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Abstract: Non-thermal plasma technique can be easily integrated with catalysis and adsorption for
environmental applications such as volatile organic compound (VOC) abatement to overcome the
shortcomings of individual techniques. This review attempts to give an overview of the literature
about the application of zeolite as adsorbent and catalyst in combination with non-thermal plasma
for VOC abatement in flue gas. The superior surface properties of zeolites in combination with
its excellent catalytic properties obtained by metal loading make it an ideal packing material for
adsorption plasma catalytic removal of VOCs. This work highlights the use of zeolites for cyclic
adsorption plasma catalysis in order to reduce the energy cost to decompose per VOC molecule and
to regenerate zeolites via plasma.
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1. Introduction

According to the European Union (EU), volatile organic compounds (VOCs) are defined as organic
compounds or substances with a low boiling point (≤523 K) at atmospheric pressure [1]. Volatile
organic compounds such as toluene, benzene, and xylene are widely present in the environment
due to the fact that they are used in various industries such as in semiconductors, automobiles, and
even as domestic cleaning agents. The emission of VOCs are either from static sources (e.g., from
production of products such as coal, oil, organic chemicals, plywood, artificial leather, synthetic
materials, cosmetics, printing, paint, tobacco smoke, and cleaning products; and from composting
units/plants, electroplating, chemical coating, incineration plants, and landfills) or from mobile
sources (e.g., petrol and diesel exhaust emissions) [2,3]. In the presence of UV-light, some VOCs can
react with nitrogen oxide and form photochemical smog which is harmful to human health and the
environment [4,5]. Due to its negative impact on human and environmental health, environmental
policies for the emission control of VOCs are becoming more and more stringent.

Volatile organic compounds are the main components of indoor air pollution (IAP) and they can
cause carcinogenic, mutagenic, and teratogenic health problems such as skin allergies, dizziness, vomiting,
damage to the liver, kidney, and central nervous system [6–8], and are suspected to be the main reason for
sick building syndrome (SBS) [9,10]. Several techniques which have been investigated for the removal of
VOCs from air [11] including thermal decomposition [12,13], catalytic decomposition/oxidation [14,15],
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bio-filtration [16–18], adsorption [19], non-thermal plasma [20–22], photo-catalysis [23,24], and plasma
catalysis [20,25–27]. Generally, the exhaust gas has a large volume (high flow rate required) and low VOC
concentrations (10–1000 ppm) [28]. For example, an indoor gas exhaust from a certain printing factory
has a flow rate and VOC concentration of 800 Nm3/min and 17 ppm, respectively [29]. To treat these flue
gases directly (for example, by incineration), huge operating facilities with high energy consumption are
required which increase both the instillation and operating costs [28].

Among the various technologies which have been proposed and used for the decomposition of
VOCs, plasma catalysis (PC) which is the combination of non-thermal plasma (NTP) and catalysis has
been proven efficient; particularly, for the removal of low concentration of VOCs (<1000 ppm) [30,31].
Non-thermal plasma is generated by applying a sufficiently high electric field which produces electrons,
excited gas molecules, and free radicals that are suitable to convert environmental pollutants to ideal
products. However, the commercialization of this technique has the following disadvantages such as:
(a) formation of un-wanted toxic by-products, (b) low energy efficiency, and (c) incomplete oxidation
of VOCs. Thus, the combination of NTP and catalysts takes advantage of the ability of plasma to
activate catalysts at lower temperature and the high selectivity of the catalysts [32]. In most of the cases,
active metals are supported on the surface of substrates such as γ-Al2O3, zeolite, and activated carbon
which have a large surface area. The area of active sites on the surface of the support material can be
improved either by increasing the amount of metal loading or by decreasing the size of metal catalyst
(thus, less metal will be required to obtain certain surface area of active metal); of which the latter is
more beneficial as precious metals are expensive [32]. On the other hand, from an engineering point of
view, the rapid start up and turn off of the plasma devices makes this technique more suitable for small-
and medium-scale applications. But the main drawback of using plasma catalysis for the treatment
of very low concentrations of VOCs (<100 ppm) in flue gas is that most of the discharge energy will
be utilized for the excitement of oxygen and nitrogen [33]. This emphasize the necessity to explore
different techniques which are more suitable for the removal of very low concentration of VOCs from a
large volume of flue gas. In order to treat the large volume of gas with low VOC concentration and to
improve the energy efficiency, the combination of adsorption and plasma catalysis has been proposed
and investigated [34–36]. In such an adsorption–plasma catalysis (APC) process, the NTP discharge is
either continuous [37] or cyclic [28,38,39].

Figure 1 shows the schematic diagram of the continuous process, where the catalyst/adsorbent
material is placed either in the plasma discharge region (in-plasma catalysis, IPC) or downstream of the
plasma discharge (post plasma catalysis, PPC) and the plasma is ignited permanently. The main
disadvantage of the continuous treatment is that the plasma discharge is applied continuously
irrespective of the variation in VOC concentration, and thus the energy consumption to decompose
per VOC molecule is high.
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Figure 2 shows schematically the working principle of the cyclic APC process for VOC
removal. Briefly, in a cyclic APC process, the low-concentration VOCs in flue gas are first stored
on catalysts/adsorbents at a storage stage (plasma off) and then the stored VOCs are oxidized to
CO2 by plasma at a discharge stage (plasma on). In a cyclic APC process, adsorption of VOC on an
adsorbent for a long time followed by the plasma discharge for the oxidation of adsorbed VOCs to CO2

during a shorter time improves the energy efficiency [34,41,42]. Thus, the ratio of energy deposited
per treated VOC molecule is considerably reduced [43]. Also, the flow rate during the discharge stage
of the cyclic APC technology can be chosen to be lower than the storage stage, which leads to higher
energy density for the cyclic APC technology for the same discharge power.
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The main advantages of the cyclic APC over continuous APC are as follows: (i) during the plasma
discharge stage, O2 plasma can be used instead of air, because O2 plasma avoids the formation of
byproducts such as NOx, N2O, etc., and is more efficient in regeneration of the adsorbent/catalyst,
(ii) high CO2 selectivity, (iii) improved carbon balance, (iv) improved energy efficiency and higher
power operation is possible, (v) concentration of dilute VOCs (compact system), (vi) adapts to the
change in the flow rate and VOC concentration, and (vii) rapid operation.

The adsorbing and catalytic function of the adsorbents can be separated or integrated using a
dual-functional material. The most commonly used adsorbents are either (i) physical adsorbents such
as alumina, zeolite, and activated carbon or (ii) chemical adsorbents such as alkaline earth metals
and metal loaded physical adsorbents. The adsorption of VOCs on adsorbent reduces the chemical
barrier by Eb–Eads (Eb is bond energy of the molecule; Eads is the adsorption energy) and the reduction
depends on the kind of adsorption (either physisorption or chemisorption) [45]. Physisorption is
the Van Der Waals force of attraction on the surfaces and the physically adsorbed molecules can be
desorbed by applying heat; whereas chemisorption is because of the chemical reactions that leads to
the transfer of electrons and ions between the adsorbent surfaces and molecules. Thus, the presence
of adsorbents in the plasma discharge region prolongs the residence time of VOCs, active species,
and intermediate by-products resulting in increased collisional probabilities between them and thus
enhanced CO2 selectivity [46].

Another not mentioned yet important advantage of combining adsorption and NTP is the
increased lifetime of the used adsorbents. The very low concentration VOCs can be concentrated on
the adsorbing material and then desorbed and decomposed to less toxic and/or more useful products.
In most of the cases, the adsorbents are discarded or incinerated. With regard to the economic
and practical point of view, it is appropriate to decompose the adsorbed VOCs and regenerate the
adsorbent [47]. It has been already demonstrated in the literature that some adsorbents can be
regenerated by different methods such as heating [48–50], microwave heating [51], pressure and
temperature swing adsorption [52], and non-thermal plasma [28,53]. However, the use of techniques
such as temperature or pressure swing adsorption and thermal regeneration requires high temperature
or vacuum making the regeneration of the adsorbent expensive. For the desorption and decomposition
of VOCs adsorbed on the adsorbents, NTP discharge can be used instead of a conventional thermal
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process in order to reduce both the size of the treatment equipment and the energy consumption [54].
The highly oxidizing environment of plasma promotes the oxidation of the adsorbed VOCs and
simultaneously regenerates the adsorbent.

The APC requires an adsorbing/catalytic system which effectively adsorb VOCs and efficiently
oxidize the adsorbed VOCs. The selection of adsorbent/catalyst is very crucial to achieve high energy
efficiency to decompose diluted VOCs from air. The surface properties such as specific surface area
(SBET) and pore size affects the adsorption capacity and plasma discharge. The energy efficiency of APC
for the removal of VOC in air is enhanced by using adsorbent with high specific surface area as this
increases the adsorbing time [55]. Depending on the pore size, the discharge volume can be effectively
increased by packing porous material in the discharge zone of the dielectric barrier discharge (DBD)
reactor. The dielectric constant of the adsorbents influences the discharge performance, which affects
the number and kind of active species generated. Also, the hydrophobicity of the adsorbent is very
important for the selective adsorption of VOCs from the ambient air with humidity [56–58].

Considering the superior and tunable surface properties, hydrophobicity and metal loadability,
zeolites are one of the best adsorbents and catalysts for VOC degradation. Zeolites are traditional
adsorbents due to their unique micropores, cavities, and channels. The pore diameter in zeolites
is in the range of 5–20 Å which is suitable for the adsorption of various VOC molecules. Also, the
zeolites can interact with plasma due to their strong natural electric field inside their framework [59,60].
The degradation of VOCs by continuous and cyclic APC using zeolites are accompanied by synergetic
effects due to different mechanisms such as ultraviolet (UV) irradiation, generation of electron-hole
pairs and their subsequent chemical reactions, changes in work function, adsorption, desorption, direct
interaction of gas phase radicals with the catalyst surface and the adsorbed molecules, local heating
and activation lattice oxygen and ozone [8,61].

The main target of this work is to review the literature on adsorption and/or plasma catalysis
using zeolites for the decomposition of dilute VOCs in flue gas. In this article, the important aspects for
the practical use of APC with zeolites for the decomposition of VOCs such as decomposition efficiency,
energy efficiency, stability of the adsorbents/catalysts, and post-processing of the by-products obtained
after plasma treatment have been discussed. In the first part of the article, the different kind of zeolites
which are used in combination with NTP for environmental applications are introduced. In the second
part of this article, the pros and cons of using zeolites in combination with non-thermal plasma for
VOC abatement and stability of zeolites in APC technique are discussed in detail. Finally, regarding the
performance of zeolite adsorption plasma catalytic reactors, the effect of various process parameters
such as reactor configuration, humidity, and flow rate of the flue gas, initial concentration of VOCs,
and nature of discharge gas is investigated.

2. Zeolites

In recent years, zeolite, a solid acid has been investigated by a number of researchers and used
widely in industries due to its high surface area, ordered pore size and structure, thermal stability,
shape selectivity, hydrothermal stability, mobility of their cations to act as a catalyst, and the ability to
tailor its properties such as wettability and auxiliary mesopore generation in the crystals. Weitkamp
and Moshoeshoe et al. [62,63] wrote interesting reviews about the basic principles of zeolite chemistry,
structure, properties, and their application in catalysis. Furthermore, a series of zeolite-supported
metals as highly efficient catalysts have been well developed for the catalytic combustion of VOCs by
combining the selective adsorption of zeolites with catalytically active metal centers [64]. The natural
zeolites are known to mankind as aluminosilicate minerals for almost 250 years and most of the natural
zeolites are the result of volcanic activities [65]. Zeolites are a three-dimensional framework of SiO4

and AlO4 tetrahedra which are bonded by a common oxygen in the corners. Natural zeolite such as
Mordenite, after acid treatment which is an essential step in order to eliminate the impurities and to
open the pores and thus increasing SBET, can be used for environmental applications [66]. The main
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disadvantages of natural zeolites are (i) the presence of impurities, (ii) they are not optimized for
catalysis, and (iii) a variation in chemical composition which is source/deposit dependent [62].

