolite; 28 W for Ag-coated zeolite).

3.3.4. Gaseous product formation during four cycles of treatment

Four consecutive adsorption/plasma-catalytic oxidation cycles were performed using the Ag-
coated zeolite. The concentrations of carbon-containing products and desorbed acetone are
shown in Fig. 35. During plasma-catalytic oxidation steps, the contents of all emitted
compounds rapidly increased in the early stage, showing maxima at the same time, and then
gradually decreased. Within four cycles corresponding to more than 7 h of continuous treatment,
there was no significant deactivation of the catalyst. Besides, it was observed that the
concentration curves tended to be broader as the adsorption/plasma-catalytic oxidation cycles
were repeated. This phenomenon may have resulted from the formation and accumulation of

low volatile or nonvolatile byproducts. During the plasma-catalytic oxidation step, not only the
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adsorbed acetone but also such low volatile or nonvolatile byproducts deposited on the surface

are oxidized to produce gaseous compounds such as CO, CO,, aldehydes and methane, which

makes their concentration peaks wider. The formation of low volatile or nonvolatile compounds

during the plasma treatment of VOCs has been evidenced previously.
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Figure 35. Concentrations of gaseous products and desorbed acetone during four cycles of

treatment using Ag-coated zeolite.

3.3.5. Gaseous product formation during continuous treatment of acetone

In the both cases of bare and Ag-coated zeolites, the carbon-containing products

identified for continuous plasma-catalytic treatment were only CO and CO; (Fig. 36).
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Figure 36. Concentrations of CO from continuous treatment using bare and Ag-coated zeolite.

As seen, the increases in the concentrations of carbon oxides were rapid in the early
stage, and then slowed down, reaching steady-state in about 30 min. The Ag-coated zeolite
produced more CO and CO, than the bare zeolite. At the reactor outlet, concentration of
unreacted acetone was measured to be negligible, less than 1 % of the initial concentration
regardless of catalysts used. However, compared to the cyclic treatment, the continuous
treatment exhibited much lower energy efficiency (ca. 3.05 g kW h™).

The main reaction pathways responsible for the formation of gaseous byproducts are
proposed and described in Fig. 37. The gaseous (Fig. 37(a)) and adsorbed (Fig. 37(b)) acetone
molecules are first dissociated into CH; and CH3CO radicals by plasma-induced energetic
species such as electrons and N3 (A3 Y1) (path (1)). Subsequently, the recombination of CH;CO

fragments in the gas phase leads to the formation CH3;CHO (path 2). Meanwhile, CH3 fragment
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could be further dissociated to create atomic hydrogen (H) and CH,, free radicals. These radicals,

in turn, react with hydroxyl radicals (OH) to generate HCHO (path (14)).
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Figure 37. Proposed reaction pathways for acetone oxidation in gas phase (a) and on catalyst (b).
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Some other pathways such as (8), (12) and (13); and (9) and (11)-(13) also explain the formation
of HCHO. The combination of H and CH3 (path 10) is responsible for the generation of CHj.
Further oxidations of the intermediates by the oxidizing agents such as atomic oxygen (O), OH
radicals and O, finally lead to the formation COy through (15)-(25). The rapid formation of CO,
and relatively low content of ozone during the first 4 min of the oxidation step in presence of
silver catalyst clearly showed that the decomposition of ozone took place on the silver catalyst
to produce atomic oxygen, eventually facilitating the oxidation process. Regarding the plasma-
catalytic oxidation of the adsorbed acetone, the carbon balance was not good (66.8 %). The low
carbon balance was also observed in other works. Sivachandrian et al. [136] investigated the
coupling of titanium oxide as a sorbent with plasma. When the regeneration of acetone-adsorbed
TiO, surface was performed, the global fraction of adsorbed species removed from the surface

by the plasma treatment was about 27 %, and only 12 % of which was converted to COsx.

To summarize, the abatement of acetone using a combination of non-thermal plasma,
catalysis and adsorption is investigated using silver nanoparticle-coated B-zeolite serving as
both adsorbent and catalyst. The effects of the zeolite-supported silver catalyst on the reduction
of unwanted ozone emission and the behavior for the formation of gaseous byproducts are
examined. The experimental results showed that the B-zeolite had a high acetone adsorption
capacity. Acetone with a concentration of 300 ppm is removed from the gas stream and enriched
on the zeolite surface during the adsorption step of the cyclic process (100 min). In the
succeeding step, the adsorbed acetone is plasma-catalytically treated under oxygen-flowing
atmosphere to recover the adsorption capability of the surface. The plasma-catalytic oxidation of
the acetone adsorbed in the previous adsorption step is completed in 15 min. The abatement of
acetone by the cyclic adsorption and plasma-catalytic oxidation process is able to increase the

performance of the reactor with respect to the energy efficiency, compared to the case of
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continuous treatment. The use of the zeolite-supported silver catalyst largely decreases the
emission of unreacted ozone and shortened the oxidation time due to the enhanced oxidation of

the adsorbed acetone and intermediates.

The excellent adsorption capability of acetone on zeolite surface is one of the key
features to achieve the high energy efficiency in the cyclic treatment. However, different from
ketones, the highly volatile organic compounds such as olefins (without polar functional groups
within the molecule) usually have low affinity to be adsorbed on the commercial zeolites (e.g.,
4A, 13X, Y, and B-zeolite), and therefore the modification of these adsorbents towards
improving the adsorption capacity is required. The effects of the modifying 13X zeolite by
silver and bimetallic silver-M (M: Co, Cu, Fe and Mn) on the ethylene adsorption and plasma-

catalytic oxidation will be investigated in the next section.
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3.4. Adsorption and plasma-catalytic oxidation of dilute ethylene over silver-based

bimetallic impregnated 13X zeolite

Redrafted from:
Quang Hung Trinh, Sang Baek Lee and Young Sun Mok

Journal of Hazardous Materials 285 (2015) 525-534

3.4.1. Catalyst characterization

Figure 38 shows the XRD patterns of the commercial 13X zeolite before and after
loading Ag (1.0 and 1.5%) and Ag-Fe (1.0-0.7%). The patterns of the other samples were also
taken, which are however not shown here. Despite incorporating metals into the zeolite, all the
catalysts prepared showed similar XRD patterns to the bare zeolite, with no appearance of
additional diffraction peaks. This observation suggests that the silver and transition metal

species were highly dispersed in the zeolite cavities and below the detection limit for XRD.

The TEM images of the bare 13X and Ag(1.0 %)/13X, as shown in Fig. 39, further
supports for this inference as the active component was hardly distinguished from the zeolite

support.

77



Lol dalunk

5

I (c)

>

)

C

()]

=
(b)
(a)

5 20 35 50 65 80

20

Figure 38. XRD patterns of bare 13X (a), Ag(1.0%)/13X (b), Ag(1.5%)/13X (c), and Ag-Fe(1.0-

0.79%)/13X (d).

Figure 39. TEM images of the bare 13X and Ag(1.0 %)/13X.
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Figure 40 shows the XPS survey and Ag 3d spectra of Ag(1.0 %)/13X sample. Fig. 40(a)
indicates that beside zeolite framework elements (Si, Al and O), Ag, Na and Mg were also
present in the parent 13X, in which, Na* was the charged-compensating ion. The XPS high
resolution spectrum for Ag 3d is shown in Fig. 40(b). Although intensities of Ag 3d peaks were
relatively weak due to the low content of silver loading, appearances of one peak at binding
energy (BE) of 368.1 eV for Ag 3ds;, and another at BE of 374.1 eV for Ag 3ds, can be
recognized, indicating the existence of highly dispersed Ag(l) species in zeolite matrix, in line
with earlier report [137]. The formation of metallic silver species is expected to be negligible
because oxygen available in ambient air could hinder the auto-reduction of Ag” ions during the

calcination of the samples.

