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Abstract—Nonthermal plasma (NTP) coupled with catalysis is a promising technique for the abatement of dilute vol-
atile organic compounds (VOCs), because it is operable under mild reaction conditions, ie., low temperature and
atmospheric pressure. This review addresses the mechanistic aspects of catalyst activation by NTP, such as the genera-
tion and fixation of reactive species, facilitation of redox cycles, photocatalysis, and local heating, to clarify the com-
bined effects of plasma and catalysis. The plasma-catalytic removal of VOCs preferentially requires the catalyst to have
a large specific surface area, high surface oxygen storage capacity, and to be highly reducible. The energy consumption
and deactivation of catalysts are considered by comparing continuous and cyclic operations in terms of specific input
energy, VOC removal and energy efficiencies, and byproduct formation. Based on the information in the literature, a
plasma-catalytic system operating in cyclic adsorption-oxidation mode is recommended for the treatment of air con-
taminated by dilute VOCs. Finally, the effects of NTP on the regeneration of deactivated catalysts are also discussed.

Keywords: VOCs, Nonthermal Plasma, Catalyst, Plasma-catalysis, Cyclic Treatment, Mechanisms

INTRODUCTION

One of the major challenges in environmental catalysis is the abil-
ity to perform the oxidation of volatile organic compounds (VOCs)
at low temperatures. Compared to thermal oxidation (incinera-
tion), catalytic oxidation can largely decrease the operating tem-
perature by lowering the activation energy barrier; however, the
optimum temperature range for catalytic oxidation remains high
at a few hundred degrees Celsius [1]. The most recent method for
the low-temperature oxidation of VOCs is the plasma-catalyst
combined process. Unlike thermal or catalytic oxidation, the plasma
process operates at low temperatures, as the reaction rate is primar-
ily determined by energy input, rather than by the reaction tem-
perature.

Even though plasma-catalyst processes have many advantages
over conventional catalytic systems, there are several problems that
need to be resolved before practical implementation. Important
issues surrounding the use of a plasma-catalyst may include energy
consumption, formation of unwanted byproducts, catalyst prepa-
ration, and long-term stability. Addressing the issue of energy con-
sumption more effectively requires us to pay attention to the op-
eration mode and impedance matching between the plasma reac-
tor and power source. Unfortunately, plasma species decompose
VOC:s at random, and the selectivity toward the desired product is
not satisfactory. This requires unwanted byproducts other than
CO, to be minimized to an acceptable level. In addition, the choice
of catalytic materials and reduction method could also affect plasma-
catalytic activity to a greater or lesser extent. Besides, the decom-
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position of VOCs using plasma may give rise to the deposition of
polymer-like compounds on the catalyst, which may seriously affect
the long-term stability of the catalyst. This review addresses sev-
eral key aspects of plasma-catalyst combined processes such as the
types of catalysts suitable for use together with plasma, plasma-
mediated reduction of catalysts, catalyst activation mechanisms,
energy-saving techniques through the cyclic operation of the plasma-
catalytic reactor, and the in-situ regeneration of deactivated cata-
lyst using plasma.

PLASMA-CATALYTIC REACTOR SYSTEMS
FOR ENVIRONMENTAL APPLICATIONS

1. Principle of Dielectric Barrier Discharge

Non-thermal plasma (NTP) or partially ionized gas consisting
of various species such as energetic electrons, ions, radicals, excited
molecules and atoms, and neutral molecules is characterized by its
thermal non-equilibrium state, in which the temperature of elec-
trons (1-10 eV) is much higher than that of ions and neutral spe-
cies [2,3]. Dielectric barrier discharge (DBD) is an easily available
method commonly used to generate NTP at atmospheric pres-
sure. Typical arrangements of a DBD plasma generator are shown
in Fig. 1. At least one insulating layer is present in the gap between
the high voltage and ground electrodes as a dielectric barrier [4].

Numerous microdischarges occur when the voltage across the
gas gap exceeds the gas breakdown voltage, featured by processes
of electron multiplication, excitation, dissociation, ionization, and
space charge accumulation. The presence of dielectric layers limits
the amount of charge and energy imparted to an individual micro-
discharge, thereby distributing the microdischarges over the entire
electrode area. Unlike corona discharge, DBD is destined for appli-
cations of large volume plasma chemistry such as ozone genera-
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Fig. 1. Arrangement of typical DBD plasma reactors.

tion, surface treatment, and air pollution control [4,5].
2. Plasma-catalytic Reactor Systems for Environmental Appli-
cations

To date, various designs of plasma-catalytic reactors have been
studied. Generally, there are two types of combined plasma-cata-
lyst processes, ie., catalyst-in-plasma and catalyst in post-plasma,
also known as one-stage and two-stage configurations, respectively.
Obviously, catalyst-in-plasma is more effective in most environ-
mental application cases, because the catalyst is in direct contact
with the plasma and air contaminants entering the reactor for oxi-
dation to carbon dioxide and water vapor by plasma-activated
catalysis. Catalysts intended for combination with plasma can be
either pellets or monolithic [6-9]. In general, a packed-bed reactor
provides more effective contact between the reactant and catalyst
than other types of reactors, but the pressure drop across the reac-
tor is necessarily high. The merit of monolithic reactors is the low
pressure drop across the reactor [10]; however, the contact be-
tween the reactant and catalyst surface is often less than desirable.
Clearly, there is a tradeoff between the merits and demerits for
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Fig. 2. Equivalent electrical circuit and Lissajous figure of an un-
packed DBD plasma reactor (Cp: capacitance of dielectric,

Cg: capacitance of gas gap and C;: equivalent capacitance of

C, and C; connected in series).

March, 2016

each type of reactor.
3. Power Measurement Using Lissajous Q-V Figure

One of the most important aspects when considering plasma
for environmental application is the energy consumption. The
energy consumed by a DBD plasma reactor during one voltage
cycle is commonly determined as the area of a Lissajous figure
that shows the flowing charge Q as a function of the applied volt-
age V [11]. The equivalent electrical circuit for an unpacked DBD
reactor is shown in Fig. 2(a). Without plasma discharges, the reac-
tor merely consists of a capacitance series of C; and Cp. As the
plasma discharge is triggered, the resistance of gas gap Rg is taken
into account. In the majority of DBD applications, the shape of the
Lissajous figure is close to that of an ideal parallelogram [5], in
which the BC and DA sides with a slope of dQ/dV=C,, corre-
spond to two discharge periods during a voltage cycle (Fig. 2(b)).
The average power dissipated during discharge can be calculated by
multiplying the area with the frequency or using Manley’s equa-
tion [12,13]:

CotC
P=41CoV (Vi < 2v,),
D

)
where f, V,, and V., are the frequency, onset, and peak values of
the applied voltage, respectively.