In order to overcome the shortcomings of natural zeolites, synthetic zeolites with various
Si/Al ratios (between 1 and ∞) and well-defined pore structure and dimensions are synthesized.
The pioneering work of Barrer, Milton, and their co-workers [67–69] led to the synthesis of the first
synthetic zeolites which made this porous material an important commercial heterogeneous catalyst.
The general formula of zeolite is Mx/n

[
(AlO2)x(SiO2)y

]
.mH2 where M is the metal or hydrogen ion

of valency “n” occupying the exchangeable site in the zeolite framework [70]. Figure 3 shows the
schematic of the tetrahedral arrangement of SiO4 and AlO4 which are the primary building units of
zeolites. The overall charge of the aluminosilicate framework, which is formed by polymerization of
SiO4 and AlO4, is negative due to the +4 charge on silicon and the +3 on aluminum. This negative
charge is compensated by the presence of cations such as Na+, K+, Ca2+, and Mg2+ in pores or in
rings, which are the exchangeable cations in the zeolite framework. As shown in Figure 4, the adjacent
tetrahedral are linked via the common oxygen at their corners (which are called the secondary building
units) which results in a three-dimensional macromolecule with channels and cages which are usually
occupied by water or cations [71,72]. Figure 5 depicts the formation of four different commercial
zeolites (such as Faujasite type (X and Y), ZSM-5, ZSM-12, and ZSM-22) from the primary and
secondary building units and their micropore structure and dimensions.
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Figure 5. Structures of four commercial zeolites (from top to bottom: Faujasite or zeolites X, Y; zeolite
ZSM-12; zeolite ZSM-5 or silicalite-1; zeolite Theta-1 or ZSM-22) and their micropore systems and
dimensions. Reprinted from Reference [62], with permission from Elsevier.

Zeolites are classified based on the pore diameter and ring size as these properties have a major
role in determining its adsorption properties [73]. Depending on the interconnections between the
oxygen bridges and secondary block units, zeolites can be classified as 4-, 5-, 6-, 8-, 10 or 12- membered
rings. A ring is made of tetrahedrons and an “n” number ring is made of n-tetrahedrons as shown
in Figure 6. Zeolites such as MS-3A, MS-4A, MS-5A, and Mordenite contain eight numbers of rings
with a pore diameter in the range of 3–5 Å; whereas ZSM-5 contains 10 rings with the pore diameter
of ~3–5 Å. On the other hand, Faujasite type X and Y zeolite have 12 rings with larger pore diameter
of 7–8 Å. Zeolites are also classified based on the Si/Al ratio as low silica (≤2, e.g., Na-X Faujasite),
intermediate silica (2–5, e.g., Na-Y Faujasite, Mordenite), and high silica zeolites (>5, e.g., ZSM-5,
β-zeolites). The ratio of Si/Al influences the hydrophobicity of the zeolite and the hydrophilicity
decreases with the increase in this ratio [74].
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The synthetic zeolites which have been widely used for environmental applications in combination
with non-thermal plasma are as follows: (i) Zeolite A, (ii) Zeolite X and Y (Faujasite type), (iii) β-zeolite,
and (iv) ZSM-5. Zeolite A is the first industrially used synthetic zeolite which is still in commercial use
today. Figure 7 shows the schematic drawing of the structure of zeolite A. The well-known molecular
sieves such as MS-4A, MS-5A, and MS-6A are type A zeolite. Zeolite A is formed by the linkage
between the sodalite cages which are linked by four ring cages and the nominal Si/Al ratio is 1:1 and
the negative charge is balanced by sodium ions.
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Figure 7. Schematic drawing of the structure of zeolite A. Reproduced from Reference [76] under CC
BY 4.0.

Zeolite X and Y belongs to the family of aluminosilicates with Faujasite-type structure. Faujasite
is a rare natural zeolite, whereas its synthetic counterpart Linde X and Linde Y are widely used in
catalysis. Zeolite X and Y are formed by the linkage over six cornered surfaces and the hexagonal
prisms. MS-13X zeolite which is a Faujasite-type zeolite has high adsorption capacity for VOCs due to
its high SBET. Figure 8 shows the three-dimensional structure of zeolite 13X and it consists of alumina
tetrahedra and silica tetrahedron with oxygen bridge with a certain spatial structure forming a uniform
crystal. The basic structural unit of 13X is a beta cage, and adjacent beta cages form the molecular sieve
by the six-angle prism connection [77].
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Zeolite beta is also one of the synthetic zeolites with high silica content and it is formed by the
intergrowth hybrid of two different structures (polymorph A and B) with a stacking disorder (shown
in Figure 9). Because of its high Si/Al ratio, hydrophobic nature, and higher acidic strength, zeolite
beta is usually preferred rather than Faujasite type zeolites in various chemical reactions.
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As shown in Figure 10, the ZSM-5 zeolite is formed from the pentasil unit, which are
interconnected by an oxygen bridge resulting in 10-membered ring. The Na+ cations can be removed
from the ZSM-5 via ion-exchange and replaced by H+ ions yields zeolites in its protonic form, i.e.,
HZSM-5 [79] which is used for molecular sieving [80,81]. The VOC molecules with dynamic diameter
smaller than the channel openings of HZSM-5 can access the zeolite’s pore network and these adsorbed
molecules can be eventually converted on the zeolite acid sites [80–83]. But the bulkier product
molecules which cannot diffuse out of the pores being either converted to smaller molecules (resulting
in product selectivity) or accumulated as coke (causing deactivation).
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3. Adsorption Plasma Catalysis for VOC Abatement

3.1. Adsorption of VOCs on Zeolite

The adsorption of VOCs on zeolite plays an important role in the complete oxidation of VOCs
by increasing the residence time of VOCs in the plasma discharge region. The adsorption of VOCs
on the adsorbents depends on the surface properties of the materials such as SBET, pore volume, size,
and structure. When the pore diameter is larger than the size of the VOC molecule, the VOCs could
be adsorbed and enter the internal pore structure. When the pore diameter of the zeolite is smaller
than the dynamic diameter of the molecule, they do not exhibit any adsorption of VOCs [85]. The size
of the micropores of MS-3A, MS-4A, MS-5A, and MS-13X are approximately 0.3, 0.4, 0.5, and 1 nm
respectively; whereas the dynamic size of benzene molecule is 0.59 nm and it is well adsorbed in the
intrinsic pores of MS-13X [86]. The 13X zeolite has a hexagonal system and the supercage structure
contained four 12-membered ring orifices with tetrahedral orientation [87] which has a large proportion
of micropore with the pore size of 1.03 nm, which results in the excellent adsorption of aromatic VOCs
such as benzene and toluene [86,88].

Huang et al. [89] investigated different zeolites such as MS-5A (5 Å), HZSM-5 (5.5 Å), Hβ (6.6 Å)
and HY (7.4 Å) and reported that except MS-5A, other zeolites exhibited toluene adsorbing ability.
The pore diameter of zeolite 5A is smaller than the dynamic toluene molecule diameter resulting
in no adsorption. As shown in Figure 11, the breakthrough time for toluene adsorption on other
zeolites (such as HZSM-5, Hβ and HY) follows the same order as that of the pore diameter [89].
The breakthrough time for toluene adsorption of HY zeolite is further increased by metal loading
which will discussed in detail in the following section. Another work reported that the adsorption of
benzene on different zeolites exhibited the same trend as that of their pore diameter MS-13X (10 Å) ≈
HY (7.4 Å) > MOR (6.7~7 Å) > ferrierite (4.3~5.5 Å) [41].

The effect of both SBET and pore diameter of the zeolites on the adsorption of VOCs has been
highlighted in the following works. Shiau et al. [54] reported that the adsorption of isopropyl alcohol
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on different molecular sieves such as MS-3A, MS-4A, MS-5A and MS-13X follow the same order as that
of its specific surface area and pore diameter as shown in Table 1. Yi et al. [88] reported that 13X zeolite
has better adsorption capacity for toluene when compared to the other adsorbents such as Al2O3 and
MS-5A. This is because of the high SBET (626.439 m2·g−1) and suitable pore size and structure [87] of
13X zeolite for toluene adsorption.
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Table 1. Specific surface area, pore diameter, and adsorption capacity of different zeolite A [54].

Zeolite Specific Surface Area (m2/g) Pore Diameter (Å) Adsorption Capacity (mg/g)

MS-3A 224.95 3.52 17.75
MS-4A 290.54 4.79 19.21
MS-5A 391.94 5.33 21.27

MS-10A 439.31 9.66 126.61

Thus, the adsorption capacity of zeolites for VOCs are roughly proportional to the SBET and pore
size as follows: NaY > MS-13X (10 Å) ≈ HY (7.4 Å) >> MOR (6.7–7.0 Å) > ferrierite (4.3–5.5 Å) [32].
If the pore size of the zeolites are larger than the dynamic molecular size of VOCs, the VOCs are
adsorbed in the microchannels of zeolites.

The adsorption capacity of zeolites can be increased or decreased by metal loading. The VOCs
adsorption capacity of zeolites is enhanced by the presence of metal cation due to the strong interaction
between the cation in the zeolite framework and VOC molecules. On the other hand, the adsorption
capacity of zeolites can be lowered by metal loading, because the metal ions reduce the specific surface
area and block some pores of zeolites, resulting in increased pore diffusion resistance. Thus, the proper
selection of the metal ions for loading is important for the enhanced VOC adsorption on zeolites.

The ethylene adsorption capacity of zeolites is enhanced by the presence Ag cation due to the
strong interaction between the charge compensating cation in the zeolite framework and the double
bond of ethylene [51,90–94]. When compared to bare 13X zeolite, Ag/13X zeolite exhibited higher
ethylene adsorption capacity because of the π-complexation between Ag(I) species and ethylene
double bond [93,95,96] in addition to the interaction between the adsorbed oxygen and ethylene.
The metals with empty s-orbital and available electrons in the d-orbital could form π-complexation
bonding. In case of bare 13X zeolite, the adsorption of ethylene on zeolite is via electrostatic interaction
with Na+ ions in 13X-zeolite and this physical adsorption is weak and reversible which is insufficient
for the ethylene to be adsorbed to the inner pores of zeolite under flowing condition at atmospheric
pressure and room temperature. Ethylene adsorption of zeolite is enhanced two orders of magnitude
(from 2.66 × 10−4 to 3.37 × 10−2 g per gram of catalyst) by the incorporation of Ag [46]. When
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compared to HY, Ag loaded HY can adsorb more toluene which is due to the π-complexation of
Ag/HY with toluene [89].

Several studies showed that metal loading on zeolite enhances the VOC adsorption capacity
despite the reduction in their specific surface area [38,44,97]. As shown in Table 2, the metal loading
on HZSM-5 reduces the SBET as they occupy the cationic sites in zeolites which blocks the pores.
Despite their reduced SBET, Ag and Ag–Mn loaded HZSM-5 have a longer adsorption time when
compared to bare HZSM-5 due to the ability of Ag to form π-complexation with toluene molecule [38].
Generally, the adsorption of toluene on HZSM-5 reduces with the loading of Mn. But, the mixed
loading of Ag/Mn shifts the toluene adsorption site to Ag due to the strong intermolecular force
(π-complexation) between Ag and toluene. Wang et al. [38] reported that during the adsorption
of toluene on metal/HZSM-5, the partial oxidation of toluene has been observed on Ag, Mn, and
Ag–Mn loaded HZSM-5 and the combination of Ag and Mn leads to further oxidation of these partial
oxidation products to form CO2 as shown in the diffuse reflectance infrared Fourier transform (DRIFT)
spectra bands at 2330 cm−1 and 2360 cm−1 of Ag–Mn/HZSM-5 catalysts with adsorbed toluene
(Figure 12) [38].