The XPS data for Ag-M(1.0-0.7)/13X samples (M: Co, Cu, Mn and Fe) are shown in
Table 6. The coexistence of M and Ag in 13X framework led to slight increases in the Ag 3d
binding energies compared to those of Ag/13X. This is interpreted by the fact that the addition
of transition metals resulted in strong mutual effects among M, Ag and 13X, which decreased

the surrounding electron cloud density about Ag, therefore increasing the binding energy [138].

Table 6. The XPS analysis data for Ag (1.0 %)/13X and Ag-M (1.0-0.7 %)/13X

Peak position (eV)

Sample
Ag 3ds Co 2ps Cu 2p3, Mn 2p3/; Fe 2pa,
Ag/13X 368.1 - - - -
Ag-Co/13X 368.8 781.2 - - -
Ag-Cu/13X 368.4 - 933.3 - -
Ag-Mn/13X 368.3 - - 641.6 -
Ag-Fe/13X 368.3 - - - 712.8
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As seen from Table 6, the binding energy of Fe 2ps, was at 712.8 eV, suggesting that Fe species
existed in oxidized forms because the Fe 2ps;; binding energy of iron metal is at a significant
lower value (ca. 707 eV). However, it is not clear that whether Fe** or both Fe?* and Fe** were
present in zeolite since they have quite the same binding energy. Similar results are also
observed with Co, while the Cu 2pz, and Mn 2p3j, binding energies at 933.3 and 641.6 eV are

assigned to CuO and MnO,, respectively [139].

3.4.2. Ethylene adsorption on the bare and Ag-coated zeolites
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Figure 41. Effects of inlet ethylene concentration and silver loading on adsorption of ethylene

(flow rate: 1 L min™).

81



First, the ethylene uptake capabilities of the bare and Ag-coated 13X were examined in
the packed-bed reactor under dry condition. The Ag loading and ethylene concentration at the
reactor inlet were varied from 1.0 to 1.5% and from 270 to 650 ppm, respectively, with the flow
rate kept constant at 1 L min™. As seen from Fig. 41, the parent 13X exhibited a low ability to
adsorb ethylene under flowing condition. On the other hand, the adsorption capability was
significantly enhanced by incorporating Ag into the zeolite framework. With 1.0 % Ag loading,
the dilute ethylene was completely removed from the gas stream for around 100 min. The
ethylene adsorption capacity was estimated to be 34.6 and 85.7 pmol g™ for the bare 13X and
Ag (1.0%)/13X, respectively. As mentioned above, the interaction between ethylene and
adsorbed oxygen plays an important role in the adsorption of ethylene. However, apart from the
oxygen-cthylene interaction, the m-complexation between Ag(l) species and ethylene must have
been involved in the adsorption process. The metals that can form strong m-complexation
bonding are those possessing empty s-orbitals and available electrons in the d-orbitals that are
necessary for back donation [140]. The prepared adsorbents contained the well dispersed Ag(l)
species, as evident by XPS, with electronic configuration of 1s® 2s? 2p° 3s® 3p° 4s? 3d° 4p°® 4d°
5s°, therefore forming strong m-complexes with ethylene molecules. In contrary, our preliminary
experiments have shown that ethylene weakly adsorbs on reduced Ag/13X. In other words, the
interaction between reduced or metallic silver and ethylene is not sufficient to detain ethylene
inside the pores of zeolite at room temperature under flowing condition. Consequently, charged
silver species rather than metallic silver were responsible species for the high adsorption
capacity. It is evident that the 13X zeolite with unique three-dimensional network of large pores
acted as a template for achieving highly dispersive silver rather than directly adsorbed ethylene.
The increase in the amount of silver loading from 1.0 to 1.5% slowed down the breakthrough of
the adsorbent but did not elongate the complete adsorption time. Meanwhile, the ethylene

adsorption capability in terms of complete adsorption time and saturation time significantly
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decreased when the initial ethylene concentration increased from 270 to 650 ppm. This result
implies that the Ag/13X is suitable for the abatement of dilute ethylene which is usually less

than 100 ppm in typical agricultural storage facility.
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Figure 42. Complete adsorption time for bare zeolite, reduced Ag(1.0 wt%)/zeolite and Ag(1.0

wt%)/zeolite.

For information, the complete ethylene adsorption time with bare 13X, Ag(1.0 %)/13X
and reduced Ag (1.0 %)/13X is given in Fig. 42. The complete ethylene adsorption time is
defined as time period within which the concentration of ethylene in the outlet gas was less than

1.0 % of that at the inlet. The reduced Ag(1.0 %)/13X was obtained by reduction of
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Ag(1.0 %)/13X under Hy(10 v%)/Ar atmosphere at 500 °C. Adsorption experiments were
carried out at room temperature, ethylene concentration of 270 ppm and gas flow rate of 1.0 L

min™™.

3.4.3. Adsorption and oxidation of ethylene on Ag (1.0%)/13X and Ag-M (1.0-0.7%)/13X

For comparative assessment of the performance of Ag(1.0 %)/13X and Ag-M(1.0-
0.7 %)/13X in the ethylene adsorption and oxidative regeneration of the catalysts under plasma
discharge condition, dilute ethylene was first adsorbed on each catalyst for 25 min before being
plasma-catalytically oxidized. The initial ethylene concentration and gas flow rate were kept at

650 ppm and 2 L min™, respectively.
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Figure 43. Ethylene adsorption on Ag(1.0 %)/13X and Ag-M(1.0-0.7 %)/13X (gas flow rate: 2

L min™* and inlet ethylene concentration: 650 ppm).
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Fig. 43 shows the temporal variations of the ethylene concentration at the reactor outlet
normalized with respect to the inlet concentration. For comparison, the adsorption curves of the
bare 13X and Ag(1.7 %)/13X obtained at the same conditions were also included as the
references. As seen, at this flow rate (2.0 L min™), the breakthrough of Ag(1.0 %)/13X started
early without showing complete adsorption, while the bare 13X was almost saturated with
ethylene within only 15 min. Except Fe Oy, the addition of transition metal oxides substantially
improved the ethylene uptake capacity to be comparable to that of Ag(1.7 %)/13X, obviously
due to the new active sites provided by the second metals. Among the bimetallic catalysts, Ag-
Co/13X was found to be the best medium for the adsorption of ethylene. It has been reported
that unsaturated metal sites such as Cu, Fe, Mn, Co, Ni, and Zn sites in different frameworks
undergo m-complexation with olefins [141]. The slight decrease in the ethylene adsorption
capability observed with Ag-Fe/13X may be due to the low affinity of Fe species towards
ethylene under this high flow rate condition.

Right after the adsorption of ethylene was finished, the contaminated air was shunted off
to the ventilation. Instead, ethylene-free air at 2.0 L min™ was fed to the reactor and the plasma
was kept switched on for 25 min. The voltage applied to the reactor was 20 kV (peak value).
The plasma-catalytic activity of each catalyst was evaluated in terms of ethylene desorption and
formation of unwanted byproducts.