For a packed-bed reactor, the discharge power can be calcu-
lated by using a Lissajous V-Q figure in the same way as with the
unpacked reactor. However, the use of Manley’s equation requires
addition of the capacitance of the packing layer. Thus, according to
Eid et al. [14], the calculation is facilitated by replacing the pack-
ing material with an equivalent dielectric material with the same
dielectric constant and filling a region near the high voltage (HV)
electrode, as shown in Fig. 3(a). This equivalent region of packing
material is calculated based on the total weight of the packing
material and its density. The electrical circuit without plasma turns
into a series of Cp, and the equivalent capacitances of packing mate-
rial Cp and gas gap C;; (Fig. 3(b)). In principle, these capacitances
are calculated as follows:

2re,g., L
o )

P In(R,/R;)’

2R,
2R,
&

Ground electrode

HV electrode
Dielectric layer Igmtlon
AC® D—Ij Relt)
- Equivalent
pellet layer
Equivalent {
gas gap
b =
(a) (b)

Fig. 3. Equivalent model and electrical circuit of a packed-bed reac-
tor.
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where ¢, is the permittivity of free space (8.854x10*Fm™), 5, is
the relative permittivity of packing material, &, is the relative per-
mittivity of the dielectric, and L is the active length of the reactor.
4. Generation of Reactive Species

In NTP generation by electrical discharge, substantial part of the
electrical energy input is spent to energize electrons rather than to
heat the entire bulk gas. The hot (or energetic) electrons can trig-
ger many chemical processes such as dissociation, excitation, and
ionization of molecules. As a consequence, various reactive species
such as OH, O, and N radicals; excited N, and O™ and O; ions are
formed [15]. Their highly reactive properties enable these species
to rapidly recombine or react with bulk gas molecules. The recom-
bination of radical and neutral species can also lead to the forma-
tion of some additional radical species and reactive molecules (e.g.,
0,, HO,, and H,0,) [16].

PLASMA-CATALYSIS MECHANISMS

Generally speaking, catalyst activation refers to the breaking of
a chemical bond on the catalyst surface. In the presence of plasma,
a catalyst can be activated in various ways; hence, we cannot explain
plasma-catalysis with one or two mechanisms. As many research-
ers have reported, plasma-catalysis provides an alternative reaction
pathway with lower activation energy. In a plasma-catalytic system,
the activation energy can be provided by fast electrons, radicals,
photons, and heat, and which of these mechanisms is dominant will
depend on the type of catalyst, reactants, reaction condition, etc.
1. Generation of Surface Oxygen Atom

In thermal catalysis, the dissociative adsorption of oxygen occur-
ring at high temperature can explain the generation of active oxy-
gen on the surface. In fact, many catalytic oxidation reactions begin
with the generation of active oxygen in this way. On the other
hand, the exposure of a catalyst to plasma results in the highly
reactive species generated by the plasma, such as fast electrons and
radicals, to break the oxygen bond to produce active oxygen. It has
been stated that electron-assisted surface processes, including elec-
tron-induced dissociation of adsorbed oxygen molecules, create
the majority of the oxygen ions involved in the formation of an
oxide on a metal surface immersed and floating in oxygen plasma
[17]. In the presence of a catalyst, the electric field close to its sur-
face is enhanced compared to the field in the stream channels,
thereby leading to an enhanced production of O atoms. Those O
atoms involved in surface reactions, due to their short lifetime, are
required to be produced on or near the surface of the catalyst
[18,19].
2. Fixation of Reactive Species on the Surface

Extension of the lifetime of reactive species generated in the
plasma gas phase by adsorption on the surface can promote oxi-
dation reactions. In the gas phase, the lifetime of reactive species
such as O and OH radicals is extremely short because of rapid
recombination, and not all the oxidative radicals generated by

plasma are used for VOC decomposition. In comparison, when O
and OH formed in the gas phase are adsorbed on the surface,
their effective lifetimes substantially increase. In this sense, the re-
moval of VOC would be expected to be more effective on the sur-
face than in the gas phase.

Guaitella et al. investigated atomic adsorption on TiO, and SiO,
particles exposed to plasma and found that the plasma-induced
oxygen atoms that were grafted to the oxide surface remained long
after plasma exposure. These bounded O atoms were able to oxi-
dize C,H, under normal conditions without exposure to plasma
or UV light [20]. The deposition of O atoms on a Pyrex discharge
tube pretreated by RF plasma was also confirmed via monitoring
the transformation of NO to NO, in a post-plasma experiment
[21]. The surface density of atomic oxygen on the Pyrex surface
was estimated to be ca. 2x10™ cm ™ at an injected power of 30 W
under low-pressure conditions (0.53 mbar). Separately, Kim et al.
[22] experimentally studied the plasma-induced fixation of gas-
phase oxygen on the surface of several catalysts at atmospheric
pressure using isotopically labeled molecular oxygen (**0,). It was
found that NTP is able to fix oxygen species onto the surface of
the catalyst. The adsorbed "*O-labeled oxygen species were found
capable of surviving for a certain period of time (about 30 min),
and are easily activated by subsequent plasma discharge for partic-
ipation in oxidation reactions. The existence of both adsorbed
atomic and molecular oxygen on a MnO, catalyst immersed in
DBD plasma was reported by Guo et al. [23] using X-ray photo-
electron spectroscopy (XPS). The binding energies (BE) assigned
to adsorbed O and O, were 531.0+0.5 and 532.6+0.5 €V, respec-
tively.