Table 2. Specific surface area and toluene adsorption capacity of different metal loaded HZSM-5 zeolite
(amount of catalyst = 1.6 g) [38].

Catalyst SBET (m2g−1) Toluene Adsorption Amount (mmol)

Ag/HZSM-5 367.6 0.29
Mn/HZSM-5 398.5 0.22
Ce/HZSM-5 380.6 0.21

Ag–Mn/HZSM-5 350.0 0.27
Ce–Mn/HZSM-5 344.0 0.21

HZSM-5 486.6 0.26
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Among different transition metal loaded (Cu, Co, Ce, and Mg) 13X zeolites, Co/13X zeolite
showed less decrease in the toluene adsorption capacity (as shown in Figure 13). Although the same
of amount of metal has been loaded, the excellent adsorption of toluene on Co/13X is due to the
ability of Co3+ to form π-complexation with toluene which is stronger when compared to other
metal species such as Mg, Ce, and Cu [88]. Another work reported that among the different packing
materials (CuO/MnO2, CeO2/HZSM-5 and Ag/TiO2) tested for the adsorption of chlorobenzene,
CeO2/HZSM-5 exhibited rather high adsorption due to its high SBET and pore volume of the
support [97].
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The co-incorporation of Ag and transition metal oxide in zeolites substantially increases the VOC
adsorption capability due to the new active sites provided by the transition metals. Trinh et al. [95]
reported that except FexOy, the addition of other transition metals (such as Cu, Mn, and Co) enhances
the ethylene adsorption capacity of Ag/13X zeolite due to the formation of π-complexation [98].
Among the different bimetallic catalysts, Ag–Co/13X showed the maximum enhancement in ethylene
adsorption. Zhao et al. [44] reported that among the different packing materials tested (such as HZSM-5,
Ag/HZSM-5, Cu/HZSM-5, and AgCu/HZSM-5), AgCu/HZSM-5 showed higher breakthrough
capacity for formaldehyde (as shown in Table 3) due to the synergistic effect of Ag and Cu. The
adsorption of formaldehyde happens on both the metal sites (due to π-complexation) and zeolite on
Ag/HZSM-5 and AgCu/HZSM-5; while the adsorption happens only on zeolite in Cu/HZSM-5 and
HZSM-5. The co-incorporation of Ag and Cu increases the amount of Cu3+ ions and the formation of
Ag–Cu species on AgCu/HZSM-5 catalyst which increases formaldehyde breakthrough capacity [99].
Qin et al. [100] investigated the metal supported HZSM-5/Al2O3 for the toluene decomposition in a
cyclic APC system. The SBET of the HZSM-5/Al2O3 is higher than the metal loaded HZSM-5/Al2O3.
However, the breakthrough capacity of Ag–Mn loaded HZSM-5/Al2O3 is better when compared to
the bare support due to the presence of Ag+ active sites which are capable of forming π-complexation
with the toluene molecule [96,100].

Table 3. Formaldehyde breakthrough capacity of different metal loaded HZSM-5 zeolites [44].

Sample Breakthrough Capacity (µmol/mL-cat)

HZSM-5 8.5
Ag/HZSM-5 18.5
Cu/HZSM-5 11.8

AgCu/HZSM-5 38.9

High silica zeolite (HZSM-5 with SiO2/Al2O3 = 360) shows preferential adsorption of VOCs in
humid air due to its hydrophobic nature [39,101,102]. Liu and Fan et al. [39,101] investigated different
metal loaded HZSM-5 for the adsorption of dilute benzene in humid air (1.5 vol% H2O) and the
breakthrough capacity are as follows: AgMn/HZSM-5 (131 µmol/cat) > Ag/HZSM-5 (94 µmol/cat) >
Mn/HZSM-5 (78 µmol/cat) > HZSM-5 (45 µmol/cat). Ag/HZSM-5 has a longer breakthrough time
due to the π-complexation of Ag with benzene [39,101] and the adsorption capacity of AgMn/HZSM-5
is much stronger due to the presence of more adsorption sites [39].
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A wide range of humidity tolerance of the adsorbent is also one of the important factors for the
cyclic APC process. Zhao et al. [44] reported that the HCHO breakthrough capacity of AgCu/HZSM-5
was almost constant over a wide range of relative humidity (20–93%) due to the hydrophobic nature
of high silica HZSM-5 which results in the selective adsorption of formaldehyde on AgCu/HZSM-5
catalyst; whereas the HCHO breakthrough capacity is slightly higher in dry conditions. HiSiv zeolites
are high silica Faujasite zeolites (SiO2/Al2O3: HiSiv 1000 < 6.5, HiSiv < 10) known for their hydrophobic
nature due to the high silica content and they are used for environmental applications due to their
selectivity for organics in the presence of water. Kuroki et al. [47] reported that the mixture of HiSiv
1000 and HiSiv 3000 zeolite enhances the adsorption of a xylene mixture (o-, p-, and m-xylene) due
to the capability of HiSiv 1000 zeolite to adsorb larger molecules (0.6–0.9 nm). However, HiSiv 3000
alone is not suitable for the adsorption of the xylene mixture as HiSiv 3000 zeolites are known for the
adsorption of molecules which are smaller (<0.6 nm).

3.2. Plasma Catalysis of Adsorbed VOCs on Zeolite

One of the key issues finding an appropriate catalyst for cyclic APC technique is to find a catalyst
which is not only good for VOC adsorption and has good humidity tolerance but also a catalyst
which has the ability to completely oxidize the adsorbed VOCs. An overview of published papers
on abatement of VOCs using zeolites in combination with non-thermal plasma discharge is given in
Table 4. The decomposition of O3 to form highly reactive O• is one of the important reactions which
governs the decomposition efficiency of adsorbed VOCs on zeolites because the rate of reaction of O•

with VOC is much higher than that of ozone. The decomposition of VOCs by ozone has been known
to follow one of the following two mechanisms:

(i) Langmuir-Hinshelwood (L-H) mechanism [103]:

O3 + ∗ → O2 + ∗Oads (1)

∗Oads + VOCads → COx + H2O + ∗ (2)

where * is the active site on the catalyst and ∗Oads is the active oxygen species adsorbed on the catalyst.
Metal loaded zeolites (for example, MS-13X) have the ability to decompose ozone to form active
oxygen species which react with the VOCs adsorbed on zeolite. In this model, both the reactants
should be adsorbed on the surface and followed by migration to active site.

(ii) Eley-Rideal (E-R) mechanism:

∗VOCads + O3 → COx + H2O + ∗ (3)

where ∗VOCads is the VOC adsorbed on the catalyst. Metal unloaded zeolite (bare zeolite) has no
ability to decompose ozone to form active oxygen (for example, H-Y zeolite). Unlike the VOC adsorbed
on zeolite, which can be oxidized by ozone, ozone on bare zeolite has less ability to oxidize CO to form
CO2 and thus resulting in lower CO2 selectivity [74]. In this model, only one reactant is adsorbed on
the surface and the other exists in the gas phase. Also, the diffusion length of short-lived species such
as O and OH and electrons are as small as 100 µm at atmospheric pressure. But ozone has a longer
diffusion length of 10 mm due to it long lifetime and can thus reach the inner area of the micropores in
zeolite [74].

The adsorption of VOCs on zeolite increases the residence time of VOCs in the plasma discharge
region resulting in enhanced mineralization efficiency of cyclic APC technique. Yi et al. [61] investigated
three different plasma reactor configurations such as (i) NTP alone, (ii) plasma catalysis (PC), and
(iii) cyclic APC for the decomposition of toluene using Co/13X zeolite as a packing material. Toluene
removal efficiency of cyclic APC was 92.7%; whereas a removal efficiency of 100% was achieved
using NTP alone and PC. However, for APC, the mineralization efficiency and CO2 selectivity were
improved by 23.4% and 35.3%, respectively, when compared to NTP alone; whereas, the improvement
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was only 18% and 10%, respectively, for PC. Since the product selectivity towards the gaseous products
COx (CO + CO2) directly corresponds to the extent of mineralization, which is an important evaluation
parameter for air pollution treatment. Thus, the higher mineralization efficiency of APC is due to the
increase in the residence time of toluene and plasma generated active species in the plasma discharge
region which completely oxidizes the adsorbed toluene and the by-products formed show that cyclic
APC is suitable for air pollution treatment [104,105].

Yi et al. [88] investigated the cyclic APC using different metal loaded (Cu, Mg, Ce, Co) 13X
zeolite for the decomposition of toluene. The metal loading on 13X zeolite enhances the CO and CO2

yield, COx selectivity, and carbon balance. This is due to the dissociation of O3 produced by the NTP
discharge on the metal active sites (*) which played a significant role on the complete oxidation of
toluene following the equations [103,106]:

O3 + ∗ → O2 + ∗O (4)

O3 + ∗O→ O2 + ∗O2 (5)

∗O2 → O2 + ∗ (6)

Of the different metal loaded 13X zeolites studied, Cu and Co showed excellent CO2 selectivity,
because the active sites of Co and Cu catalysts are Co3O4 and CuO2, respectively, which have large
oxygen adsorption capacity and easily convert oxygen to O− and O2− ion [88]. Oda et al. [107,108]
investigated the combination of NTP and metal loaded ZSM-5 zeolite for the decomposition of TCE.
They reported that the TCE removal efficiency using zeolites such as Na-ZSM-5 and Cu-ZSM-5 was
80% without the plasma. Due to the large specific surface area of ZSM-5 zeolites, this removal is mainly
due to adsorption. As the plasma decomposition of TCE is also associated with its desorption, the TCE
removal efficiency is never 100% even at higher discharge power [108]. A good absorbance of TCE at
room temperature was exhibited by Cu-ZSM-5 which enhanced the removal efficiency of TCE to >95%
even in the presence of weak plasma [107].

Nishimura et al. [46] investigated the use of Ag/13X zeolite in a packed bed dielectric barrier
discharge (PBDBD) reactor for the removal of ethylene [46] and reported 100% removal efficiency with
and without plasma discharge. Thus, the ethylene removal in the absence of plasma is attributed to the
adsorption of ethylene on zeolite (π-complexation) and the enhanced ethylene removal in the presence
of plasma is because of the widened range of plasma generation due to Ag loading on zeolite [32,41].
Also, the formation of unwanted by-products such as HCHO, O3, and NOx is greatly suppressed
by the Ag/13X. The concentration of CO in the outlet is also reduced either due to the adsorption
of CO on Ag/13X or via the decomposition reaction with the surface reactive oxygen produced by
O3 (Equations (4)–(6)). Similarly, another work reported that the formation of O3 is reduced in the
Ag/β-zeolite (~20 ppm), when compared to the bare zeolite (350 ppm in transient state and ~30 ppm
in steady state) due to the decomposition of O3 in metal active sites which increased the rate of acetone
degradation when compared to the bare zeolite [109]. Kim et al. [8,110] reported that the metal loaded
H-Y zeolite also enhances the carbon balance by retarding the formation of carbonaceous products on
the surface of the catalyst and the largest enhancement of carbon balance (about 30%) is observed by
supporting 2% Ag on H-Y zeolite.