Figure 44 shows the time courses of the desorbed ethylene concentration for several
zeolite-supported catalysts. Even though the amount of the ethylene desorbed was different from
one another, similar tendency in desorption was observed. The concentration of ethylene
increased to the maximum value in about 4 min, and then gradually decreased, except Ag-
Co/13X showing maximum desorption at about 8 min. The ethylene desorption was the most
with Ag-Mn/13X, and the least with Ag-Co/13X. This result may be explained by the strong

ethylene adsorption of Ag-Co/13X. Despite the low affinity towards ethylene, Fe,O, was able to
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prevent the ethylene desorption during the plasma-catalytic oxidation stage, which may be

attributed to the fast oxidation of the adsorbed ethylene on Ag-Fe/13X.
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Figure 44. Ethylene desorption during the oxidation of ethylene pre-adsorbed on Ag(1.0%)/13X

and Ag-M(1.0-0.7%)/13X (adsorption time: 25 min; applied voltage: 20 kV).

Beside desorbed ethylene, gaseous decomposition byproducts including carbon oxides,
methane (CH,4) and formaldehyde (HCHO) were also detected in the effluent. The changes in
the concentrations of carbon oxides with the plasma-catalytic oxidation time are shown in Fig.
45. For all the catalysts, CO, was the main byproduct. Similar to the evolution trend of the
desorbed ethylene, the concentrations of CO and CO, first increased to the maxima, and
gradually decreased thereafter. Among the catalysts investigated, Ag-Co/13X exhibited the
lowest activity for the oxidation of the adsorbed ethylene, thus the lowest and the delayed CO,

emission peak, while the opposite was true for Ag/13X. The incorporation of Fe,Oy caused a
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slight decrease in the maximum CO, concentration; however, the average generation rate of

CO, was similar to the Ag-alone case.
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Figure 45. Concentrations of CO, (a) and CO (b) during oxidation of ethylene pre-adsorbed on
Ag(1.0%)/13X and Ag—M(1.0-0.7%)/13X (adsorption time: 25 min; voltage: 20 kV).

87



As presented in the inset of Fig. 45(a), the average generation rate of CO, during the 25-min
oxidation time was in order of Ag =~ Ag-Fe > Ag-Cu > Ag-Mn > Ag-Co. Compared to CO,, the
production of CO was much lower and followed the reverse order of that of CO,. It should be
noted that the sluggish evolution of CO, compared to CO is ascribed to the difference in
adsorptivity and the rate of diffusion out of the pores between CO, and CO, which was also
previously observed on y-alumina [98]. Generally, the diffusivity of a compound is inversely
proportional to its molecular weight. Overall, Ag/13X and Ag-Fe/13X turned out to be the most
appropriate for the oxidation of ethylene.

The temporal variations of CH, and HCHO concentrations during the plasma-catalytic
oxidation are shown in Fig. 46. These compounds were produced as the minor byproducts
whose concentrations did not exceed 40 ppm. The emission of CH4 was the least with Ag-
Fe/13X and Ag-Co/13X, while the formation of HCHO was not much different between the
catalysts. The collation of Figs. 44 and 46 show that there is a clear correlation in the evolution
of CH, with the desorbed C,H,4. This result implies that the formation of this mono-carbon
byproduct was favored in the gas phase within the zeolite macro-pores and inter-pellet spaces
where the energetic electrons and short-lived active species were available. According to R.
Aerts et al. [48], the decomposition of ethylene in the gas phase is initiated mainly by the radical
and metastable (O* and N, (A3 }.}})) destructions of ethylene molecules, leading to the formation

of CH3, CH; and H species through following reactions [48,142]:

C,H,+N,(A’Z!)>C,H,+H+N, (R 50)
C,H,+O—-CHO+CH, (R51)
C,H,+O0—»CH,0+CH, (R52)
C,H;,+0—>CO+CH, (R 53)

CH, was likely formed by the combination of the CH3 and H.
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Figure 46. Concentrations of CH, (a) and HCHO (b) during oxidation of ethylene pre-adsorbed
on Ag(1.0%)/13X and Ag-M(1.0-0.7%)/13X (adsorption time: 25 min; applied voltage: 20 kV).
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The role of electrons in the direct destruction of ethylene can be neglected [142], because
electrons cannot possibly be accelerated to gain enough energy in a short distance of travel in
zeolite micro-pores where ethylene was captured. The free path of electrons required to rupture
the C=C bond in ethylene can be estimated by assuming that electric filed is uniformly
distributed across the electrodes. By equating the electric force acting on an electron for a

constant electric field (E) to Newton’s second law, we obtain:

a=— (E7)

where e is electron charge (=1.6x107*° C) and m, is the mass of an electron (=9.1x10"% kg).
Since the applied voltage and discharge gap are 2x10* V and 10 mm, respectively, the average
electric field is calculated to be 2x10° V mm™, and the acceleration is 3.52x10"" m? s™. The
strength of C-H bond in ethylene is 4.77 eV [143], and electrons having Kinetic energy (Ex)
larger than 4.77 eV can break the bond, i.e., the electron velocity (ve) should be larger than the

value calculated by the following equation:

v. = %X 135%10°ms (E 8)
m

e
e

The velocity of an electron is equal to its initial velocity added to its acceleration (a) multiplied
by time of travel (t). If the initial velocity is taken to be zero,
vV, =at (E9)

The displacement (h) is equivalent to
h:%mz (E 10)

By combining (E 9) and (E 10), the free path required for an electron to be accelerated enough
to break the bond is calculated to be 2.4 x 10° m (=2.4 um). However, the inner diameter of the
zeolite super-cages amounts to only 0.9 nm [144], which is far smaller than the free path

required for the electrons to gain sufficient energy. Consequently, the formation and diffusion
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into the zeolite micro-channels of the long-lived oxidizing species, namely, ozone, are crucial

for the removal of the adsorbed ethylene.
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Figure 47. Concentration of residual ozone during oxidation of ethylene pre-adsorbed on

Ag(1.0%)/13X and Ag-M(1.0-0.7%)/13X (adsorption time: 25 min; applied voltage: 20 kV).

The concentrations of residual ozone at the downstream of the reactor during the plasma-
catalytic oxidation are shown in Fig. 47. The emission of ozone tended to increase in the early
stage as the depletion of the adsorbed ethylene proceeded. After that, the emission of ozone
showed a decreasing trend as time going for all the catalysts, obviously due to the increase in
the reactor temperature up to around 135 °C after 25-min plasma discharge. For information, the

temporal evolution of the reactor temperature with different catalysts was given in Fig. 48.
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Figure 48. Effluent reactor temperature with different catalysts (applied voltage 20 kV).

It is thought that most of the ozone generated during the plasma-catalytic oxidation step was
consumed to oxidize the adsorbed ethylene, but it should be noted that the desorbed ethylene
could directly react with ozone in the gas phase [90]. Among the catalysts tested, Ag/13X
showed the highest ozone emission with the maximum of 140 ppm at 10 min, and it was still
retained at 40 ppm at the end of the plasma-catalytic oxidation step. On the contrary, the
concentration of ozone obtained with Ag-Co/13X was much lower, decreasing to zero at 15 min.

For the investigation on the relationship between the generation of ozone and oxidation
of adsorbed ethylene, the consumption of ozone by the desorbed ethylene should be avoided.
Thus, the variations in the concentration of ozone were evaluated without pre-adsorption of

ethylene.
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Figure 49. Residual ozone concentrations of Ag(1.0%)/13X and Ag-M(1.0-0.7%)/13X without

pre-adsorption of ethylene (applied voltage: 20 kV).