Investigation of the NTP regeneration of isopropyl alcohol
(IPA) saturated titania (TiO,) under the influence of humidity led
Sivachandiran et al. [24] to observe that the mineralization and
carbon balance were greatly improved by increasing the air rela-
tive humidity (RH). According to the authors, OH radicals gener-
ated by humid air plasma became chemisorbed onto TiO,, leading
to re-hydroxylation of the TiO, surface and, consequently, the oxi-
dation of adsorbed IPA. Similar behavior in CO, selectivity and
material balance was reported by Zhu et al. [25] who studied the
continuous plasma-catalytic decomposition of acetone (CH,CO-
CHs,). However, there is an optimum level of RH (10% in Ref. [25]
and 20% in Ref. [26]) for VOC decomposition efficiency, since
high RH inhibits the formation of energetic electrons because of
water adsorbing onto the catalyst and blocking active sites. Quan-
tities of OH radicals in the plasma gas phase and catalyst surface
can be estimated by using salicylic acid (SAL) as an OH scaven-
ger [23,27]. It was reported that, at a specific input energy (SIE) of
62.5Wh m™ or 225] L', the amount of gaseous OH radicals in
the presence of MnO,/ALO,/Nickel foam was much less than that
in the absence of the catalyst, namely 17.04x10" cm ™ and 111.38x
10" cm™, respectively [23]. A large portion of OH radicals evalu-
ated to be 89.14x10" cm ™ were found to adsorb on the catalyst
surface and to be responsible for the enhanced VOC removal effi-
ciency.

The adsorption of reactive species as well as VOCs on a cata-
lyst generally depends on the nature of its surface and its porosity.
The effect of catalyst porosity on the plasma-catalytic oxidation of
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Fig. 4. Effects of catalyst porosity on decomposition efficiencies of
ethylene [28] and acetone [29].

ethylene (C,H,) and acetone was examined by Gandhi et al. [28]
and Zheng et al. [29]. Their experiments clearly showed that the
introduction of an adsorbent into plasma discharge largely im-
proved the VOC decomposition efficiency (DE). As seen from Fig,
4, the introduction of porous alumina with a large surface area
decomposed more VOC:s than the cases of non-porous materials,
such as glass and non-porous alumina, due to the extension of the
lifetime of reactive species by adsorption. Moreover, the use of
porous alumina could successfully avoid the formation of partially
oxidized byproducts (e.g., acetaldehyde and formaldehyde), as well
as minimize the emission of ozone and nitrogen oxides. Similar to
reactive species, VOC molecules can also be fixed onto the sur-
face. In the gas phase, molecules have random motions; on the
other hand, a molecule adsorbed on the surface vibrates at a fixed
position and is more likely to be attacked by the reactive species
[28]. Zhu et el. [30] investigated the oxidation of formaldehyde
(HCHO) by plasma catalysis over a series of Cu-Ce oxides (with
different Cu/Ce ratios) and found that the specific surface area
(Sper) and pore volume of catalysts followed the same order as the
HCHO decomposition efficiency and CO, selectivity (percentage
ratio of CO, to total amount of CO and CQO,): CulCel>Cu3Cel>
CulCe3>CeO,>CuO. By extracting data from the figures given in
Ref. [30] at a certain SIE, the above catalytic performances are
found to almost linearly increase with increasing Syz;- (Fig. 5). This
implies that adsorption is a crucial step in plasma catalysis. As
pointed out by Kim et al. [31], surface reactions dominate the
plasma-catalytic decomposition of VOCs, which follows zero-
order kinetics. In fact, not only the textural properties but also
other factors such as the surface chemistry and morphology of a
catalyst also influence its activity, especially toward CO, selectivity.
These aspects will be discussed in the subsequent sections.

Beside the above short-lived species, ozone also plays an import-
ant role in the low-temperature activation of catalysts. In the pres-
ence of oxygen, plasma discharge necessarily produces ozone.
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Fig. 5. Formaldehyde (57.7 ppm) decomposition efficiency and CO,
selectivity as functions of BET surface area at an SIE of 400 ]
L' (data extracted from the figures given in Ref. [30]).

Ozone can readily be destroyed on the catalyst (MnO,, CuO, Ag,
etc.) to generate the more reactive oxygen atom [32-35]. Note that
the oxidation potential of atomic oxygen is far higher than that of
ozone. The surface decomposition of ozone into atomic oxygen
on a manganese oxide catalyst has been well established by Li et al.
[36]. As proposed by the authors, the process is initiated by the
dissociative adsorption of ozone on the catalyst surface, generating
adsorbed oxygen atoms, which in turn react with gaseous ozone to
form diatomic oxygen. The mechanism is summarized as follows:
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Fig. 6. Effects of ozone decomposition catalysts on decomposition
of different VOCs in one-stage reactor (data given in Ref. [44],
[45] and [48] for DCM, DEE and acetone, respectively).
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where the * symbol represents an active site. Many researchers have
reported the synergistic effects of plasma and ozone decomposi-
tion on catalyst combination, especially in post-plasma configura-
tion [37-43]. However, the direct exposure of an ozone decomposi-
tion catalyst to plasma is not recommended in terms of VOC re-
moval efficiency in the case of various VOCs such as dichlorometh-
ane (DCM), diethyl ether (DEE) and ethylene [44-46]. As shown
in Fig. 6, the introduction of a Ba-CuO-Cr,0,/AL,0; catalyst for
destroying ozone in plasma did not lead to the enhanced decom-
position of DCM compared to plasma alone. Even worse, in the
presence of cordierite supported Mn-Fe mixed oxide, the decom-
position efficiency of DEE substantially decreased compared to
that of bare cordierite, which did not display any catalytic activity
toward ozone destruction. Presumably, under plasma conditions, a
portion of O; produced on or in the vicinity of the catalysts is rap-
idly decomposed catalytically to O, without any contribution to
VOC oxidation. Nevertheless, this enhancement effect for ozone
decomposition catalysts was often observed for acetone decompo-
sition in a one-stage reactor [25,47,48]. Unlike acetone, though,
the former VOCs are more reactive even with gaseous ozone.
There is a trade-off between the amount of atomic oxygen pro-
duced from ozone decomposition and that of ozone formed for
directly oxidizing VOCs. Selecting an appropriate catalyst and reac-
tor configuration is therefore important for achieving high VOC
removal efficiency.