In Ag/H-Y zeolite, ozone was adsorbed and decomposed both by the active sites of the zeolite
substrate and by metal loaded on zeolite, and thus exhibiting an enhanced toluene removal efficiency
and carbon balance. For example, Ag loading on H-Y zeolite increases the carbon balance from 83% to
98.1% [89]. Also, the formation of organic byproducts was retarded using Ag/H-Y zeolite due to the
complete toluene oxidation by the active oxygen species obtained by the decomposition of O3. Thus,
the decomposition of toluene can be achieved by the impact of plasma active species in the gas phase.
But the further oxidation of intermediates and by-products formed are effective only by the active O•

species produced by the decomposition of ozone on the surface of the catalyst.
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Hu et al. [111] investigated the use of a series surface/packed bed discharge reactor (SSPBD)
powered by a bipolar pulsed power supply in combination with metal oxide loaded 13X zeolite (TiO2,
MnO2, and MnO2–TiO2) for the decomposition of benzene. The highest benzene decomposition
efficiency and COx selectivity of 83.7% and 68.1% were obtained using MnO2–TiO2/zeolite packed
reactor (10.33 W) because of the generation of OH radicals due to the charge transformation between
Ti4+ and Mn4+ on the surface of MnO2–TiO2/zeolite catalyst which resulted in the separation of the
photogenerated electron and hole. Also, the concentration of O3 is greatly reduced due to the O3

decomposition ability of MnO2 [112–115]. Also, the formation of some intermediate by-products such
as CO, HCOOH, and N2O were also significantly suppressed.

It is well known from literature that MnOx efficiently oxidizes O3 [112–115] and Mn/HZSM-5
enhances the rate of benzene decomposition in cyclic APC [39]; whereas CO2 selectivity of ~100% was
achieved using Ag/HZSM-5 as packing material. This shows that Ag is necessary to promote the
complete benzene oxidation [39,101,102]. Thus, the promotional effect of Mn for O3 decomposition and
Ag for complete benzene oxidation is obtained using AgMn/HZSM-5 zeolite [39]. Similar work has
been performed for the decomposition of toluene by Wang et al. [38] and they reported that during the
NTP regeneration of the toluene adsorbed catalyst, the mineralization efficiency of Ag-Mn/HZSM-5 is
higher than the individual metal loaded HZSM-5 (such as Ag/HZSM-5, Mn/HZSM-5, Ce/HZSM-5).

The affinity of metal oxides which are loaded on zeolites towards the adsorbed VOCs plays an
important role in determining the time required for a plasma discharge which in turn influences the
energy cost of the process. Zhao et al. [44] studied the abatement of the adsorbed formaldehyde
on different metal loaded (Cu, Ag, AgCu) and bare zeolites (HZSM-5). As shown in Figure 14,
the evolution of CO2 on AgCu/HZSM-5 and Ag/HZSM-5 is slower than that of Cu-HZSM-5 and
bare HZSM-5 due to the difference in the adsorption sites towards HCHO for different zeolites
under investigation. Despite the longer discharge time required for the complete decomposition of
the adsorbed formaldehyde, the CO2 selectivity and carbon balance of AgCu/HZSM-5 are ~100%
suggesting that there is no other by-product formation [44].
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HCHO over HZ, Ag/HZ, Cu/HZ, and AgCu/HZ catalysts (storage stage: simulated air at 300 mL/min,
50% relative humidity (RH), GHSV = 12,000 h−1, CHCHO = 24.4 ppm (HZ), 27.2 ppm (Ag/HZ), 26.7 ppm
(Cu/HZ) and 26.6 ppm (AgCu/HZ), t = 40 min; discharge stage: O2 at 60 mL/min, PAPC

discharge = 2.3 W).
Reprinted from Reference [44], with permission from Elsevier.

Despite the lower affinity towards ethylene, the oxidation of ethylene by AgFe/13X zeolite is
faster when compared to other transition metal (Co, Mn, and Cu) loaded Ag/13X zeolite, which is
evident from the temporal evolution of CO2. But, the desorption of ethylene and CO2 production are
the least in AgCo/13X zeolite. Also, the emission of by-products such as O3 and CH4 was suppressed
by the Ag–Fe/13X zeolite when compared with other bimetallic 13X-zeolite. Thus, the affinity of the
metal oxide loaded zeolite towards the adsorbed VOCs plays an important role in the desorption and
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oxidation of the desorbed VOCs [95] as the rate of oxidation reaction is higher in the gaseous phase [93].
The increase in the amount of adsorbent from 4.8 g (HiSiv 3000) to 8 g (HiSiv3000 = 2.5 g and HiSiv1000
= 5.5 g), decreases the conversion efficiency of p-xylene due to the fact that the conversion is faster in
gaseous phase and the increase in the amount of adsorbent reduces the desorption of p-xylene [47],
and thus the reduced conversion efficiency.

The metal loading on zeolite not only influences the oxidation state and the crystallinity of the
catalyst, but also the pore volume and SBET of the support. Thus, the optimum level of metal loading
is critical for the best catalytic performance. Yi et al. [88] reported that the 5% Co/13X zeolite exhibits
the best toluene adsorption and good plasma catalytic activity. When the Co loading is too low (1%),
the number of active sites available for the π-complexation is too low, resulting in the weak chemical
adsorption of toluene. When Co loading exceeds 15%, not only the pores of zeolite are blocked but
also the active metal species can be significantly agglomerated which reduces the surface area of active
sites, resulting in decreased catalytic performance [88].

The characteristics of the plasma discharge can also be affected by the amount of metal loading
on zeolite [32,41,102]. For environmental protection applications, the plasma active region should
be widely spread as the localized plasma consumes much energy without enhancing the removal
efficiency. Thus, a uniformly distributed plasma is desirable for high energy and conversion efficiency.
Kim et al. [32] reported that microscopic ICCD camera snapshots revealed that the metal loading
on zeolite increases the number of micro-discharges and reduces the peak current. The number of
micro-discharges in a DBD plasma reactor determines the amount of active radicals produced, and
thus the VOC decomposition efficiency. As shown in Figure 15, without metal loading, the plasma is
confined mainly in the vicinity of zeolite pellets; whereas, with metal loading, the plasma intensity is
increased and expanded over a wide area due to the formation of surface streamers. Although the initial
decomposition of VOCs occurs on the surface of the support such as zeolites, further decomposition
of intermediates occurs on the active sites such as metals on zeolite [110] resulting in different CO2

selectivity, carbon balance and formation of by-products. Also, the amount of metal loading on zeolite
plays a significant role in the complete oxidation of the adsorbed VOCs. Fan et al. [102] reported that
the carbon balance during the decomposition of benzene (P = 4.7 W) is ~100% for 0.8 wt% Ag/HZSM-5
and decreases with an increase in Ag loading on HZSM-5 zeolite. This decrease in carbon balance is
due to the strong interaction between the adsorbed benzene and Ag+ which makes it more difficult
to desorb and oxidize the adsorbed benzene [102]. Thus, the loading of metals on zeolites showed
enhanced VOC removal efficiency and CO2 selectivity due to the following reasons: (i) enhanced
catalytic activity of the metal loaded catalyst (more active sites) and (ii) the formation of a uniform
discharge over metal loaded zeolite when compared to the bare zeolite [41].
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It is well known from literature that greater the SBET, greater the catalytic activity [116]. However,
Youn et al. [117] reported that Fe/ZSM-5 (SBET = 362.3 m2/g and pore volume = 0.17 cm3/g)
showed higher toluene oxidation in comparison with Fe/Beta (SBET = 587.8 m2/g and pore
volume = 0.90 cm3/g) in an APC technique. This is because the number of micro-discharges per
pore volume of Fe/ZSM-5 is higher than of Fe/Beta which is evident from the Lissajous figure (as
shown in Figure 16). This behavior enhanced both toluene oxidation (100% carbon balance) and COx

selectivity [117]. With the increase in Fe content, the product selectivity of COx increases and ethylene
reduces due to the oxidation ability of the Fe/zeolite [117].
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As already mentioned, the number of micro-discharges in a DBD plasma reactor determines the
amount of active radicals produced. Apart from the metal loading, the number of micro-discharges
also depends on the dielectric constant of a packing material. The discharge characteristics of the
zeolite packed plasma reactor can be improved by mixing zeolite with other support materials with
higher dielectric constant such as Al2O3, TiO2, and BaTiO3 [100,118]. As the dielectric constant of
Al2O3 (9~11) is higher than HZSM-5 (1.5~5), the Al2O3 packed plasma reactor has a higher electric field
strength when compared to a HZSM-5 packed reactor [119,120]. As shown in Figure 17, the number of
micro-discharges produced in an Al2O3 packed plasma reactor is higher than that of HZSM-5 resulting
in an increased number of active species produced [100] which is directly related to the enhanced VOC
removal efficiency. The dielectric constant of the zeolites is also dependent on the Si/Al ratio and it
is inversely proportional to the Si/Al ratio. Kim et al. [121] studied Ag/HY zeolites with different
Si/Al ratio such as 2.6, 15, and 40 and reported that the propagation of the surface streamers are less
when the dielectric constant is more than 15, and thus reduced plasma catalytic activity. Qin et al. [100]
investigated the mixed packing material (Al2O3/HZSM-5) for toluene decomposition in the cyclic APC
system. The high SBET and suitable pore size of HZSM-5 keep the adsorbed toluene in the discharge
region; whereas, the Al2O3 produces more active species for an effective toluene oxidation.
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Another work investigated the use of mixture of zeolites (such as MS-3A, MS-4A, MS-5A, and
MS-13X) and ferroelectric material (BaTiO3) for the decomposition of dilute benzene in flue gas [86].
The zeolite/BaTiO3 hybrid reactor yields 1.4–2.1 times more CO2 than the conventional BaTiO3 reactor
except for an MS-13X hybrid reactor which is due to the adsorption of CO2 on MS-13X. In the physical
mixture of packing materials, apart from the dielectric constant, the relative size of ferroelectric
pellets and adsorbing packing material such as Al2O3 and zeolite also plays an important role in
the intensification of plasma. Ogata et al. [55] studied the reaction field and the role of solid surface
under plasma for the decomposition of benzene in air. The strong plasma density is necessary to
induce catalysis in the plasma media [55] and this phenomenon has been demonstrated by using the
combination of BaTiO3 > porous Al2O3 (a mixture of 2 mm BaTiO3 and 1 mm Al2O3) and BaTiO3 <
Al2O3 (a mixture of 1 mm BaTiO3 and 2 mm Al2O3) as shown in Figure 18. Since the high-energy
plasma is produced around the contact points of BaTiO3 as shown in Figure 18, the combination of
BaTiO3 > Al2O3 is more effective for the plasma catalysis when compared to BaTiO3 < Al2O3.
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(BT) alone and the reactors packed with a mixture of BaTiO3 (BT) and adsorbent Al2O3 catalyst
(b) BT > Al2O3 and (c) BT < Al2O3. Reprinted from Reference [55], with permission from Elsevier.

The mineralization efficiency can be further improved by loading metal on the mixed packing
materials. The highest CO2 selectivity was obtained with AgMn/ZSM-5/BaTiO3 for toluene
decomposition [118] because the introduction of Ag–Mn: (i) favors the formation of π-complexation
bonds with toluene which aided the reaction pathway to produce CO2 and (ii) favors the oxidation of
CO to CO2. The AgMn/ZSM-5/BaTiO3 enhances the toluene removal efficiency to 100%, reduces the
concentration of O3 by decomposing O3 to O2 and oxygen active species, which oxidize CO to CO2
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and resulting in a 83% mineralization efficiency. AgMn/ZSM-5/BaTiO3 also reduces the production
of N2O.