As shown above, carbon oxides were mostly produced within the first 10 min of the plasma-
catalytic oxidation step, except Ag-Co/13X, suggesting that the ozone produced during this
period was crucial to the removal of the adsorbed ethylene. For this reason, the concentrations
of ozone were measured at 5 and 10 min after the plasma discharge started, without pre-
adsorption of ethylene, which is summarized in Fig. 49. The temperatures of the reactor
measured at 5 and 10 min were ca. 43 and ca. 76 °C, respectively. In general, the presence of
metals in zeolite framework causes a decrease in the ozone production. Among the catalysts,
Ag/13X showed the highest ozone concentration at 5 min, while those obtained with Ag-Fe/13X

and Ag-Cu/13X were slightly lower. Particularly, the co-introduction of silver and manganese
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or cobalt into the zeolite considerably suppressed the formation of ozone. This result is well
correlated with the results in Fig. 45 where higher CO, concentrations were observed with
Ag/13X, Ag-Fe/13X and Ag-Cu/13X than with Ag-Mn/13X and Ag-Co/13X. In addition, the
concentrations of ozone obtained with Ag-Mn/13X and Ag-Co/13X hardly depended on the
discharge time and therefore on the reactor temperature, obviously due to their high activity for
ozone decomposition even at room temperature. The supported manganese and cobalt oxides
have been reported to be excellent ozone decomposition catalysts [81,145]. It is believed that
most of ozone generated by the plasma was destroyed on these metal oxides existing on the
outer surface of the zeolite pellets and in the zeolite macro-pores before reaching the micro-
pores. As discussed above, the ozone diffusion deep inside the zeolite pellets where most of
ethylene is trapped plays a crucial role in the removal of the adsorbed ethylene. In this sense, it
is natural that the use of a metal oxide with high ozone decomposition activity should decrease
the formation of CO,. In comparison, the concentrations of ozone obtained with Ag/13X, Ag-
Fe/13X and Ag-Cu/13X having low ozone decomposition activities at room temperature rapidly
decreased to nearly half with time due to the increase in the reactor temperature.

Here it should be emphasized that the concentration of ozone is not the only factor
affecting the plasma-catalytic oxidation of the adsorbed ethylene. Indeed, the oxidation of
ethylene also largely depended on the oxidation activity of catalysts. As shown in Fig. 49, the
concentrations of ozone obtained with Ag-Fe/13X and Ag-Cu/13X were similar to each other,
and this is the case for Ag-Mn/13X and Ag-Co/13X. Despite the similar concentration of ozone,
significant discrepancy in the evolution of CO, was observed between these catalysts.
Compared to Ag/13X, Ag-Fe/13X was able to retain high ethylene conversion to CO, while
reducing the concentration of ozone, which suggests that Fe,O, had a positive catalytic effect on
the oxidation of the adsorbed ethylene. On the other hand, the presences of other remaining

transition metals were found to decrease the mineralization of the adsorbed ethylene to CO,.
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These observations are consistent with the previous study [78], in which it is reported that the
catalytic activity of a transition metal oxide is closely related to its formation enthalpy. In the
same paper, it is shown that Fe,O3 is the most desirable catalyst for plasma-catalytic oxidation
of diesel particulate matters among TiO,, ZnO, V,0s, Fe;O3, MnO,, Co3;04 and CuO whose
formation enthalpies per oxygen atom are -469.9, -348.3, -310.1, -274.7, -260.0, -222.8, and -
157.3 kJ g-Oaom ™, respectively. The moderate formation enthalpy of F,Os results in a balance
between the oxidation and reduction in the redox catalytic cycle, which is responsible for the

high oxidation activity.

3.4.4. Adsorption and oxidation of ethylene on Ag-Fe(1.5-0.5 %)/13X
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Figure 50. Effect of humidity on ethylene adsorption over Ag-Fe(1.5-0.5 %)/13X (gas flow rate:

1 L min*; inlet ethylene concentration: 270 ppm).
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Taking its high ethylene oxidation rate and low ozone emission into account, Ag-Fe/13X
was chosen as the catalyst for further investigation. The amount of Ag-Fe/13X packed in the
reactor was 45 g, and the Ag and Fe loadings were 1.5 and 0.5%, respectively. The discharge
length corresponding to 45 g of the catalyst was about 150 mm.

The effect of humidity on the dynamic adsorption of ethylene on Ag-Fe(1.5-0.5 %)/13X
is shown in Fig. 50. As can be seen, the complete adsorption time and saturation time
remarkably decreased when water vapor coexisted at 50 % relative humidity, which is obviously
due to the competition of water with ethylene for the adsorption sites. Unexpectedly, the outlet
concentration of ethylene increased beyond the inlet concentration after 260 min and then
started to decease at about 360 min. The inlet concentration of ethylene was then re-checked at
530 and 540 min. The reason behind this unusual behavior can be explained by the replacement
of the adsorbed ethylene by water that is a stronger adsorbate.

In the cyclic treatment, the duration of the plasma-catalytic oxidation step required to
remove the adsorbed ethylene necessarily depends on the previous adsorption step, i.e., the more
the amount of the ethylene adsorbed, the longer the plasma-catalytic oxidation duration required.
Besides, the plasma-catalytic oxidation duration also depends on the applied voltage.

The effect of the applied voltage and adsorption time on the plasma-catalytic oxidation
stage was investigated under dry condition. The voltage was varied from 15 to 17 kV, and the
adsorption time from 60 to 180 min. The gas flow rate and inlet ethylene concentration were
kept at 1.0 L min™ and 270 ppm, respectively. During the adsorption step, the amount of

ethylene adsorbed for 60 min was estimated to be 662.2 umol (or 16.2 mL at 25 °C and 1.0 atm)

and that for 180 min was 1986.6 umol (or 48.6 mL at 25°C and 1.0 atm).
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Figure 51. Effect of applied voltage (a) and adsorption time (b) on product formation with Ag-

Fe(1.5-0.5%)/13X catalyst (gas flow rate: 1.0 L min™; inlet ethylene concentration: 270 ppm).
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Fig. 51 shows the concentrations of the products produced and the ethylene desorbed
during the plasma-catalytic oxidation. When the adsorption time was 60 min, the desorption of
ethylene and formation of CH, and HCHO were not observed by FTIR. Only carbon oxides
were detected. The result in Fig. 51(a) shows that an increase in the applied voltage decreased
the time required to oxidize the adsorbed ethylene. As aforementioned, the long desorption time
of CO, was attributed to its high adsorptivity. In that case, the time that the evolution of CO
ends can be used as a measure for the oxidation time required to remove all the adsorbed
ethylene. As expected, the time required to remove the adsorbed ethylene largely decreased
from 30 to 17 min with increasing the applied voltage from 15 to 17 kV. In addition, the
maximum concentrations of CO and CO; were higher at higher applied voltage, reaching their
peaks earlier. This result is because more electrical energy was delivered to the reactor at higher
voltage, facilitating the formation of reactive species such as ozone. As shown in Fig. 51(b), an
increase in the adsorption time from 60 to 180 min while keeping the applied voltage at 17 kV
caused the desorption of ethylene accompanying with the formation of CH, and HCHO. Besides,
prolonging the adsorption time resulted in longer plasma-catalytic time required for the removal
of the adsorbed ethylene. The time that the evolution of CO ended was delayed from 17 to 33
min when the adsorption time was tripled. It is noteworthy that the threefold increase in the
adsorption time from 60 to 180 min increased the required plasma-catalytic time only twice. In
other words, the energy efficiency for the removal of ethylene increased when the adsorption
time was increased. In fact, the adsorption can last much longer since the ethylene concentration
in real situations such as agricultural storage facility is far lower than the value of this work. The
discharge power corresponding to 17 kV was determined to be 19 W. Based on this discharge
power, it was found that the energy yield for oxidizing the adsorbed ethylene decreased from
34.4 t0 24.4 J umol™ when the adsorption time was tripled. However, longer adsorption duration

produced more CO and other undesirable byproducts like CH, and HCHO. As well, the CO,
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selectivity largely decreased from 8.9 to 2.8 with increasing the adsorption time from 60 to 180
min. Moreover, the global fraction of the adsorbed ethylene converted into gaseous compounds
including desorbed ethylene also slightly decreased from 90 to 87 %. In which, the fraction of
adsorbed ethylene transformed to COy (CO and CO;) was evaluated to be 90 and 80 % with 60

and 180 min of adsorption, respectively.

n-complexes

CO,, 1,0

ico,, 1,0

Figure 52. Schematic diagram of ethylene adsorption and oxidation on Ag-Fe/13X catalyst.