Although the diffusion and stabilization of short-lived species as
well as the ignition of plasma within catalyst micropores are not
well understood, the extent to which ozone is able to access the
pores apparently affects the reaction performance. Huang et al. [49]
investigated the removal of toluene by plasma-driven catalysis using
various types of zeolites at atmospheric pressure and room tem-
perature. Their experimental results showed that carbon balance
and CO, selectivity followed the same order of pore size, HY>
Hp>HZSM-5>5A, which was opposite to the ozone emission.
The toluene removal efficiency was observed to be slightly differ-
ent in the following the order: HS>HY>HZSM-5>5A. Among
the catalysts used, 5A zeolite had the smallest pore diameter of
about 5 A, which is insufficient for the diffusion of ozone (5.8 A)
and toluene (5.85 A). Meanwhile, other zeolites with larger pore
sizes allowed additional reactants to access the micropores and
subsequently react on the internal surfaces. Silver loaded onto HY
zeolite accelerated ozone decomposition, acting as O reservoir for
the deep oxidation of toluene.

3. Facilitation of Redox Cycle

A transition metal oxide catalyst repeats its oxidation and reduc-
tion in cycles. In traditional thermal catalysis, molecular oxygen is
involved in the re-oxidation of the catalyst in the redox cycle. In
comparison, under plasma discharge, highly reactive O atoms are
also involved in the re-oxidation, leading to an enhanced oxida-
tion capability. Yamamoto et al. [50] investigated the influence of
different transition metal oxides on the plasma oxidation of diesel
particulate matter (PM). Four metal oxides (TiO,, ZnO, V,0s, and
especially Fe,O;) have positive catalytic oxidation rates under plasma
discharge, whereas MnO,, Co;0,, and CuO show negative cata-
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Fig. 7. PM oxidation rate and formation enthalpies of metal oxide
catalysts (discharge power: 1.0 W, gas flow rate (10% O, with
N, balance): 0.5L min’, reactor temperature: 200 °C, data
extracted from Ref. [50]).

lytic oxidation rates compared to that of plasma alone (Fig. 7). It is
generally recognized that the formation enthalpy of metal oxide
(per mole of oxygen atoms) is a measure of the oxidation activity
of a metal oxide catalyst. A transition metal oxide with an appro-
priate formation enthalpy exhibits high oxidation activity because
it is more likely to release oxygen atoms bound to metal atoms. If
the formation enthalpy is too high or too low, the redox catalytic
cycle does not readily occur, and the oxidative catalytic activity of
such a transition metal oxide is low. When a plasma-catalytic pro-
cess based on the use of a metal oxide was applied to the decom-
position of IPA [51], iron oxide also performed well, similar to the
case of diesel PM oxidation. In the absence of a metal oxide cata-
lyst, the decomposition of IPA produced CO,, CO, and acetone in
almost equal amounts together with several other partially oxi-
dized byproducts. Even if the use of CuO largely increased CO,
selectivity, substantial amounts of CO and acetone were still retained.
However, in the presence of an iron oxide catalyst, acetone, CO,
and other partially oxidized byproducts totally disappeared, leav-
ing only CO, as the byproduct. Similar results were recently reported
by Guo et al. for the plasma-catalytic decomposition of toluene
using various transition metal oxides: CuO, CoO,, FeO, and MnO,
[52]. Among these catalysts, FeO, showed a relatively high catalytic
activity toward toluene conversion and CO, selectivity, especially
at low energy injections.

In general, the abundance and mobility of surface oxygen have
been found to govern the performance of catalytic oxidation reac-
tions. The virtue of a supported metal oxide depends not only on
the formation enthalpy but also on the interaction between the active
component and support, as well as on the catalyst dispersion. By
using X-ray diffraction (XRD) and temperature programmed reduc-
tion (TPR), Zhu et al. [47] confirmed that for various ALO; sup-
ported metal oxides, including CeO,, Co;0,, CuO, MnO,, and
NiO (denoted as MO,/»-ALQ;), the amount of H, consumed and
therefore the amount of surface oxygen followed a reverse trend as
compared to the crystalline size, as seen in Fig. 8. The catalyst reduc-
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ibility in terms of lowest reduction peak temperature, instead, de-
creased with crystalline size. Although MnO, possesses a high for-
mation enthalpy per mole of O atoms (absolute value) and a simi-
lar crystalline size compared to those of Co,0,, the lower reduction
temperature and H, consumption of MnO, were attributed to the
effect of metal-support interaction. The catalytic activity towards
acetone decomposition efficiency over MO,/ALO; under DBD
plasma activation clearly reflected the reducibility and surface oxy-
gen storage properties, with CuO/y-Al,O; being the most active
catalyst.

The facilitation of redox cycles by NTP under mild conditions
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Fig. 9. Conversions of HCHO and CO on Ag/CeO, and fused silica
at 70 °C ((I): Ag/CeO, without plasma, (II): fused silica with
plasma, (I)+(II): simple sum of conversions obtained under
(I) and (II) conditions and (III): Ag/CeO, with plasma; SIE:
108] L', HCHO: 276 ppm, CO: 200 ppm and H,0: 1.0% in
air, data given in Ref. [53]).
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contributes to synergistic effects of plasma catalysis on both con-
version and selectivity. Ding et al. [53] reported that 99% of 276
ppm HCHO in an air stream can be effectively destroyed (Pycyo 1
coe as shown in Fig. 9) on a Ag/CeO, catalyst at a reaction tem-
perature and SIE of 70 °C and 108] L', respectively. This HCHO
conversion was higher than the simple sum of those from individ-
ual thermal and plasma effects (33% on Ag/CeO, without plasma
and 57% on fused silica with plasma). In this regard it is notewor-
thy that the conversion obtained on fused silica was considered as
the pure plasma-induced conversion, because the specific surface
area of fused silica pellets is nearly zero (<<0.1m’ g ). Yet, the
plasma-catalyst combined effect was even more profound on the
degree of CO, formation (Pyco 1 co,)> Which resulted from the sub-
sequent oxidation of CO to CO, and/or alteration of the HCHO
destruction pathway. The former was confirmed by CO oxidation
experiments under the same conditions (see Fig. 9). According to
the authors, the synergistic effects between the DBD plasma and
Ag/CeO, catalyst can be well explained by the plasma-assisted cat-
alytic redox cycles including Ag-Ag,0 and Ce,O5-CeO, inter-con-
versions. The plasma-generated O and HO, radicals play necessary
roles in re-initiating these redox cycles at low temperatures.