Apart from the dielectric constant and metal loading on zeolites, the plasma discharge
characteristics are also influenced by the textural properties of zeolites. When the size of the micropores
are much smaller than the dynamic molecular size of VOCs, the adsorption of VOCs is restricted and
also the formation of micro-discharges inside the pores is limited resulting in only surface discharges,
and thus the decomposition efficiency is reduced [85]. But, the VOCs adsorbed on the external pores of
zeolites are easily oxidized when compared to VOCs adsorbed in the inner pores [86]. Ogata et al. [55]
reported that the ratio of the surface and the bulk pore volume is important for the decomposition of
adsorbed VOCs because it is difficult for the plasma micro-discharges to reach the inner pores when
the size of the catalyst is large. On the other hand, when the size of the by-products produced is bigger
than the pore diameter, carbon deposition would appear [89].

Huang et al. [89] investigated different zeolites for the plasma driven catalytic abatement of
toluene and reported that the mineralization efficiency follows the same order of the pore diameter.
Although the pore diameter of MS-5A zeolite is too small to adsorb toluene, it still exhibited high
toluene removal efficiency in combination with plasma due to the strong collision of electrons and
radicals in the micro pores. For the zeolites that exhibited good toluene adsorption such as H-Y, Hβ and
HZSM-5, the toluene removal was due to the combined effect of the collision of electrons and radicals
and the adsorption of toluene on the zeolite surface [89]. The highest mineralization was achieved
by the zeolite H-Y due to its larger pore size. The natural columbic electric field in the microporous
structure of zeolites can strengthen the plasma discharge and enhances the VOC removal efficiency.
Also, there was no formation of organic compounds on the surface of MS-5A zeolites after plasma
treatment; whereas organic deposits were found on H-Y, Hβ and HZSM-5 zeolites. This is because the
pore size of 5A zeolite is too small for the organic intermediates to access the internal pores.

On the other hand, the porous material with high SBET expands the discharge region because
the streamers can be generated in the pores [88]. USY zeolite has very high surface area (715 m2g−1)
and it is known for its VOC adsorption capacity. Hamada et al. [122] reported that the deposition of
MnxOy on Y-zeolite enhances the removal efficiency of benzene and avoids the formation of organic
by-products which might deactivate the catalyst. This is mainly due to the high SBET of Y-zeolite and
O3 decomposing ability of MnO2 in Mn/USY catalyst.

The combination of non-thermal plasma and HZSM-5 has also been investigated for the
decomposition of chlorinated VOCs such as dichloromethane (DCM) and chlorobenzene. Wallis
et al. [123] investigated the combination of zeolites (such as HZSM-5, calcined HZSM-5, NaZSM-5,
NaA, and NaX) and NTP discharge for the destruction of DCM in air. Among the different zeolites
tested, HZSM-5 showed the highest DCM destruction efficiency of 36%; whereas the calcined HZSM-5
exhibited lower conversion due to the reduction in Brønsted acid sites as these sites play an important
role in the oxidation of chlorinated hydrocarbons [97,124,125]. The HZSM-5 did not exhibit any
reduction in NOx concentration; whereas calcined HZSM-5 reduces the production of NOx by 15%.
The DCM decomposition efficiency of sodium zeolites such as NaZSM-5, NaA, and NaX are similar
but not as high as HZSM-5 zeolites [123]. However, NaA is capable of reducing the concentration of
unwanted by-products such as CO and HCOCl, and Na-zeolites are also good for deNOx up to 53%
due to its basic sites.

Jiang et al. [125] studied the metal loaded HZSM-5 for the decomposition of chlorobenzene.
As shown in Figure 19, for lower specific input energy, the removal efficiency of chlorobenzene was
higher in the presence of CeO2/HZSM-5 in the discharge region when compared to NTP alone. The
dominant factors that influenced the oxidizability of CeO2/HZSM-5 are its relatively high specific
surface area, strong acidity, and redox properties. CeO2/HZSM-5 exhibited better CO2 and COx

selectivity due to the presence of more oxygen vacancies and reactive oxygen on the surface of
deposited CeO2 crystallites, in addition to the Brønsted acid sites of HZSM-5 which oxidize some
of the intermediates on the catalyst surfaces [97,125]. The concentration of ozone in the exhaust of
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CeO2/HZSM-5 packed reactor is lower than the DBD reactor, because of decomposition of ozone on
the catalyst surface to produce active oxygen atom by the following the mechanism mentioned in
Equations (1) and (2) [125].
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The plasma catalysis using metal loaded zeolites can also be used as a pretreatment technology
for biotrickling filter in order to convert the recalcitrant VOC compounds such as chlorobenzene
into water soluble compounds [97]. Zhu et al. [97] reported that the synergy between the NTP and
catalysts (CeO2/HZSM-5) increased the chlorobenzene removal efficiency by 40% at low discharge
voltages (5–6 kV) [97] which is preferable for a pretreatment technology. The water solubility and
the biodegradability of the by-products are important for using the plasma catalysis system as a
pretreatment process because the water-soluble carbon-based by-products can be easily used as carbon
source by microbes. More water soluble and highly biodegradable by-products were produced by a
CeO2/HZSM-5 packed plasma reactor [97].

A number of studies have been conducted on the application of plasma catalysis for the treatment
of single VOCs. However, a knowledge gap still exists in understanding the use of plasma catalysis
for the treatment of VOC mixtures. Mustafa et al. [126] investigated the removal of a mixture of
aliphatic, aromatic, and chlorinated VOCs such as toluene, benzene, ethyl acetate, trichloroethylene,
tetrachloroethylene, and carbon disulfide by combining NTP and HZSM-5. A removal efficiency
of 100% was achieved for all the compounds except CS2 (80.18%) in the presence of HZSM-5 in
the discharge zone at an input power of 16 W. The HZSM-5 has a large adsorbing capacity which
extends the retention time of VOCs in the discharge zone and promotes the collisional probability of the
adsorbed VOCs and the plasma generated active species, resulting in enhanced VOC removal efficiency.
Treatment of VOC mixtures enhances the utilization efficiency of energy and the active species due
to the reaction between partial oxidation products of different VOCs. The combination of NTP and
HZSM-5 inhibits the formation of certain by-products such as cyclohexane (C6H12), pentadecane
(C15H32), benzenonitrile (C7H5N), 2,2-dimethyltetradecane (C16H34), and 1-propene-1-thiol (C3H6S).
These compounds were otherwise found as solid deposits in the plasma reactor.

Typically, the exhaust gas containing VOCs are large in volume with high flow rates and the
reactor for treating these effluents should have a low-pressure loss. It has been reported that by using a
honeycomb structured zeolite adsorbent in a closed loop DBD reactor, 93% toluene removal efficiency
has been obtained (toluene initial concentration = 25 ppm and flow rate = 150 L/min) [33]. Also,
the combination of densification of VOCs by adsorption followed by a plasma discharge has the
adaptability for the change in the wide range of flow rates and VOC concentrations which is difficult
with the flow type reactor (NTP alone or PC). Honeycombs can be produced in different shapes with
different zeolite types, allowing customization of their adsorption behavior [127]. The main advantages
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of honeycomb zeolites are: (i) a lower pressure loss which is suitable for many industrial applications
which involve high flue gas flow rate and (ii) an increased surface area for a given volume (as shown
in Figure 20) [128].

Catalysts 2018, 8, x FOR PEER REVIEW  20 of 40 

 

which involve high flue gas flow rate and (ii) an increased surface area for a given volume (as shown in 
Figure 20) [128]. 

 
Figure 20. Illustration of the adsorption/plasma combined element with insertion of corrugated 
honeycomb sheets between discharge electrodes. Reprinted from Reference [37], with permission from 
Elsevier. 

Hydrophobic honeycomb zeolites exhibited high toluene adsorbing capacity in humid air due to 
their high SBET, pore size and their hydrophobicity retards the adsorption of water which can negatively 
influence the plasma performance. Inoue et al. [37] investigated the combination of an adsorption/in 
plasma catalytic reactor filled with hydrophobic dealuminated honeycomb Y-type zeolite as a packing 
material and a catalytic reactor filled with MnOx placed in the downstream of the reactor for the 
decomposition of low concentrations of different VOCs (100 ppm) from humid air at high flow rates (60 
m3/h). In this particular hybrid system, the VOC decomposition takes places due to different reactions 
such as (i) on the surface of the adsorbent, (ii) in the gas phase, and (iii) on the catalyst due to the active 
oxygen produced via ozone decomposition. Among the different VOCs studied, the molecules with a 
C–O bond are easily decomposable with this system. The decomposition efficiency of different VOCs 
are as follows: alcohol and ether > aromatic and non-aromatic cyclic compounds > ketones.   

3.3. Stability of Zeolite in Adsorption-Plasma Catalysis 

The main difference between conventional PC and cyclic APC techniques lies in the regeneration 
of the adsorbents/catalysts. From an economic and application point of view, it is important that the 
performance of the adsorbents/catalysts is restored completely after plasma assisted regeneration. For 
the cyclic APC process, high catalytic reaction under the plasma discharge is required for the 
regeneration of adsorbents. This is achieved by air or O2 plasma which simultaneously decomposes 
VOCs and regenerates the adsorbent. However, deactivation of the catalysts/adsorbents occurs in 
continuous usage due to the deposition of carbon containing molecules on zeolites which deteriorates 
the surface properties of zeolite and poisons the active sites. Thus, it is important that the researchers 
study the performance of the adsorbents/catalyst in continuous usage for longer time.  

The stability of Ag/HZSM-5 for the adsorption of very low concentration of benzene (4.7 ppm) in 
humid air (RH = 50%) followed by O2 plasma over five cycles of APC technique has been investigated 
[101]. It has been reported that Ag/HZSM-5 exhibited good stability and the carbon balance and CO2 
selectivity were kept around 100% for five cycles of cyclic APC of benzene. The stability of 
AgCu/HZSM-5 was investigated for the cyclic APC removal of low concentration of formaldehyde (26 
ppm) by O2 plasma. As shown in Figure 21, the stability of AgCu/HZSM-5 was maintained for five 
cycles with the carbon balance and CO2 selectivity of ~100% [44]. 

Figure 20. Illustration of the adsorption/plasma combined element with insertion of corrugated
honeycomb sheets between discharge electrodes. Reprinted from Reference [37], with permission
from Elsevier.

Hydrophobic honeycomb zeolites exhibited high toluene adsorbing capacity in humid air due
to their high SBET, pore size and their hydrophobicity retards the adsorption of water which can
negatively influence the plasma performance. Inoue et al. [37] investigated the combination of an
adsorption/in plasma catalytic reactor filled with hydrophobic dealuminated honeycomb Y-type
zeolite as a packing material and a catalytic reactor filled with MnOx placed in the downstream of
the reactor for the decomposition of low concentrations of different VOCs (100 ppm) from humid air
at high flow rates (60 m3/h). In this particular hybrid system, the VOC decomposition takes places
due to different reactions such as (i) on the surface of the adsorbent, (ii) in the gas phase, and (iii) on
the catalyst due to the active oxygen produced via ozone decomposition. Among the different VOCs
studied, the molecules with a C–O bond are easily decomposable with this system. The decomposition
efficiency of different VOCs are as follows: alcohol and ether > aromatic and non-aromatic cyclic
compounds > ketones.