The adsorption and oxidation of ethylene on Ag-Fe/13X is schematically shown in Fig.
52. Owing to the fully filled d orbitals, Ag(l) species can strongly adsorb C,H, and weaken the
C=C bond strength by the m back-donation effect and therefore facilitate the oxidation of
adsorbed ethylene. It has been well recognized that in the course of oxidation, the mobile atomic
oxygen is transferred from the surface of transition metal oxides to silver through the
silver/metal oxide interface, leading to an increase in the total amount of active atomic oxygen

[146]. The spillover of oxygen may compensate the decrease in ozone concentration, allowing

99



high oxidation rate of the adsorbed ethylene. During the oxidation, the active oxygen on the

surface of Fe,Oy can be supplemented by ozone decomposition.

In summary, the dynamic adsorption of ethylene on 13X zeolite-supported Ag and Ag-
MOy (M: Co, Cu, Mn, and Fe), and plasma-catalytic oxidation of the adsorbed ethylene are
investigated in this section. The experimental results show that the incorporation of Ag into
zeolite affords a marked enhancement in the adsorptivity for ethylene. The addition of transition
metal oxides is found to have a positive influence on the ethylene adsorption, except FexOy. The
presence of the additional metal oxides, however, appeares to somewhat interrupt the diffusion
of ozone (the most abundant oxidizing species generated by plasma) into the zeolite micro-pores,
leading to a decrease in the plasma-catalytic oxidation efficiency of the ethylene adsorbed there.
Among the second additional metal oxides, FexOy is able to reduce the emission of ozone during
the plasma-catalytic oxidation stage while keeping a high effectiveness for the oxidative
removal of the adsorbed ethylene. The periodical treatment consisting of a long adsorption time
for enriching dilute ethylene followed by a short plasma-catalytic oxidation time may be a

promising energy-efficient ethylene abatement method.

In order to further enhance the energy efficiency of the cyclic treatment, the effects of
other factors such as adsorbent preparation and reactor configuration are under further
investigation. Impregnation and ion exchange are commonly used techniques to alter the
physicochemical properties of zeolite, differently affecting the nature and dispersion of the
active component and thereby the VOC adsorption capability. Meanwhile, the reactor
configuration will strongly influence the interaction between NTP and catalyst, generation of

reactive species, and energy consumption.
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3.5. Effect of the adsorbent/catalyst preparation method and plasma reactor configuration

on the removal of dilute ethylene from air stream

Redrafted from:

Quang Hung Trinh, Young Sun Mok, Catalysis Today, accepted

doi:10.1016/j.cattod.2015.01.027

3.5.1. Characterization of adsorbent/catalysts

The BET surface areas of the parent and silver modified 13X zeolites are presented in
Table 7. As seen, the surface area was mainly contributed by the micropores (ca. 97 %), and it
decreased by 10.2 and 5.5 % after the impregnation and ion exchange, respectively. The more
significant decrease in the micropore surface area observed with Ag-IM/13X is attributed to the
reduction in the accessibility to micropores by the formation of large silver clusters and particles

that partially blocked the pores [147].

Table 7. Surface areas of parent 13X, Ag-1IM/13X and Ag-EX/13X.

Total surface area Micropore surface area External surface area
Sample
(m* g*) (m* g™ (m* g™
Parent 13X 736.9 715.3 21.6
Ag-IM/13X 664.7 642.5 22.2
Ag-EX/13X 699.6 675.9 23.7

The powder XRD patterns of the parent and silver modified 13X zeolites are shown in Fig.

53. The incorporation of silver by either ion exchange or impregnation did not lead to the

101


http://dx.doi.org/10.1016/j.cattod.2015.01.027

appearance of any new peak corresponding to bulky metal or oxide aggregates of silver,
indicating good dispersions of active component on the support. This is understandable from the

high surface area of zeolite and low metal loading.

I l (c)

Intensity (a.u.)

(a) Parent 13X
(b) Ag-IM/13X
(c) Ag-EX/13X

20 (degree)

Figure 53. The XRD patterns of the parent 13X (a), Ag-IM13X (b) and Ag-EX13X (c).

All main peaks of the parent 13X were also present in the spectra of silver-loaded 13X samples,
suggesting that the structure of 13X was preserved after incorporating silver into the zeolite
matrix. However, a decrease in the diffraction peak intensity and therefore a loss of crystallinity
were observed for both Ag-EX/13X and Ag-IM/13X, revealing the presence of metal species in
the cavities and/or surface of zeolite support. This behavior was also observed in previous

reports [147,148]. The reduction of XRD peak intensity was found to be more significant with
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the ion-exchanged sample than the impregnated one, probably due to the partial dealumination

of 13X during the long-time exchange process [149].

3.5.2. Ethylene adsorption capacities of Ag incorporated zeolites

The ethylene adsorption capability of the zeolite modified with silver was investigated in

terms of complete adsorption time at room temperature without plasma ignition.
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Figure 54. The complete ethylene adsorption time by Ag-IM13X and Ag-EX13X.

As aforementioned in section 3.4.2, the complete adsorption time was defined as the time period
for which the outlet ethylene concentration was less than 1.0 % of the inlet concentration. From
Fig. 54, the bare 13X zeolite exhibited a low ethylene adsorption capability as the adsorbate was
completely detained in it within only 5 min. It has been known that the interaction of charge-

compensating cation with ethylene double bond is responsible for the adsorption of ethylene on
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zeolites [106]. In case of the parent 13X, ethylene is adsorbed via electrostatic interaction with
Na’ ions present in zeolite framework. This physical adsorption is weak and reversible, not
sufficient to detain ethylene inside the pores of zeolite under flowing condition at atmospheric
pressure and room temperature. By incorporating silver into zeolite framework, the complete
adsorption time drastically increased up to 150 and 260 min corresponding to 1226.2 and 2125.5
umol of adsorbed ethylene at 25 °C and 1.0 atm for Ag-IM/13X and Ag-EX/13X, respectively.
This result evidenced that new active sites for the adsorption of ethylene were formed simply by
introducing Ag species into the zeolite matrix. As previously interpreted in section 3.4.2, the
formation of n-complexes of Ag species with ethylene molecules was likely responsible for the
high ethylene uptake by the Ag-incorporated 13X zeolites and for the immobilization of the
olefin in the micropores of the zeolite. In this sense, a fine dispersion of silver particles in
zeolite matrix is important to increase the formation of such n-complexes. The oxides of silver
and other transition metals have been reported to form strong n-complexation bonds with olefins
through the donation of olefin w-bond electrons to the empty s-orbital of the metal and the d-n*
back donation [141,150-153]. Metallic silver with a partially filled 5s orbital cannot gain
electrons from the w-bond of ethylene to form m-complexes. Compared to the impregnation
method, the ion exchange method can allow fine dispersion of silver particles, which can
explain the superior adsorption capacity of Ag-EX/13X to Ag-IM/13X [154,155]. For further

experiments, Ag-EX/13X with the best adsorption capability was used as the adsorbent/catalyst.