Unlike in conventional catalysis, surface OH groups as well as
adsorbed and even lattice oxygen can be activated by NTP at low
temperatures. Involvement of these species is evidenced by the for-
mation of nitrogen and carbon oxides in plasma in the absence of
oxygen and water vapor [54-56]. Fig. 10 shows the concentrations
of N,O and CO, formed by N, plasma activation of BaTiO; and
FeO,/SBA-15 catalysts, respectively. As seen, the content of all pro-
duced oxides follows similar decreasing trends within certain periods
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Fig. 10. N,O formation in a BaTiO; packed-bed reactor with dry
N, plasma (applied voltage: 7.0kV) [54] and CO, (., . 5
formation in a DBD FeQ,/SBA-15 packed-bed reactor with
dry toluene-containing N, plasma (initial toluene concen-
tration: 100 ppm, SIE: 284J L) [55].
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and remains unchanged thereafter for long times. The observa-
tions suggest that the oxygen atoms on the catalyst surfaces were
initially consumed, and at stationary states, even lattice oxygen
atoms were involved in reactions. O,-containing plasma is able to
compensate the transferred surface oxygen by generating O atoms
and therefore promote the redox catalytic cycles. By using XPS,
Zhu et al. [30] observed a perfect correlation between reaction
performance and oxygen storage capacity in terms of adsorbed
oxygen (O,,,) concentration (i.e., the ratio between adsorbed oxy-
gen and total adsorbed and lattice oxygen) of Cu-Ce oxide cata-
lysts for the plasma-catalytic removal of formaldehyde. The highest
O, concentration and best performance were achieved over a
CulCel catalyst (shown in Fig. 5).
4. Plasma-induced Photocatalysis

Another reactive species generated by plasma are photons. The
most abundant component in contaminated air is nitrogen. Elec-
trical discharge in nitrogen generates weak ultraviolet (UV) light
with various wavelengths in the range of 300-400 nm. Basically, in
this wavelength range UV light alone does not promote the de-
composition of VOCs. However, this UV light can initiate photo-
catalytic reactions, which are intrinsically very slow, which is why
the effect of photocatalysis is not remarkable, compared to ther-

14.0kV

14.0KV

SFLIR 26.0kV

mal catalysis based on metals or metal oxides. Moreover, the UV
energy emitted from plasma is usually small compared to the elec-
trical input energy [57]. According to Sano et al. [58], the energy
of UV illumination generated from a cylindrical type surface dis-
charge reactor was measured to be 2.5 uW cm ™ (air plasma, fre-
quency: 24 kHz and input power: 5 W), which is far lower than
that of conventional photocatalysis [59]. However, more recently,
Pekarek et al. [60] reported that plate-type surface dielectric bar-
rier discharge for ozone generation produced much higher UV
energy with ca. 3,000 uWW cm” (air plasma, wavelength: 365 nm,
discharge power: ca. 5.5 W and frequency: 10.9 kHz). As a result,
the presence of a photocatalyst such as TiO, and ZnO in the dis-
charge chamber enhanced ozone production. The reason for the
large discrepancy in UV emission under similar conditions is not
clear.

Gandhi et al. demonstrated that plasma-photocatalytic activity
is shape-dependent [61]. In their work, three different ZnO photo-
catalysts, namely nanoparticles (NPs), nanorods (NRs), and nanow-
ires (NWs) were prepared, and then loaded onto monolithic porous
alumina ceramic. The presence of ZnO slightly increased the butane
decomposition due to the photocatalytic effect, but regardless of
the shape of ZnO, all the three ZnO photocatalysts exhibited simi-

SFLIR 23.2kV

$FLIR 32.0KV

Fig. 11. Optical (a) and IR (b) images of air plasma discharge in a <alumina packed-bed DBD reactor at different applied voltages.

Korean J. Chem. Eng.(Vol. 33, No. 3)



742 Q. H. Trinh and Y. S. Mok

lar decomposition efficiency. It seems that butane decomposition
efficiency is independent on the shape of the ZnO particles. The
reason behind the similar decomposition efficiency despite the dif-
ferent shapes is that the primary decomposition of butane by plasma
was sufficiently dominant such as to hide the photocatalytic effect.
Even if the shape dependency of the butane decomposition effi-
ciency itself was not significant, the distribution of byproducts was
largely affected by the shape of ZnO. The desirable product of
butane decomposition is definitely carbon oxides (CO,). Accord-
ing to the FTIR spectra of the effluent, spherical ZnO NPs gave
rise to several carbon-containing byproducts other than CO,, such
as acetaldehyde (CH,CHO), propane (C;Hg), and methane (CH,),
but this did not occur in the case of NWs and NRs. This result
clearly indicates that the photocatalytic activity of ZnO depends
on its particle shape. Furthermore, it is obvious that the selectivity
towards CO, obtained with the ZnO NWs was higher than for
the other shapes. The enhanced plasma-catalytic activity of ZnO
NWs can be interpreted by the large surface to volume ratio, be-
cause ZnO NWs can provide large reactive boundaries that are
available for reactions. The plasma-induced energy of UV illumi-
nation, however, was not confirmed in this work.
5. Heat Effect

Fig. 11 shows photos of the electrical discharge plasma at differ-
ent applied voltages. The photos at the top were taken with an opti-
cal camera, whereas those at the bottom were recorded with an IR
camera. At about 14 kV, the electrical discharge plasma was gener-
ated around the central electrode alone. As the voltage was fur-
ther increased, the discharge gradually developed in the radial
direction, and the entire region turned purple at about 32 kV. Ac-
cording to the infrared images, the hot zone radially propagated
outward from the center as the voltage was increased. As men-
tioned above, the activation energy for plasma-catalysis can be
provided by fast electrons, ozone, radicals, and local heating. These
IR images demonstrate that local heating is also partially responsi-
ble for enhanced catalytic activity under plasma discharge.