3.3. Stability of Zeolite in Adsorption-Plasma Catalysis

The main difference between conventional PC and cyclic APC techniques lies in the regeneration
of the adsorbents/catalysts. From an economic and application point of view, it is important that the
performance of the adsorbents/catalysts is restored completely after plasma assisted regeneration.
For the cyclic APC process, high catalytic reaction under the plasma discharge is required for the
regeneration of adsorbents. This is achieved by air or O2 plasma which simultaneously decomposes
VOCs and regenerates the adsorbent. However, deactivation of the catalysts/adsorbents occurs in
continuous usage due to the deposition of carbon containing molecules on zeolites which deteriorates
the surface properties of zeolite and poisons the active sites. Thus, it is important that the researchers
study the performance of the adsorbents/catalyst in continuous usage for longer time.

The stability of Ag/HZSM-5 for the adsorption of very low concentration of benzene (4.7 ppm)
in humid air (RH = 50%) followed by O2 plasma over five cycles of APC technique has been
investigated [101]. It has been reported that Ag/HZSM-5 exhibited good stability and the carbon
balance and CO2 selectivity were kept around 100% for five cycles of cyclic APC of benzene.
The stability of AgCu/HZSM-5 was investigated for the cyclic APC removal of low concentration of
formaldehyde (26 ppm) by O2 plasma. As shown in Figure 21, the stability of AgCu/HZSM-5 was
maintained for five cycles with the carbon balance and CO2 selectivity of ~100% [44].
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The performance of Ag loaded β-zeolite reactor was investigated for four cycles of cyclic APC
abatement of acetone (300 ppm) by O2 plasma and it has been reported that the performance of the
reactor was not significantly reduced [109]. However, the concentration peaks of the by-products
were getting broader probably due to the oxidation of the low volatile and non-volatile by-products
which were deposited on the surface of the catalyst. Kuroki et al. [28] also investigated the stability
of honeycomb zeolite for 10 cycles of adsorption of low concentration of toluene (30 ppm) and air
plasma for regeneration and reported that a regeneration efficiency of more than 80% was obtained for
10 cycles.

Yi et al. [61] investigated the stability of Co/13X zeolite in cyclic APC and PC technique for the
decomposition of toluene (150 ppm) by air NTP discharge. In APC and PC, the toluene removal
efficiency was not significantly affected by continuous usage for five adsorption-plasma cycles and
3 h, respectively. But, the adsorption of toluene, mineralization efficiency, and CO2 selectivity were
reduced. For PC, mineralization efficiency and CO2 selectivity were reduced by 8.1% and 16.4%,
respectively. For APC, the adsorption was significantly reduced from 0.51 mmol in the first cycle to
0.382 mmol in the fifth cycle and the mineralization efficiency and CO2 selectivity were also reduced.
The main reasons for the deactivation of Co/13X zeolites in continuous usage are due to the [61]:
(i) retention of carbon containing molecules in the zeolite even after plasma discharge which might
poison the active sites, (ii) significant reduction in SBET and pore diameter and (iii) retention of H2O
produced during the decomposition of toluene.

Qin et al. [100] investigated a cyclic APC for seven cycles of toluene decomposition (1632 mg·m−3)
by air plasma and reported the deactivation of Al2O3/HZSM-5 support and the Ag–Mn loaded
Al2O3/HZSM-5. The main reasons for the deactivation are as follows: (i) formation/residual of
organic intermediates on the catalyst surface, which results in reduced SBET and pore volumes, and (ii)
change in the active components. For example, the following intermediates are found on the surface of
deactivated HZSM-5: undecomposed toluene, 4-benzyl-1,2-dimethylbenzene, 2,2’-bimethylbiphenyl,
benzaldehyde, and ethyl(propa-2-yloxl)acetate. The relative amount of Ag+ on the deactivated catalyst
is reduced resulting in the deactivation of the catalyst as Ag+ is responsible for the π-complexation
with toluene molecule.

During the air plasma catalytic removal of chlorobenzene (1250 mg·m−3), the stability of
CeO2/HZSM-5 was maintained for the first 75 h. After this, the deactivation of CeO2/HZSM-5
was noticed which may be due to halide and small organic matter deposition which blocks the active
sites [125]. The distribution of elements before and after the reaction on the CeO2/HZSM-5 using
energy dispersive X-ray spectroscopy analysis (Figure 22) shows the presence of C and Cl elements
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after the reaction, confirming that a certain amount of organic and chlorinated matter was deposited
or adsorbed on CeO2/HZSM-5. This is due to the long reaction time and the continuous addition
of chlorobenzene that results in insufficient oxidation of intermediates which were deposited on the
surface of CeO2/HZSM-5 covering the active sites, further reducing the decomposition efficiency [125].
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For the APC process, high catalytic reaction under the plasma is required for the complete
regeneration of adsorbents/catalysts and this is achieved by an O2 plasma that generates more
active species and radicals which oxidize and decompose VOCs and simultaneously regenerates
packing materials.

4. Effect of Process Parameters

4.1. Effect of Humidity

The presence of water in the flue gas has both a beneficial and detrimental effect: (i) moderate
humidity (0.2 vol% to 0.4 vol%) promotes the decomposition of VOCs by the formation of OH•
radicals, (ii) however, in the presence of excess humidity (>0.4 vol%) water molecules can adsorb on
the surface of the adsorbent/catalyst and block the catalytically active sites and therefore inhibiting
the VOC removal [39]. But the effect of presence of water in a flue gas on the adsorption of toluene
on a hydrophobic honeycomb zeolite was negligible [29]. Fan et al. [102] reported that the effect of
different relative humidity of the flue gas (RH = 0% to 60% at 25 ◦C) is weak on the decomposition of
benzene due to the high hydrophobic nature HZSM-5 zeolite.

The main disadvantage of the presence of H2O on the on the surface of adsorbent/catalyst and in
the plasma discharge region are as follows: (i) water changes the physical and chemical properties
of the discharge by quenching the activated chemical species and limits the electron density in the
plasma, (ii) water reduces the total charge of a micro-discharge and decreases the plasma volume, and
(iii) water covering the catalyst surface results in the hindrance of ozone adsorption and decomposition
for the formation of active oxygen species. Hamada et al. [122] investigated the effect of adding water
(1%) to the flue gas on the performance of a Mn/USY packed silent discharge reactor and reported
that the addition of water has a negative impact on the decomposition of benzene because it inhibits
the formation of ozone and lowers the catalytic activity of Mn–USY.

4.2. Effect of Initial Concentration

Inoue et al. [37] investigated the performance of the newly developed hybrid plasma reactor
(adsorption on hydrophobic dealuminated honeycomb Y-type zeolite and MnO2 in the downstream of
plasma reactor) in real conditions to treat exhaust gases from painting and adhesive industry. They
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reported that this hybrid reactor is more suitable for treating the flue gas when the initial VOCs
concentration is less than the critical VOC concentration VCRT and it can respond well to temporary
rises in VOC concentrations by adsorption and decomposition (e.g., in applications of the printing
industry). On the other hand, when concentrations of VOCs are continuously higher than the VCRT, the
adsorption function of zeolite is not very effective because the adsorption sites are already saturated
by VOCs (e.g., in applications of the adhesive industry). When the initial concentrations of VOCs are
as low as the VCRT (~300 ppm), a conversion efficiency of 80% was achieved [37].

4.3. Effect of Discharge Gas

The main difference between the conventional adsorption and a cyclic APC technique lies in the
regeneration step [32]. In conventional adsorption, the adsorbent is regenerated either by heating or
by supplying hot water vapor and the resulting high concentration of VOCs has to be further oxidized
either by thermal or catalytic oxidation. However, for an APC process, high catalytic reaction under
the plasma is required for the regeneration of adsorbents/catalysts, and this is achieved by air or O2

plasma which decomposes VOCs and simultaneously regenerates the adsorbent/catalyst. Kim et
al. [129] reported first the complete oxidation of adsorbed benzene on Ag/TiO2 using oxygen plasma
without the formation of by-products such as CO and NOx and regeneration of the adsorbent.

During discharge, oxygen as background gas enhances the oxidation of adsorbed VOCs and
inhibits the formation of unwanted by-products such as NOx [130]. In air as a background gas, N2

competes with VOCs for the active oxygen species resulting in reduced VOC conversion efficiency.
Kim et al. [8] reported that O2 driven PC reactor in cyclic operation retards the formation of NxOy.
Thus, O2 plasma is suitable for the complete regeneration of the zeolites. The presence of oxygen in a
plasma has the following effect on the plasma discharge: photoionization, streamer properties, electron
attachment, transition of filamentary to glow discharge in DBD [8], which are more suitable for the
complete VOC oxidation. Despite the advantages of using oxygen plasma to avoid the formation of
NOx and to produce highly oxidizing environment, using air as a discharge gas is far more economical
in application point of view. Although, the formation of NOx (such as N2O and NO2) are unavoidable
while using air plasma, the concentration of NOx produced can be reduced by minimizing the discharge
time and maximizing adsorption time in the APC process [44]. When air was used as the desorption
gas, part of toluene has been decomposed before desorption from the hydrophobic honeycomb zeolite
because toluene was more easily decomposed in air than N2 [28,29]. Shiau et al. [54] reported that the
desorption of isopropyl alcohol is higher when N2 is used as a desorbing gas when compared to O2

because air or O2 plasma generates more active species and radicals which oxidize and decompose
IPA resulting in reduced desorption of IPA and enhanced IPA conversion.

4.4. Effect of Gas Flow Rate

The gas flow rate during the NTP discharge in cyclic APC techniques plays an important role
in the desorption and oxidation of the adsorbed VOCs because the flow rate influences the exposure
time of the desorbed VOCs to the plasma. On the other hand, increasing the flow rate produces more
active species that enhance the VOC decomposition. Kuroki et al. [29] reported that the increase in
air flow rate from 1 to 4 L/min increases the toluene desorption ratio from 49% to 72%. This is due
to the decrease in exposure time of the desorbed toluene to the plasma discharge and suppressed
decomposition of desorbed toluene with increased air flow rate [29]. Nevertheless, the selectivity of
CO2 increases and CO decreases with increase in flow rate.

As shown in Figure 23, the gas flow rate during the plasma discharge process plays an
important role determining the plasma operating time and thus the energy efficiency of the process.
Youn et al. [117] reported that the time required for toluene desorption and oxidation could be reduced
by reducing the air flow rate. This is due to an increased specific energy density with the reduced flow
rate for the same input power which provides more energy for desorption and oxidation [117].
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4.5. Reactor Configuration

4.5.1. Desorption Method

Yi et al. [131] investigated a closed and ventilated plasma reactor for the removal of toluene in
a cyclic APC process. This work reported that the closed reactor is suitable for low concentration
of VOCs as the residence time of VOCs in the discharge zone is prolonged; whereas, a ventilated
discharge is more suitable for high concentration of VOCs because more reactive species (O•, OH• and
O2
•) are generated. For example, the adsorption of toluene on MS-5A is low and the closed reactor

during the plasma discharge has enough reactive species per toluene for the conversion, yielding
better carbon balance and COx selectivity. On the other hand, toluene adsorption on MS-13X zeolite
is very high and the average number of reactive species available for every toluene molecule is not
enough in a closed reactor resulting in poor oxidation. Thus, a ventilated discharge is more suitable
for the higher concentration of VOCs as this produces more oxygen reactive species.

Kuroki et al. [28] investigated the effect of a plasma desorption method (closed and conventional
open) on toluene decomposition and regeneration of honeycomb zeolites. This work concludes that the
regeneration efficiency and desorption efficiency of the closed system is superior than the conventional
open system [28]. The formation of NO2 is suppressed in the closed system. The optimum closing
time for the higher toluene desorption and zeolite regeneration efficiency is 1 min; whereas higher
closing time is required if complete toluene oxidation is desired [28].