3.5.3. Effluent ozone concentration in different reactor configurations

It has been proven that short-lived reactive species are available for the oxidation of
hydrocarbons in the inner pore volume of porous catalysts such as y-Al,O3 and silica in one-

stage configuration [156]. However, the diffusion and subsequent decomposition of ozone on
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the catalyst surface still play important roles and strongly affect the conversion and
mineralization of VOCs to CO, [81,145]. In order to clarify the effect of ozone on the oxidative
removal of the adsorbed ethylene, the concentration of ozone at the outlet of the reactor was

measured with and without pre-adsorption of ethylene.
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Figure 55. Outlet ozone concentration from blank DBD reactor at different applied voltages.

First, the effect of the applied voltage on the formation of ozone was examined with the
blank DBD reactor (without packing) and dry synthetic air. As shown in Fig. 55, the
concentration of ozone depended largely on the applied voltage which was varied from 16 to 20
kV in steps of 2 kV. At voltages of 16~18 kV, the concentration of ozone was almost stable
with time around 90 ppm at 16 kV and around 300 ppm at 18 kV. As the voltage was further

increased to 20 kV, the concentration of ozone increased more than threefold, compared to that
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at 18 kV. However, at 20 kV, the concentration was not stable and decreased from 1000 to 700
ppm, which is attributed to the thermal decomposition arising from the increase of the reactor
temperature. Considering the amount of ozone available for the oxidation of ethylene, the

applied voltage was kept at 20 kV, unless stated otherwise.
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Figure 56. The outlet ozone concentration and temperature with different reactor configurations

without pre-adsorbed ethylene (applied voltage 20 kV).

The dependence of ozone concentration on the reactor configuration and discharge time
is shown in Fig. 56. Plasma was generated in pure synthetic air without ethylene pre-adsorption.
For comparison, the ozone concentration obtained with the blank DBD reactor was also
included. For all the reactor configurations, the amount of effluent ozone gradually decreased
with the time-on-stream because of the thermal decomposition [157]. At the same voltage, the

concentration of ozone greatly varied with the reactor configuration. Particularly, for the two-
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stage configuration, more than 90 % of the ozone formed in the first stage of the reactor was
catalytically decomposed as it passed through the packing region. As seen, the outlet ozone
concentration of the blank reactor remained unchanged at about 700 ppm after 25 min, while
that of the two-stage reactor decreased to 50 ppm after 15 min. This result clearly showed that
most of the ozone generated in the gas phase migrated into the zeolite’s pores to be catalytically
decomposed. The high catalytic activity of the packing material for the decomposition of ozone
has a beneficial effect on the oxidation of VOCs because the atomic oxygen (nascent oxygen)
formed from the ozone decomposition is an effective oxidizing agent [71,156]. Meanwhile, the
amounts of ozone emitted from the one-stage and hybrid reactor did not largely differ from each
other, and were both higher than that of the two-stage reactor. During the first 10 min, the
concentration of ozone in the hybrid reactor was slightly higher than the one-stage reactor due to
the additional ozone generated in the front blank part of the hybrid reactor. However, the
situation was reversed after 15 min, obviously due to the increase in the reactor temperature. As
seen, the temperature of the hybrid reactor was higher than that of the one-stage reactor after 15
min due to the higher discharge power, reaching 107 °C in 30 min. The discharge powers of the
two-stage, one-stage and hybrid reactors determined from the Lissajous voltage-charge figures
were 8.1, 9.5 and 16.9 W, respectively. The concentration of the effluent ozone followed the

order: blank > hybrid =~ one-stage > two-stage.
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Figure 57. Outlet ozone concentration of hybrid reactor with and without pre-adsorbed ethylene

(applied voltage 20 kV).

The variations of outlet ozone concentration of the hybrid reactor with and without pre-
adsorbed ethylene with time are shown in Fig. 57. The concentration of ozone without pre-
adsorbed ethylene decreased with time from 540 to 240 ppm after 30 min. On the other hand,
the amount of ozone emitted from the reactor when ethylene was pre-adsorbed on Ag-EX/13X
for 100 min displayed a different behavior. During the first 15 min, a large portion of the ozone
was directly consumed by the adsorbed ethylene, lowering the outlet ozone concentration and
reaching a minimum of 190 ppm. The concentration of ozone then gradually increased until it
became almost the same as the case without pre-adsorbed ethylene. This result indicated that

ozone was directly consumed by the adsorbed ethylene.
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3.5.4. Formation of products during the oxidation of the adsorbed ethylene

The removal of ethylene from air stream was carried out sequentially, with 100-min
adsorption of dilute ethylene on the Ag-EX/13X followed by plasma-catalytic oxidation of the
adsorbed ethylene. The amount of ethylene adsorbed for 100 min was estimated to be 817.5
umol on the basis of 25 °C and 1.0 atm. The FTIR spectra of the plasma-treated gases for 10
min of discharge are shown in Fig. 58. The carbon-containing products observed in the one- and
two-stage reactors were only carbon oxides (CO and CO,) and no desorbed ethylene. However,
traces of formaldehyde (HCHO) and desorbed ethylene (C,H,) were detected in the hybrid

reactor, as shown in the insets of Fig. 58.
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Figure 58. FTIR spectra of effluent gases at the outlet of two-stage (a), one-stage (b), and hybrid

(c) reactors at 10 min of plasma oxidation.
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At the same applied voltage and treatment time, the hybrid reactor exhibited the highest
intensities of CO and CO,, indicating its high performance in the oxidation of the adsorbed
ethylene. The formation of HCHO along with the desorption of C,H, suggests that HCHO was
formed favorably in plasma gas phase mainly by radical destruction of gaseous ethylene
molecules through the reaction (R 51) (section 3.4.3) and following reaction [48,142]:

C,H, + "OH—CH,0+ "CH, (R 54)
At the same reactor temperature, desorption of C,H, was observed only with the hybrid reactor,
which can be ascribed to the fast oxidation of the adsorbed ethylene to carbon oxides and water.
The produced carbon oxides and water then compete with the ethylene for the adsorption sites.
The adsorptivities of carbon oxides and water vapor on the zeolite are greater than that of
ethylene, and it is natural that they should replace the adsorbed ethylene.

Figure 59 shows the concentration of CO, during the oxidation step with three reactor
configurations. As seen, the two-stage reactor hardly emitted any CO, during the first 10 min.
After that, the concentration of CO, gradually increased up to 550 ppm, and then followed a
slow decreasing trend. This result indicates that in the absence of the plasma-induced short-lived
species (such as O(*D), OCP) and OH radicals), ozone was diffused from the plasma phase and
subsequently decomposed on the catalyst surfaces to form atomic oxygen, which in turn
oxidized the adsorbed ethylene to CO,. Nevertheless, the CO, concentration at the outlet of the
one-stage reactor rapidly increased and reached a maximum at about 1150 ppm within the first
10 min of oxidation. Although the generation of ozone was less effective in the one-stage
reactor due to its low gas phase volume, the short-lived oxidizing species were probably
available in the inner pores of the zeolite to involve in the oxidation of the adsorbed ethylene. In
addition, the higher CO, production in the one-stage reactor than in the two-stage reactor at the
same applied voltage within 50 min also suggests the participation of the short-lived species in

the oxidation process. The electrical discharges might hardly occur within the zeolite micro-
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pores that are on angstrom scale, therefore, direct formation of the short-lived species could be
neglected. However, since the short-lived species could be stabilized on the catalyst surface, it is
expected that they would diffuse from the gas phase deep into the micro-pores of the zeolite

[156].
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Figure 59. CO; concentration with different reactor configurations (adsorption time 100 min,

applied voltage 20 kV).