ENERGY-SAVING TECHNIQUES USING CYCLIC
OPERATION

1. Comparison between Continuous and Cyclic Operations for
VOC Abatement

A plasma-catalytic reactor can be operated in two modes, con-
tinuous and cyclic (see Fig. 12). The cyclic process differs from
conventional continuous plasma treatment in that there are two
steps to consider, adsorption and oxidation [62]. During adsorp-
tion, VOC:s are enriched in the catalyst for several hours with the
plasma turned off. In this manner, VOCs with a high flow rate
and low concentration are converted to VOCs with a low flow rate
and high concentration; this results in compact-sized control
equipment and lower energy consumption [63]. Immediately after
adsorption is complete, an air or oxygen plasma is turned on to
catalytically oxidize the adsorbed VOCs to carbon dioxide and water
vapor. Electrical energy is thus consumed only in this oxidation
step. However, continuous operation consumes energy all the time;
therefore, it is suitable for treating VOC-rich streams but not rec-
ommended for dilute VOC abatement in terms of energy efficiency.
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Fig. 12. Continuous and cydlic operations in plasma-catalytic removal
of VOCs.

The required input energy generally decreases as the initial VOC
concentration is lowered. However, for continuous plasma opera-
tion, even at very low VOC content, the input energy cannot be
reduced below a certain value because the applied voltage should
be significantly larger than the onset voltage to sustain uniform
plasma generation. In most cases, a few hundreds of J L™ of SIE is
required for continuous decomposition of VOCs. At this high input
energy condition, the formation of nitrogen oxides is unavoidable,
as their concentrations increase monotonically with injected
power [64,65]. The formation of NO, limits the maximum appli-
cable SIE to about 100 ] L™ [66], eventually leading to plasma catal-
ysis under continuous mode becoming less attractive from a practical
viewpoint. As the cyclic treatment, which includes a long adsorp-
tion step followed by a short plasma oxidation step proceeds, the
consumed energy is drastically reduced. In addition, the consumed
energy decreases monotonically as the initial VOC concentration
decreases, because the lower the VOC content, the longer the ad-
sorption period. Besides, by using oxygen plasma, the regenera-
tion of adsorbent is complete without NO, formation. As seen
from Table 1, 56] L™ is the injected energy needed to remove 90%
of formaldehyde (2.2 ppm) from air by continuous plasma treat-
ment [67]. However, at a formaldehyde concentration of 6.3 ppm,
the cyclic operation is able to completely eliminate the VOC at an
SIE of 7] L™". The SIE can be further lowered to a few tenths of
L™ as the VOC concentration is of the order of parts per billion
(ppb) - typical values in an indoor air environment [68]. Accord-
ing to the California Department of Public Heath (CDPH), the
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VOC content of the air used to supply the conditioning environ-
ment, for example, should not exceed 5 pig m™ (equivalent to 4.1
ppb for formaldehyde) for any individual compound and 25 pg
m” for total volatile organic compounds (TVOC) [69]. From such
a perspective, the sequential adsorptive capture and plasma-cata-
lytic oxidation of VOC:s are considered to be highly applicable to
indoor air pollution control.

The energy efficiency defined by mass of VOC removed (g) per
unit of electrical energy input (kWh) is used as a measure to eval-
uate the performance of a plasma process. In our previous study,
the energy efficiency for the continuous plasma-catalytic removal
of acetone (300 ppm) from an air stream (2.0 L min"') on Ag/#
zeolite was estimated to be ca. 3.05 g kWh™ [70]. Meanwhile, as the
cyclic process was applied, the achieved performance was much
higher, ca. 19.72 g kWh™". Similar results were also obtained for
other typical VOCs such as toluene and formaldehyde, as shown
in Table 1. The results in the table also indicate that for continu-
ous operation, the energy efficiency is very poor at high SIE and
thus at high VOC removal rate. However, the efficiency of the
cyclic operation strongly depends on the adsorption capacity and
catalytic activity of adsorbent/catalyst rather than on the input
power because the higher the input power, the shorter the oxida-
tion period [71].

Regarding byproduct formation, Xu et al. performed a direct
comparison between continuous and cyclic operations for toluene
decomposition on SBA-15 using gas chromatography-mass spec-

Discharge time (min)
0 10 20 30 40 50 60 70

25 L — - 100
[ Continuous operation
—— Cyclic operation
— ® Toluene
~ 20 1 = 0 Benzaldehyde 80 g
3:_ A 2-Heptene alcohol (0]
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© =
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Fig. 13. Intermediates on SBA-15 during toluene degradation at
different discharge times of cyclic operation (air plasma, ad-
sorption time: 72 min) and at a steady state of continuous
operation under the same conditions (contaminated air flow
rate: 0.1 L min ", initial toluene concentration: 21 ppm, and
SIE: 317] L"), data given in Ref. [72].
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trometry (GC-MS) [72]. The intermediates deposited on the cata-
lyst surface were extracted either after the continuous process
reached its steady state or at different discharge times of cyclic
treatment. Besides unreacted toluene, various partially oxidized
species formed during the continuous decomposition of toluene
were detected adsorbed on the catalyst surface. Among them, 4-
methyl 2-nitrophenol, benzyl benzoate, benzyl alcohol and benzal-
dehyde were the most abundant (Fig. 13). Meanwhile, during cyclic
treatment, only benzaldehyde and 2-heptene alcohol were found
as adsorbed intermediates. These substances gradually accumu-
lated on the catalyst surface within 45 min of discharge; however,
they eventually disappeared at the end of the oxidation step, result-
ing in the regeneration of catalyst/adsorbent, higher toluene con-
version, and carbon balance. The increased byproduct formation
in the continuously fed system was attributed to homogeneous
gas-phase reactions of toluene with reactive species as it reached
the plasma region. According to Liang et al. [73], H-abstraction
from the toluene methyl group by an OH radical results in the
production of benzyl alcohol, which can be oxidized to benzalde-
hyde and subsequently to benzoic acid.
2. Reactor Configuration and Catalyst/Adsorbent for Cyclic Oper-
ation

The investigation of cyclic operation mode is preferentially con-
ducted with one-stage packed-bed reactors, because of the advan-
tages resulting from direct plasma-catalyst interaction [74-76]. The
authors tested the effects of the plasma reactor configuration on
the oxidation of pre-adsorbed ethylene by pure air plasma [77].
Three reactors, including a one-stage partially packed-bed, a one-
stage fully packed-bed, and a two-stage packed-bed (15g of Ag
exchanged 13X for each reactor), were used. For simplicity;, these
reactors were named the hybrid, one-stage, and two-stage reac-