4.5.2. Position of Catalysts

The position of the zeolite in the plasma reactor influences the rate of oxidation reactions,
decomposition efficiency and eventually, the mineralization efficiency. Trinh et al. [93] investigated
three plasma reactor configurations such as one stage (in-plasma), two stage (post-plasma), and hybrid
reactors (zeolites are placed towards the tail of the plasma discharge zone) for the decomposition of
ethylene on 13X zeolite (as shown in the Figure 24). During the plasma discharge, the by-products
produced in one- and two-stage reactors are mainly COX; whereas HCHO and desorbed ethylene were
also found in the hybrid reactor. The formation of HCHO and ethylene desorption suggests the fast
oxidation reaction in the gas phase in the hybrid reactor. As shown in Figure 25, in a two-stage plasma
catalytic reactor, there is no formation of CO2 in the first 10 min because the ozone produced in the
plasma reactor diffused and decomposed on the catalytic surface to form atomic oxygen which reacts
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with the adsorbed ethylene to form CO2. Also, the O3 production is low in the one stage reactor due
to the small gas volume, and thus the oxidation of ethylene is mainly by the diffusion of short-lived
species into the micropores of zeolites that have adsorbed ethylene. When compared to the one- and
two-stage plasma reactors, fast temporal evolution of CO2 is observed (Figure 25) with the hybrid
plasma reactor due to the synergetic effect of both reactors utilizing the O3 formed in the blank part of
the reactor and the short-lived species formed in the packed part of the reactor.

Oh et el. [36] studied the influence of the amount of toluene adsorbed on a zeolite on the toluene
decomposition efficiency depending on the position of the zeolite in the plasma reactor. When the
zeolite is placed in the tail of the plasma reactor, the decomposition efficiency of toluene increases with
the adsorption capacity; whereas, the decomposition efficiency is not influenced by the adsorption
capacity when zeolite is placed in the head of the plasma reactor [36]. These results suggest that the
decomposition of toluene adsorbed in the micropores of zeolites by a direct plasma exposure is not
easy; while the ozone produced in a plasma forms active atomic oxygen which effectively oxidizes
toluene. Other works reported that the positioning of zeolite in the tail of the plasma reactor increases
the conversion efficiency between 10% and 20% depending on the type of zeolite (NaY, H-Y, Ferrierite
and Mordenite) [36,132].

Teramoto et al. [74] reported that the decomposition efficiency is 3.7 times and 1.2–1.5 times higher
when compared to the conventional NTP reactor when a zeolite is placed in the tail (downstream)
and in the beginning (upstream) of the plasma reactor, respectively. This is because the amount of
ozone increases towards the tail of the reactor and according to the Equation (3), O3 is important for
the decomposition of adsorbed VOCs by metal unloaded zeolites. Thus, the decomposition efficiency
is suppressed when a zeolite is placed in the upstream of the plasma reactor [74].

Hamada et al. [122] investigated the use of a surface discharge reactor in combination with Mn
loaded USY zeolite for benzene decomposition. For low input power range, the decomposition of
ozone can be achieved by placing Mn/USY zeolite in the downstream of the plasma reactor, which
enhanced benzene decomposition efficiency. For higher input power range, where the concentration of
ozone produced is reduced by heating, it is more effective to place Mn/USY zeolite in the discharge
zone as they can make use of reactive species with shorter lifetime in addition to O3.
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4.6. Energy Cost

The energy efficiency of a cyclic APC technique can be three times higher (increased by
1.39 gkw−1h−1) than NTP alone and plasma catalysis under the same experimental conditions for
the decomposition of toluene on Co/13X zeolite [61]. This is because the flow rate during the plasma
discharge of APC and discharge time were significantly reduced in cyclic APC resulting in enhanced
energy density and energy efficiency, respectively. Liu et al. [39] reported that the energy efficiency of
APC is almost six times higher (19.72 gkW−1h−1) when compared to the continuous plasma catalysis
(3.05 gkW−1h−1) for benzene decomposition using AgMn/HZSM-5 zeolite.

The energy cost (EC) of a cyclic APC technique can be decreased by increasing the ratio of
adsorption time (t1) and discharge time (t2) according to the following equation [44]:

ECAPC =
PAPC

discharget2

t1
(7)

Fan et al. [101] reported the energy cost of the cyclic APC technique for the decomposition of
VOCs was as low as 3.7 × 10−3 kWh m−3 for the remediation of 4.7 ppm benzene from humid air
(50% RH) using Ag/HZSM-5. In the cyclic treatment, the duration of the plasma discharge for the
complete oxidation of adsorbed VOCs depends on two important factors: (i) the amount of VOCs
adsorbed during the storage step and (ii) the applied voltage [95]. Zhao et al. [44] studied the effect of
the adsorption time of formaldehyde on AgCu/HZSM-5 zeolite on the discharge time for the complete
oxidation of adsorbed formaldehyde. As shown in Figure 26, the storage time has no effect on the
discharge time and a discharge time of 10 min is required for the complete oxidation of adsorbed
formaldehyde to CO2. The energy cost of the cyclic APC process for a storage time of 690 min has been
calculated to be 1.9 × 10−3 kWh m−3; whereas the energy cost can be reduced to the order of 10−5 to
10−4 kWh m−3, considering the possible long adsorption time of AgCu/HZSM-5 zeolite [44]. On the
other hand, another work reported that when the storage period of benzene on Ag/HZSM-5 increased
from 1 to 14 h, a small increase in the discharge time from 9 to 24 min was required to achieve ~100%
conversion of benzene to CO2 [102].
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Figure 26. CO2 evolution with discharge time in cyclic APC of HCHO over AgCu/HZ at various
storage periods (100, 300 and 690 min) (storage stage: simulated air at 300 mL/min, 50% RH; discharge
stage: O2 at 6 mL/min, PAPC

discharge = 2.3 W). Reprinted from reference [44], with permission from Elsevier.

The energy efficiency of a HZSM-5 packed plasma reactor is 29.45% higher when compared to a
plasma alone reactor at 16W which can also be attributed to the adsorption capability of HZSM-5 zeolite
and outcompetes other reactors [126]. The presence of CeO2/HZSM-5 in the discharge region enhances
the energy efficiency by 1.25 times when compared to NTP alone (at 3.5 kJ/L) for chlorobenzene
removal which is an obvious economic benefit [125]. Ogata et al. [55] reported that despite the large
adsorption capacity of MS-13X, the energy efficiency of a MS-13X hybrid reactor was lower than the
reactors packed with MS-3A, MS-4A, and MS-5A. This is because MS-13X does not completely desorb
the large amount of adsorbed benzene to the gas phase and the energy efficiency was calculated based
on the COx formed and the inlet benzene, resulting in reduced energy efficiency.

The combination of adsorption, catalysis, and non-thermal plasma using zeolites suppresses the
formation of by-products such as NOx, CO, and O3. Trinh et al. [109] reported that using silver coated
β-zeolite for the removal of acetone in a cyclic APC technique improves the energy efficiency and
suppresses the formation of un-wanted by-products. But, the formation of unwanted by-products
such as CO, N2O, and NO2 increases with increase in discharge power which is required for a faster
conversion mechanism [39]. The formation of NO2 may poison the active sites of Ag in AgMn/HZSM-5.
Zhao et al. [44] reported that the optimum discharge power for the conversion of adsorbed HCHO
to CO2 is 2.3 W because with the decrease in the discharge power to 1.4 W, the conversion of HCHO
reduces to 76%; whereas there is no further improvement in the performance with a further increase of
discharge power.
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Table 4. Overview of published papers on abatement of VOCs using zeolites in combination with non-thermal plasma discharge.

VOCs Zeolite SBET
(m2/g) *

Pore Size
(Å) * Type of Discharge Carrier Gas Flow Rate

(L/min) *

Initial VOC
Concentration

(ppm) *

Amount of
Adsorption/Removal

Efficiency

Energy
Density and
Frequency

By-Products Ref.

Acetone
3 wt %

Ag/β-zeolite
(15 g)

– –

PBDBD (IPC)
t1 = 100 min N2 2 300 2.45 mmol – –

[109]
PBDBD (IPC)
t2 = 15 min O2 2 – 97% 28 W

(400 Hz)

CH4 (less),
HCHO,

CH3CHO

Benzene

Ferrierite 270 –

SD (IPC)
adsorption N3 4–5 200 – –

–

[8]

SD (IPC)
Closed discharge 50% O2/N2 5–8 – 57% 130 J/L

MS-13X 540 –

SD (IPC)
adsorption N2 4–5 200 – –

–
SD (IPC)

Closed discharge 50% O2/N2 5–8 – 43% 89 J/L

H-Y zeolite – –

SD (IPC)
adsorption N2 10 200 – –

–
SD (IPC)

Closed discharge 50% O2/N2 5–8 – 84% 140 J/L

2% Ag/H-Y
zeolite 520 –

SD (IPC)
adsorption N2 10 200 – –

–
SD (IPC)

Closed discharge 50% O2/N2 5–8 – 89% 160 J/L

Benzene TiO2-MnO2/zeolite – – SSPBD (IPC)
Continuous Air 0.5 400 81% 10.33 W

(50 Hz; 1 nF) CO [111]

Benzene Mn/USY
zeolite 715 – SD (IPC)

Continuous 20% O2/N2 1 200 95% 12 W
(60 Hz) CO [122]

Benzene

Ferrierite – –

SD (IPC)
Continuous

50% O2/N2

5–8 200

58% 130 J/L
(500 Hz) –

[41]

10%
Ag/Mordenite – – 50% O2/N2 97% 130 J/L

(500 Hz) –

10% Ag/HY – – 60% O2/N2 96% 154 J/L
(500 Hz) –

10%
Ag/MS-13X – – 60% O2/N2 88% 154 J/L

(500 Hz) –
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Table 4. Cont.

VOCs Zeolite SBET
(m2/g) *

Pore Size
(Å) * Type of Discharge Carrier Gas Flow Rate

(L/min) *

Initial VOC
Concentration

(ppm) *

Amount of
Adsorption/Removal

Efficiency

Energy
Density and
Frequency

By-Products Ref.

Benzene

Ferrierite 270 4.3–5.3

SD (IPC)
Continuous

Synthetic air

4

200

78%

200 J/L
(500 Hz)

– [110]

2 wt %
Ag/H-Y 520 7.4 10 75%

2 wt %
Ag/H-Y & 0.5

wt %
Pt/γ-Al2O3

– – 10 86%

Benzene
Ag/HZSM-5 334 – DBD (IPC)

t1 = 60 min
Humid air

(RH = 50%) 0.6 4.7 7.6 µmol – –
[101]

DBD (IPC)
t2 = 13 min O2 0.06 – 100% 4.7 W

(2 kHz) CO

Benzene

HZSM-5
(0.05 g) 341 –

DBD (IPC)
adsorption up to

5% of initial
benzene

Humid air (1.5
vol % H2O) 100 SSCM 20

45 µmol/cat

– – [39]

0.7 wt %
Ag/HZSM-5

(0.05 g)
341 – 78 µmol/cat

2.4 wt %
Mn/HZSM-5

(0.05 g)
334 – 94 µmol/cat

0.8 wt % Ag
2.4 wt %

Mn/HZSM-5
(0.05 g)

336 – 131 µmol/cat

Chloro-benzene
12 wt %

CeO2/HZSM-5
(0.3 g)

– – DBD (IPC)
Continuous Dry air – 1250 mg/m3 96% 7 kV

(10 kHz) – [125]

Chloro-benzene
12 wt %

CeO2/HZSM-5
(0.3 g)

315.8 – DBD (IPC)
Continuous Air 1 1250 mg/m3 72.6% 5 kV

(10 kHz) CO [97]

Dichloro-methane

HZSM-5
(140 ◦C) 338 5.4

PBDBD (PPC)
Continuous Air 1 500

36%

0.9 W
(10.25–13.25

kHz)

CO, NOx,
HCOCl

[123]

Calcined
HZSM-5
(140 ◦C)

338 5.4 30% CO, NOx,
HCOCl

NaZSM-5
(140 ◦C) 338 5.4 32% <NOx,

HCOCl, CO

NaA
(140 ◦C) – 4 32% <HCOCl, CO

<NOx

NaX
(140 ◦C) – 10 32% <NOx,

HCOCl, CO
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Table 4. Cont.