Interestingly, the hybrid reactor exhibited a different behavior compared to the former
configurations where the CO, concentration drastically increased up to around 2800 ppm after
10 min and then quickly decreased at the same rate. While the CO, concentration curves of the
one- and two-stage reactors had long tails with more than 50 min, the emission of CO, for the

hybrid reactor almost finished within 20 min. It is noteworthy that the discharge power of the
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hybrid reactor was only about two times higher than those of the one- and two-stage reactors,
resulting in lower energy consumption. Based on 20-min plasma oxidation time, the
mineralization efficiencies of the two-stage, one-stage and hybrid reactors were estimated to be
10, 42, and 63 % respectively. The fast temporal evolution of CO, concentration for the hybrid
reactor clearly showed the synergistic effects of the one- and two-stage configurations along
with the effective utilization of ozone, formed in the first blank stage and the short-lived species,

generated in the second packed stage for oxidation of the adsorbed ethylene.
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Figure 60. The CO concentration for different reactor configurations (adsorption time: 100 min,

applied voltage: 20 kV).

A similarity in the evolution of CO was observed, as shown in Fig. 60. The two-stage

reactor started emitting CO only after 5 min of oxidation. However, CO was detected at the
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outlet of both the one-stage and hybrid reactors soon after plasma initiation. It was noted that
during the oxidation step, the emission of CO from the one-stage reactor was less than that from
the two-stage reactor. The high production of CO; along with low CO content of the one-stage
reactor indicates that the complete oxidation of VOCs occurred when the catalysts were directly
exposed to plasma discharges even with zeolite support whose micro-pores might not be

sufficiently large enough for the plasma to sustain.
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Figure 61. Contributions of C-containing products produced in hybrid reactor by plasma and

thermal treatment to the carbon balance.

The contributions of C-containing products to the carbon balance for the hybrid reactor
are shown in Fig. 61. The adsorbed ethylene was mainly converted into COy with a fraction of
76 % within ca. 30 min of plasma discharges. Meanwhile, desorbed ethylene accounted for only

about 4 % of the total carbon. After the oxidation step, the reactor was thermally treated at 350
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°C using an electrical furnace. The C-containing species detected at the reactor outlet during

post-thermal-treatment was only CO,, which made up about 17 % in the carbon balance.

3.5.5. Multi-cycle treatment of ethylene-contaminated air using the hybrid reactor
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Figure 62. Outlet ethylene concentration during five cycles of treatment.

The variations in the ethylene concentration at the outlet of the hybrid reactor during five
consecutive cycles of treatment are shown in Fig. 62. The experimental conditions were the
same with those described in Fig. 60. Each cycle included a 100-min adsorption step followed
by a 32-min plasma oxidation step. As seen, there was no significant deactivation of the
adsorbent/catalyst during the five cycles corresponding to 11 h of treatment. Complete
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adsorption of ethylene was observed for all five adsorption steps. In addition, the outlet
concentration of ethylene at 10 min of the sixth adsorption step was checked and still remained
smaller than 1.0 % of the initial concentration. Unexpectedly, the desorption of ethylene took
place in the plasma oxidation steps. However, the amount of ethylene desorbed did not excess 4 %
of total ethylene adsorbed. Based on the first cycle, the energy efficiency was estimated to be ca.

2.4 g (kwh)™.

In summary, 13X zeolite-supported Ag was employed as the dual-functional
adsorbent/catalyst for the plasma-catalytic abatement of dilute ethylene. The adsorbent/catalyst
prepared by ion exchange (Ag-EX/13X) exhibited better adsorption capability than the parent
13X and Ag-IM/13X prepared by impregnation method. The oxidative transformation of the
adsorbed ethylene was then performed by using three different reactor configurations such as
one-stage (i.e., adsorbent/catalyst in direct contact with plasma), two-stage (i.e.,
adsorbent/catalyst located downstream of the plasma region) and the combination of the two
(hybrid). The oxidation of the adsorbed ethylene to CO, in the two-stage configuration can be
explained by the diffusion of ozone into zeolite micro-pores, which was, however, much slower
than in the one-stage and hybrid configurations. When compared at identical applied voltage of
20 kV (inlet ethylene: 200 ppm; adsorption time: 100 min; plasma oxidation time: 20 min), the
mineralization efficiency of the hybrid reactor was greater than the sum of those of one- and
two-stage reactors, i.e., 63, 42, and 10 %, respectively. Using the hybrid configuration, ozone
and other reactive species were more effectively produced, thereby shortening the oxidation
time of ethylene and therefore achieving a higher energy efficiency which was evaluated to be

ca. 2.4 g (kwh)™.
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CHAPTER 4: ASTUDY ON SCALING UP OF PLASMA REACTOR

4.1. Introduction

In designing a robust NTP reactor to be industrially used for VOC abatement, the scaling
up reactor is an important and difficult task. In which, effect of scalability on the reactor

performance (e.g., energy transfer and VOC decomposition efficiencies) should be investigated.

In this chapter, a one-stage plasma-catalysis reactor similar to one described in Section
2.2.6 was used as a standard reactor. In which, the 50 mm-long plasma region was fully packed
with y-alumina. The use of y-alumina instead of 13X zeolite aimed to reduce VOC adsorption
for continuous plasma treatment test. Ethylene with a concentration 1660 ppm in dry air was

used as a model VVOC.

Inlet Outlet
—> Reactor 1 [——> —1 Reactor 1 |
Inlet Outlet
—> Reactor 1 || Reactor 2 [ ——> Reactor 2
— > Reactor 1 |{ Reactor 2 || Reactorn ——> — Reactorn |[—
Scale up in series Scale up in parallel

Figure 63. Scaling up of plasma reactor.

The reactor was scaled up in either series or parallel by varying the number of standard
reactors, n, from 1 to 3 (see Figure 63). The scaled-up reactor was energized by one AC power

supply at a frequency of 400 Hz. To investigate the scale-up effects, the inlet gas flow rate was
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increased from 0.7 to 1.4 and 2.1 L min™ as the number of standard reactors increased from 1 to
2 and 3, respectively. The electrical and gas concentration measurements are previously

described in Chapter 3.

4.2. The behaviors of scaled-up reactor

4.2.1. Equivalent electrical circuit

For electrical analysis, each standard reactor could be simply treated as a capacitor, Cs
(Fig. 64). This capacitor comprises two components connected in series, i.e., Cq, formed by gas-
pellet layer and C4 formed by dielectric layer. In fact, when plasma proceeds, the equivalent
circuit of the reactor includes not only capacitor but also resistor formed by electrical discharges
[34].

Gyl

= (E 11)
Cgp +C,

As the reactor was scaled up in series, the reactor length was directly proportional to the
number of standard reactors and therefore, the capacitances of the gas-pellet and dielectric
layers were nCq, and nCy, respectively. The capacitance of the scaled-up reactor (in series),
Ceseries, 1S calculated as follows:

nC,xnC, _ C,C,
SeeS T nC. +nC _nC +C
ap d gp d

(E 12)

As the reactor was scaled-up in parallel, the equivalent circuit contains n capacitors Cs
connected in parallel and therefore, the equivalent capacitance Cparael 1S calculated by following

equation:
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Parallel — S C + Cd
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Figure 64. Equivalent circuit of NTP reactor as scaled up in series and parallel.