One-stage
Plasma and packing region
Inlet W _":":Q;: Outlet
y 3
R
Two-stage
: Plasma region , :Packing region ,
Inlet Outlet
—
Hybrid
Plasma region
! Packing region ;
( o
Inlet Ry Outlet

Fig. 14. Packed-bed DBD reactor with different configurations.
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tors, respectively. The hybrid reactor comprised a sequential com-
bination of two- and one-stage reactors, as shown in Fig. 14. The
reactor performance was evaluated with respect to oxidation time
and mineralization efficiency defined as the fraction of ethylene
converted to carbon dioxide. Although the one- and two-stage
reactors required more than 50 min for the complete oxidative de-
sorption of ethylene (pre-adsorbed amount: 817.5 pmol for each
reactor), the hybrid reactor almost regenerated the catalyst/adsor-
bent within only 20 min. Note that the discharge power of the
hybrid reactor was only about twice as high as that of the former
two reactor types, resulting in lower energy consumption. Based
on the first 20 min plasma oxidation time, the mineralization effi-
ciencies of the two-stage, one-stage, and hybrid reactors were esti-
mated to be 10, 42, and 63%, respectively. These results show the
positive effect of the effective utilization of both short-lived spe-
cies, such as excited N,, O atoms, and OH radicals in the plasma-
catalyst phase, and long-lived species, especially ozone in the blank
plasma gas phase for the oxidation of adsorbed VOCs.

For a single-bed multi-functional plasma reactor, the packing
material can consist of either catalyst or adsorbent. Porous materi-
als, such as zeolite [70], metal oxides (glass bead supported TiO,
[78] and Mn,O,, [79]) and j-alumina [71], are commonly used as
catalyst/adsorbents for the plasma cyclic removal of VOCs. It is
important to find an appropriate catalyst which possesses not only
good plasma catalytic performance but also a large VOCs adsorp-
tion capacity [72]. The adsorption of VOCs on zeolite, for exam-
ple, strongly relates to its Si/Al ratio, cation type, pore structure,
and acidity as well as to the nature of the target VOCs [80,81]. For
VOC:s with a relatively low vapor pressure under normal condi-
tions (e.g., toluene and acetone), the adsorption capacity is usually
high on the parent zeolite [82]. However, for those highly volatile
VOCs, such as ethylene, the modification of conventional adsor-
bents is often required. By loading silver onto 13X zeolite (30 g)
using an ion exchange method, we observed that dilute ethylene
(200 ppm) was completely removed from a gas stream (1.0L min ")
for a long period of about 260 min, corresponding to 2125.5 pimol
of ethylene adsorbed [77], whereas the complete adsorption of the
parent 13X required only 5 min under the same conditions. The
enhanced adsorption capacity was attributed to the chemisorp-
tion of ethylene, resulting from the 7-complexation of ethylene
with silver. The high adsorption capability toward olefins on tran-
sition metal oxides was also obtained for the same reason [83-85].
Chemisorption, on the other hand, could lower the bond strength
of adsorbed VOCs, facilitating VOC decomposition by reactive
species.

Loading Ag nanoparticles onto zeolite not only enhances VOC
adsorption, according to Kim et al. [86], it also assists discharge
plasma to expand over a wide surface area, which is beneficial for
the formation of chemically reactive species. In addition, the per-
formance of a TiO,-supported Ag catalyst for the oxidation of
VOCs was greatly enhanced by increasing the oxygen content in
plasma, making it a good choice over other metals such as Pt and
Cu for cyclic systems [66]. For catalysts to be effective in a cyclic
system, they require a positive O, partial pressure-dependence on
both the decomposition efficiency and the CO, selectivity [87].
Our previous study showed that co-incorporation of Ag with other

metals significantly affects the oxidative desorption of adsorbed
ethylene [88]. Various catalyst/adsorbents (Ag/13X and Ag-M,O,/
13X, M: Co, Cu, Mn, and Fe) have been used to investigate the
influence of second metal oxides on the oxidation of pre-adsorbed
ethylene. The high ozone killing activity of Ag-MnO,/13X and
Ag-Co0,/13X suppressed the diffusion of ozone into zeolite micro-
pores in which ethylene was captured, leading to poor mineraliza-
tion. The good oxidation activity and the ability to allow a con-
siderable amount of ozone to reach the inner surface enabled Ag-
Fe,0,/13X to maintain a high CO, selectivity, while substantially
reducing ozone emission. Nevertheless, Xu et al. reported the reverse
effect of ozone decomposition activity for the cyclic plasma oxida-
tion of toluene on AgMn/SBA-15 [72]. As mentioned above, the
reactivity of target VOCs with ozone should be considered. Com-
pared to toluene, the gas-phase reaction of ethylene with ozone is
much faster (k=1.06x10° and 234 cm® mol ' s™" at room tempera-
ture for ethylene and toluene, respectively) [89].

The reliability of the cyclic operation is also a matter of con-
cern. The stability of the catalyst/adsorbent is assessed by continu-
ously repeating sequential VOC adsorption and oxidation for several
cycles. During the oxidation step, various species are formed that
can strongly adsorb on the catalyst/adsorbent surface to compete
for active sites with the target VOCs and plasma-induced active
species. The accumulation of reaction products including water
causes surface blockage and eventual deactivation of the catalyst/
adsorbents. Choosing highly hydrophobic adsorbents such as £
and HZSM-5 zeolites (with high Si/Al ratio) can facilitate solving
the issue of water adsorption. Our previous studies indicated that
the obvious deactivation of the catalyst/adsorbents was not observed
within four or five cycles of treatment [70,77]. The carbon oxides
that were produced were similar for all oxidation steps, while VOCs
were not detected at the outlet during adsorption. Although the
long-term stability of catalyst/adsorbents should be further investi-
gated, especially under conditions of humidity and co-existence of
various VOCs, the experiments revealed plasma, in combination
with catalysis/adsorption, to be highly capable of removing dilute
VOC:s from gas streams.

REGENERATION OF DEACTIVATED CATALYST

When using the plasma-based process for the decomposition of
VOCs, deactivation of the catalyst by the formation and deposi-
tion of non-volatile polymer-like compounds is an important issue
for long-term stability, and the regeneration of the deactivated
adsorbent should be reckoned with for practical applications.