VOCs Zeolite SBET
(m2/g) *

Pore Size
(Å) * Type of Discharge Carrier Gas Flow Rate

(L/min) *

Initial VOC
Concentration

(ppm) *

Amount of
Adsorption/Removal

Efficiency

Energy
Density and
Frequency

By-Products Ref.

Ethylene
Ag-Fe

(1.5–0.5%)/13X
(45 g)

– –

PBDBD (IPC)
t1 = 60 min 21% O2 + 79%

N2
1

270 662.2 µmol – –
[95]

PBDBD (IPC)
t2 = 30 min – 100% 15 kV

(400 Hz) –

Ethylene Ag/13X
(30 g) 699.6 –

PBDBD (IPC)
t1 = 100 min 21% O2 + 79%

N2
1

200 817.5 µmol – –
[93]

PBDBD (IPC) dist2
= 20 min – 42% 20 kV

(400 Hz) CO

Ethylene
10 wt %

Ag/MS-13X
(10 g)

– – PBDBD (IPC)
Continuous

10% O2, 10%
CO2/N2

5 200 100% 0–90 J/L
(10 kHz) CO [46]

Formaldehyde
3.6 wt % Ag

2.1 wt %
Cu/HZSM-5

299 –

PBDBD (IPC)
t1 = 40 min

Humid air
(RH = 50%) 0.3 26.6 14 µmol – –

[44]
PBDBD (IPC)

Open discharge O2 0.06 – 100% 2.3 W
(2 kHz) –

Hexafluro-ethane BaTiO3/zeolite – – PBDBD (PPC)
Continuous N2 0.025 3000 100% 8 kV

(60 Hz) – [133]

Iso-propyl alcohol MS-10A 439.31 9.66

PBDBD (IPC)
t1 = 60 min N2 1 400 – – –

[54]
PBDBD (IPC)

Open discharge N2 2 – – 9.66 W
(300 Hz) –

Methane 13X – – PBDBD (IPC)
Continuous – – <1000 26%

173–200
Wh/m3

(20 kHz)
NOx [104]

Trichloro-ethylene Cu-ZSM-5 – - DBD (IPC)
Continuous Dry air 0.4 1000 >95% 1 W

(50 Hz) – [107]

Toluene

ZSM-5-BaTiO3 165 –

PBDBD (IPC)
Adsorption till
breakthrough

Humid air
(19%)

0.6

1632 mg/m3 6.75 mg/g –

[118]

PBDBD (IPC)
t2 = 120 min Air – 100% 22 kV

(50 Hz) N2O

AgMn-ZSM-5-BaTiO3 139 –

PBDBD (IPC)
Adsorption till
breakthrough

Humid air
(19%) 1632 mg/m3 12.5 mg/g –

PBDBD (IPC)
t2 = 120 min Air – 100% 22 kV

(50 Hz) <N2O
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Table 4. Cont.

VOCs Zeolite SBET
(m2/g) *

Pore Size
(Å) * Type of Discharge Carrier Gas Flow Rate

(L/min) *

Initial VOC
Concentration

(ppm) *

Amount of
Adsorption/Removal

Efficiency

Energy
Density and
Frequency

By-Products Ref.

Toluene

Na-Y 750 7.4
DBD (PPC)

ttotal = 160 min
t1 = 30 min
t2 = 10 min

Humid air
(0.5% H2O) 500 cm3/min 200

52

5 W
(24 kHz) CO, HCOOH [74]

H-Y (1) 650 7.4 55

H-Y (2) 520 7.4 50

Mordenite 460 6.7 × 7.0 35

Ferrierite 270 4.3 × 5.5 20

Toluene NaY – –

SD (IPC)
t1 = 160 min Synthetic

humid air
(0.5% H2O)

0.5
200 6.5 × 10−4 mol/g – –

[36]
SD (IPC)

Open discharge – 50% 5 W
(50 Hz) –

Toluene

13X – – DBD (IPC)
t1 = 282 mins Air 0.4 150 0.57 mmol – –

[131]

DBD (IPC)
closed discharge

(t2 = 1 h)
– – – 95% 20 W –

DBD (IPC)
ventilated
discharge
(t2 = 1 h)

Synthetic air
(80% N2 + 20%

O2)
0.1 – 95% 20 W –

Co/13X 386.214
– DBD (IPC)

ventilated
discharge
(t2 = 1 h)

O2

0.02 – 93.9% 20 W –

0.03 – 93.5% 20 W –

Air (80% N2 +
20% O2)

0.1 – 92.7% 20 W –

0.15 – 89.8% 20 W –

MS 5A – –

DBD (IPC)
t1 = 30 min Air 0.4 150 0.021 mmol – –

DBD (IPC)
closed discharge

(t2 = 1 h)
– – 95% 20 W –

DBD (IPC)
ventilated
discharge
(t2 = 1 h)

Synthetic air
(80% N2 + 20%

O2)
0.1 – 91% 20 W –

Toluene
HZSM-5

(1.6 g) 486.587 –

DBD (IPC)
t1 = 8 h

Humid air
(RH = 40%) 3 3 0.25 mmol – –

[38]
DBD (IPC)

Open discharge Synthetic air 0.8 – 100% 2.4 W –
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Table 4. Cont.

VOCs Zeolite SBET
(m2/g) *

Pore Size
(Å) * Type of Discharge Carrier Gas Flow Rate

(L/min) *

Initial VOC
Concentration

(ppm) *

Amount of
Adsorption/Removal

Efficiency

Energy
Density and
Frequency

By-Products Ref.

Ag-Mn/HZSM-5
(1.6 g) 350.051 –

DBD (IPC)
t1 = 8 h

Humid air
(RH = 40%) 3 3 0.27 mmol – –

DBD (IPC)
Open discharge Synthetic air 0.8 – 100% 2.4 W –

Toluene Honeycomb
zeolite

– –

DBD (IPC)
t1 = 60 min Dry air 2 30 3.5 mL – –

[29]
DBD (IPC)

Open discharge

Dry
air–forward

flow

1 –

83% 20 W
(420 Hz) –

Dry
air–reverse

flow
51% 20 W

(420 Hz) –

N2–forward
flow 68% 20 W

(420 Hz) –

N2–reverse
flow 37% 20 W

(420 Hz) –

Toluene

MS-13X 626.439

26.6

DBD (IPC)
Adsorption till
breakthrough

Air 0.4 150 0.57 mmol – –

[88]

DBD (IPC)
Open discharge Synthetic air 0.1 – 94% 20 W –

5% Co/13X 386.214

DBD (IPC)
Adsorption till
breakthrough

Air 0.4 150 0.51 mmol – –

DBD (IPC)
Open discharge Synthetic air 0.1 – 92.7% 20 W –

Toluene
Honeycomb
zeolite (5.2 g)

– –

DBD (IPC)
t1 = 60 min

Air

2 30 3.6 mL – –

[28]

DBD (IPC)
t2 = 5 mins (with 1
min closing time)

Reverse flow 1 –

Reg Eff = 82.3% 20 W
Pulsed hv
(420 Hz)

NO, NO2

DBD (IPC)t2 = 4
mins

Reverse flow
Reg Eff = 78.3%

Toluene Co/13X 386.214 37.78

DBD (IPC)
t1 = till equilibrium Synthetic air

0.4 150 0.51 mmol – –
[61]

DBD (IPC)
t2 = 1 h 0.1 – 92.7% 20 W –
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Table 4. Cont.

VOCs Zeolite SBET
(m2/g) *

Pore Size
(Å) * Type of Discharge Carrier Gas Flow Rate

(L/min) *

Initial VOC
Concentration

(ppm) *

Amount of
Adsorption/Removal

Efficiency

Energy
Density and
Frequency

By-Products Ref.

Toluene

5A – 5

PBDBD (IPC)
Continuous

Dry air 0.3 100

79.8%

3.3–3.7 W
(2 kHz)

– [89]

HZSM-5 – 5.5 80.8%

Hβ – 6.6 98.4%

H-Y – 7.4 85.2%

Ag/H-Y – – 97%

Toluene CuCeZr/ZSM-5 295 3.7 PBDBD (IPC)
Continuous Dry air 1 1400 77% 43 W – [85]

Toluene Honeycomb
zeolite

– –

DBD (IPC)
Continuous

- 150

30 79%
89 W

(60 Hz)
- [33]

DBD (IPC)
APC-closed
discharge

25 70% to 93%

p-xylene HiSiv3000
(4.8 g)

– –

DBD (IPC)
t1 = 130 min Dry air 2 20 5.2 mL – –

[47]

DBD (IPC)
Open discharge

Gas
circulation 0.5 – 43% 38 W

(60 Hz) O3

Xylene mixture (p-,
o-, and m- xylene)

HiSiv3000
(2.5 g) and
HiSiv1000

(5.5 g)

– –

DBD (IPC)
t1 = 130 min Dry air 2 20 5.2 mL – –

DBD (IPC)
Open discharge

Gas
circulation 0.5 – 69% 38 W

(60 Hz) O3

VOC mixture
(C2Cl4, C7H8,
C2HCl3, C6H6,
C4H8O2, CS2)

HZSM-5
(2 g) 202.82 – DDBD (IPC)

Continuous N2 4 100 100% 65.8 W
(900 Hz)

SO2, C2H5Cl,
C2H4O,

C6H8N2, CH4,
C2H3NO

[126]
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5. Conclusions

The main purpose of this article is to provide the readers an insight about the use of non-thermal
plasma assisted/driven gas cleaning technology in combination with zeolites for VOC removal.
The main conclusions that were obtained from this review are summarized as follows: (i) the adsorbing
property of the zeolites enables the use of cyclic-adsorption plasma catalysis for VOC abatement,
which is suitable for removal of low concentration of VOCs from large volume of gas, (ii) the energy
efficiency of cyclic adsorption-plasma catalysis is improved by maximizing the adsorption time that
can be achieved by using zeolites with suitable surface properties (SBET and pore diameter) and/or by
metal loading on zeolites, (iii) a proper selection of the nature and amount of metal ions for loading on
zeolites is important as it can influence the adsorption of VOCs, characteristics of the plasma discharge,
oxidation of adsorbed VOCs, mineralization efficiency and regeneration of zeolites, (iv) the use of
oxygen as discharge gas for the complete regeneration of zeolite is economically feasible when the
adsorption time is maximized in cyclic-adsorption plasma catalysis, and (v) the shaped zeolites are
interesting to treat flue gas with high flow rate due to a reduced pressure drop. From this review, an
unambiguous observation can be made that very few works concentrate on the following aspects of
this technology: (i) stability of zeolites in continuous usage for longer time, (ii) the lifetime of zeolites
and (iii) treating a mixture of VOCs, and (iv) realistic flue gas parameters (presence of humidity,
high flow rate and low initial concentration of VOCs). Even though the stability of zeolites in cyclic
adsorption-plasma catalysis is studied by some researchers, the number of cycles for which it has
been investigated is very low (≤5 cycles), which is not enough to estimate the lifetime of a catalyst.
Therefore, more work focusing on the abovementioned aspects must be carried out in order to scale-up
and apply this promising technology for real world applications.
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