From equations E 12 and 13, the equivalent capacitance of the reactor does not depend on the
way reactor is scaled up (i.e., in series and parallel). In fact, there were no obvious differences in

the experimental results obtained for the two cases.

4.2.2. Discharge power

Figure 65 shows the discharge power as a function of the applied voltage and number of
standard reactors. The discharge power increased linearly with increasing the applied voltage
simply because the higher the applied voltage, the stronger the average electric field between the

two electrodes. It is natural that at the same applied voltage, the multiplication of the standard
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reactor led to more discharge power and therefore dissipated energy because the discharge

volume of scaled-up reactor was also multiplied.

35 35
® n ® n (b)
304 HE n 30{ W n
A n A n
2 251 25 -
@
2 20 20
o
o)
2 15 - 15 A
©
=
8
a 197 " /
5 1 5 1
0 ; ‘ . . 0 T . .
15 16 17 18 19 20 16 17 18 19 20
Applied voltage (kV) Applied voltage (kV)

Figure 65. Discharge power of DBD packed-bed reactor scaled up in series (a) and parallel (b).

4.2.3. Energy transfer efficiency

The energy efficiency is defined as the percentage ratio of the discharge power to the
input power recorded on the power source. The energy transfer efficiency of the scaled-up
reactor is plotted as functions of applied voltage and number of standard reactors (Fig. 66). An
increase in the applied voltage slightly increased the energy transfer efficiency. Meanwhile,
scaling up the reactor is effective for getting high energy transfer efficiency. Larger-sized
reactors had higher energy transfer efficiencies. For example, at an applied voltage of ca. 19 kV,
the energy transfer efficiency was ca. 20, 30 and 40 % for n = 1, 2 and 3, respectively. From
practical point of view, a system with high efficiency of energy transfer from power source to

the reactor is desirable.
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Figure 66. Energy transfer efficiency of DBD reactor as scaled up in series (a) and parallel (b).

4.2.4. Specific input energy

1200 1200
1000 - 1000 -
800 - 800 -
"
2 600 - 600 -
w
n
400 - 400
® n=1 " ® n=1
200 - H n=2 200 - H n=2
A n=3 A n=3
0 . T ; T 0 . T ‘ r
15 16 17 18 19 20 15 16 17 18 19 20
Applied voltage (kV) Applied voltage (kV)

Figure 67. Applied voltage dependence of SIE of DBD packed-bed reactor scaled up in series (a)
and parallel (b).
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The specific input energy is an important parameter to be considered when scaling up the
plasma reactor because it is related to the operating cost of the treatment process. The applied
voltage dependence of SIE of the reactors is shown in Fig. 67. Although the discharge power
and energy transfer efficiency increased with increasing the number of standard reactors, the

SIE hardly depended on the scale of reactor and increased linearly with the applied voltage.

4.2.5. VOC decomposition efficiency
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Figure 68. SIE dependence of VOC decomposition efficiency of DBD packed-bed reactor
scaled up in series (a) and parallel (b).

From Fig. 67, the SIE could be considered to be independent on the scale of reactor.
Thus, to investigate the scale up effect on the reactor performance in terms of VOC removal, the
VOC decomposition efficiency was evaluated as a function of SIE. As seen from Fig. 68, all
experimental results seem to locate on the same curve, regardless of the number of standard
reactors or reactor size. In other words, the scale up of reactor did not affect the SIE and VOC

decomposition efficiency. Based on the results obtained with the standard reactor, one can
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predict the amount of energy needed and size of the real reactor to treat a polluted gas with

known VVOC concentration and flow rate.

In summary, the scale-up effects on the DBD packed-bed reactor performance were
studied in this chapter. Generally, there was no obvious difference in the results as the reactor
was scaled up in series and parallel. The large-sized reactor was effective for the energy transfer
efficiency. However, the SIE and VOC decomposition efficiency were independent on the size
of reactor. The energy required and reactor size to treat a gas with known VOC concentration
and flow rate therefore could be predicted from the results obtained for the standard reactor.
From the required input energy, the power source should be designed to match with the reactor,

in order to gain high energy transfer efficiency.
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CHAPTER 5: CONCLUSIONS

In this thesis, the combination of NTP with catalysis and catalysis/adsorption has been
investigated for VOC abatement towards enhancing the VOC decomposition and energy

efficiencies.

The experimental results have confirmed the great potential of NTP as an effective tool

for end-of-pipe waste gas treatment. By producing various reactive species such as OH, O(*D),
O(D), O3 and N, NTP is able to transform VOCs into simpler and less harmful compounds

(e.g., HCHO, COy and H,0) under mild conditions of temperature and pressure. The coupling
of NTP with appropriate catalysts brings synergetic effects in terms of improving VOC
decomposition efficiency and reducing formation of byproducts. Meanwhile, the combination of
NTP with catalysis/adsorption in a cyclic treatment largely enhances the energy efficiency of the

process.

From this thesis, it is possible to conclude that the one-stage combination of NTP with
an ozone decomposing catalyst is not advantageous for treatment of ozone-reactive VOCs
because a major part of plasma-induced ozone is rapidly catalytically decomposed in plasma to
molecular oxygen without participation in the VOC oxidation. In such a case, the generation of
ozone in plasma stage is crucial for oxidative transformation of VOCs and the use of ozone
decomposing catalyst for ozone recycle is effective in the post plasma region. However, as
dealing with persistent compounds (e.g., acetone), the activity for ozone decomposition of
catalyst to produce more reactive species, namely atomic oxygen becomes important and

positively affects the removal of VOCs.

The combination of adsorption with plasma-catalytic oxidation for VOC abatement is

very efficient in the sense of energy consumption and ozone emission, especially at low VOC
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concentrations. The adsorption of VOCs on zeolite strongly depends on the physicochemical
natures of both VOCs and zeolite and it can be greatly enhanced by proper modification of
zeolite with transition metals using impregnation or ion exchange methods. In the cyclic process,
NTP is able to regenerate the adsorbent by oxidative desorption of adsorbed VOCs without
external heating. Both ozone and short lived-species produced in plasma play important roles in
the catalytic oxidation reactions. The short-lived species are believed to be stabilized on the
catalyst surface and diffuse deep into the micro-pores of zeolite to oxidize adsorbed VOCs.
Ozone also takes part in the oxidative transformation of adsorbed VOCs into COx and H,0. A
reactor which has a sufficient volume fraction of plasma gas phase is favorable to effectively
produce ozone for catalytic oxidation of VOCs adsorbed within zeolite micropores. In
comparison with a reactor operating under continuous plasma conditions, the cyclic plasma
reactor working under a long-time adsorption step followed by a short-time oxidation one is

beneficial for achieving the high energy efficiency.

It is drawn from the investigation of scaling up a NTP reactor that the specific input
energy and VOC decomposition efficiency do not depend on the reactor size as well as the way
reactor scaled up (i.e., in series or parallel). Based on these results, the input energy and reactor
size can be predicted, and therefore it is possible to design a NTP reactor for treatment of a
specific gas stream with known VOC concentration and gas flow rate. From the required input
energy, the power source should be selected to match with the designed NTP reactor in order to

gain the highest energy transfer efficiency.
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