Upon investigation, we found that the monolithic alumina sup-
ported MnO, catalyst was free from the deposition of polymer-
like compounds [48]. This was investigated by infrared spectros-
copy, for which the used MnO, catalyst was ground into a fine
powder, after which the infrared spectrum was recorded. The
infrared spectra of used and fresh MnO, catalysts were similar to
each other, except for a trace of nitrate species observed at around
1,385 cm™" for the used catalyst (Fig, 15), indicating that the MnO,
catalyst effectively prevents the formation of non-volatile polymer-
like compounds due to its enhanced oxidation capability. In con-
trast, brownish non-volatile compounds accumulated on the inner

Korean J. Chem. Eng.(Vol. 33, No. 3)



746 Q. H. Trinh and Y. S. Mok

Polymer-like layer on the inner reactor wall
_“*\ Mw”'_“"' T
[ ™, ~ T

—_ / 2™ CH /
= /NN A
— rd |
o CHs CH:z C=0 CH:
Q
c %
[11] *,
+
= NOz
£ o
g Used MnOz-coated monolith \
m .
=

Fresh MnOz-coated monolith

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™")

Fig. 15. FTIR spectra of polymer-like layer on the inner wall and
fresh and used MnO,-coated monoliths.

surface of the reactor wall in the absence of catalyst. Chen et al.
[26] investigated the long-term stability of a catalytic SMF elec-
trode coated with TiO, for the oxidation of toluene and found the
reactor performance to be stable at ca. 90% of toluene conversion
rate for 200 h (peak voltage: 40 kV; initial VOC concentration: 160
mg m and residence time: 4 s), whereas the conversion dropped
from ca. 61% to ca. 54% for the bare SMF electrode under the same
conditions. As a consequence, after the reaction, a brown oily deposit
was observed on the bare electrode. Yet, the SMF+TiO, electrode
was not observed to be covered with any polymerized materials.
However, in other research, Subrahmanyam et al. [90] reported
the deposition of nitrogen and carbon containing species on the
MnO, catalytic electrode was revealed by XPS after the destruc-
tion of toluene, considered to be responsible for the degradation of
catalytic activity. Thus, the degree of catalyst deactivation can depend
upon the types of catalyst and reactor that were used, the target
VOCs, as well as the applied conditions.

NTP has also been considered as promising for regenerating
deactivated catalysts from other processes. The in-situ regenera-
tion of deactivated Au/TiO, catalyst during CO oxidation using
atmospheric NTP was intensively studied by Fan et al. [91]. The
experiments revealed that pure oxygen plasma was able to fully
restore the catalytic activity of Au/TiO, by oxidizing carbonate spe-
cies deposited on the surface of gold nanoparticles. Nevertheless,
N,/O, plasma was unable to reversibly regenerate the catalyst, and
even led to an additional poisoning effect due to the adsorption of
NO, NO,, and N,O; formed in N,/O, plasma. The strong deacti-
vation of catalysts by adsorbed nitrogen oxides was also observed
in our previous study of the ability of an air plasma to decompose
residue ozone [45]. HafezKhiabani et al. [92] reported the investi-
gation of the decoking of a Pt-Sn/ALO; catalyst in the naphtha
reforming process using DBD and RF plasmas. Compared to con-
ventional thermal regeneration methods, oxygen plasma is able to
fully recover the catalytic activity without adverse effects on the
internal structures of catalysts. The advantages of oxygen plasma
in catalyst regeneration further support its capability to regenerate
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VOC-adsorbed adsorbents, as mentioned in the previous section.
SUMMARY

Several mechanistic aspects that affect the overall performance
of a plasma-catalysis system for the abatement of VOCs have been
discussed. In the presence of a catalyst, surface reactions are pro-
moted to be dominant, initially by the adsorption of reactants
from the gas phase. Therefore, catalysts with larger surface areas
are able to produce higher VOC removal rates. This is evidenced
by the existence of O atoms or OH radicals on catalyst surfaces
and their prolonged lifetime of as much as a few minutes on the
time scale, thereby confirming the important role of catalysts in
the utilization of plasma-induced reactive species, which are only
able to survive in the gas phase for nanoseconds. The surface area,
reducibility, and surface oxygen storage capacity are essential char-
acteristics of a catalyst to govern the reaction performance. Under
plasma activation, surface and even lattice oxygen can be acti-
vated for involvement in the oxidation of VOCs. Although the gas
phase reactions of ozone with VOCs are usually slow; the reaction
pathways can be altered in the presence of catalysts by regenerat-
ing atomic oxygen from the catalytic decomposition of ozone. The
introduction of an ozone-destroying catalyst into plasma, how-
ever, does not always result in a positive effect on VOC decompo-
sition. Neither an enhancement nor a negative effect is observed
for some ozone-reactive VOCs. Thus, the nature of target VOCs
should be considered when selecting an appropriate catalyst and
reactor arrangement. Photocatalysis and local plasma-induced heat-
ing also contribute to overall reaction performance; however, their
effects are evaluated to be minor in many cases.

With excellent performance in terms of energy and VOC de-
composition efficiencies, CO, selectivity and free NO, formation, a
cyclic operation using oxygen plasma is considered to be suitable
in practice, especially for indoor air treatment. Future investiga-
tion should focus on seeking effective adsorbent/catalysts for the
simultaneous removal of VOCs that typically coexist, as well as
assessing the scale-up effects on reactor performance.
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NOTATION

Cp  :capacitance of dielectric [F]

Cs  :capacitance of gas gap [F]

Cp  :capacitance of packing material [F]
DE  :decomposition efficiency [%]

L :active length of plasma reactor [m]
f : frequency of applied voltage [Hz]
P :average discharge power [W]
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Ry, :radius of equivalent pellet layer [m)]
R; :radius of inner electrode [m]

R, :outer radius of dielectric [m]

Ry :inner radius of dielectric [m]

Sper  : specific surface area [m’ g ']

SIE  :specific input energy [J L]

V, :onset value of applied voltage [V]
Ve : peak value of applied voltage [V]

Subscripts

D  :dielectric

G :gasgap

P :pellet or packing material
E  :inner or HV electrode

Greek Letters

&  :permittivity of free space, 8.854x10° [Fm ']
&y :relative permittivity of dielectric [F]

g, :relative permittivity of packing material [F]
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