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Plasma-catalysis has been a topic of research for many years due to its potential for
applications in a wide range of chemical, environmental, and energy-related processes.
Non-thermal plasma offers an unconventional way to initiate chemical reactions in gas and
in liquid due to the energetic electrons generated in the plasma, however, it suffers from
low selectivity. The coupling of plasma with catalysis can steer the reactions in the desired
direction, thus providing improved selectivity towards the target products and reducing
unwanted ones.

This special issue demonstrates the interest in plasma catalysis as solution to environ-
mental problems caused by greenhouses gases CO, and CHy4 [1,2] that can be converted
to value-added products and fuels, gas pollution with stable polycyclic aromatic hydro-
carbons [3] and volatile organic compounds [4], as well as water pollution [5]. The special
issue includes a review article and four articles devoted to particular applications.

The review by Gao et al. [1] presents recent developments of plasma catalytic dry
reforming of methane (DRM), focusing on dielectric barrier discharge (DBD) reactors in
combination with nickel-based catalysts, currently considered as very promising catalysts
in DRM reactions due to good catalytic activity, high availability and low cost. Results
obtained using monometallic Ni catalysts on various supports (5i0,, Al,O3, ZrO, and
activated carbon), as well as using Ni-based catalysts doped with other metals or com-
pounds are summarized. The authors discuss the role of the support that can lead to
different performance in the plasma catalyzed DRM reaction and present advantages and
drawbacks of each support under plasma conditions, related to coke formation, metal
sintering in connection with the size of Ni grains, dispersion of the Ni particles on the
support, specific surface area in connection with reactant adsorption etc. Doping with other
metals or metal oxides (alkali and alkaline earth metals—K and Mg, transition metals—Co
and Mn, rare earth metals—La and Ce and their oxides) may prove beneficial, producing
various effects such as enhancing resistance to carbon formation and even removing car-
bonaceous deposits, improving the Ni dispersion and inhibiting aggregation of Ni particles,
strengthening the metal-support interaction, enhancing reactant adsorption, changing
discharge characteristics as to increase the plasma area etc., ultimately leading to better
plasma-catalyst synergy, higher CO, and CH, conversion and improved products distribu-
tion. Another important part of the paper is dedicated to plasma reactor design, including
plasma-catalyst coupling, and process parameter optimization. The key parameters im-
pacting on system performance and efficiency, i.e., discharge input power, feed flow rate,
specific input energy, and feed ratio, are discussed in detail. The in-depth understanding of
plasma-catalyst interaction and of the correlation between efficiency and reactor design and
process parameters still remains one of the challenges to further improve this application.

Packing various materials inside the plasma reactor can influence the discharge in
many different ways, obviously depending on the nature of the material, its dielectric
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constant, surface roughness, thermal and electrical properties, but also on their size and
shape. Uytdenhouwen et al. [2] explored the potential of core-shell structured spheres to
allow tuning of the packing properties for a specific application, by designing an optimal
combination of core and shell. They investigated different core-shell combinations, using
dense spheres of SiO, Al,O3, and BaTiO3 as core and spray-coated powders of these
materials as shell, and tested the materials for CO;, conversion in comparison with pure,
dense spheres. The authors observed a clear effect of the size of the spheres on the
conversion and energy efficiency, and the data showed that this effect is material-dependent.
It was also found that the choice of core and shell materials is extremely important to the
packed-bed reactor performance and further optimization can be carried out to some extent
by adjusting shell thickness. Although it was not the purpose of this work to achieve high
activity for CO, splitting, as the tested materials are not catalytically active, nor to identify
the optimum core-shell structure leading to significant performance improvement, the
paper clearly demonstrates great potential in preparing packing materials appropriate for
a certain application. Doping the shell with suitable catalysts, as suggested by the authors,
represents a very interesting opportunity in this direction due to the macroporous nature
of the material that may allow plasma to penetrate inside the pores and thus enhance
plasma-catalyst interaction.

Various packing materials in a DBD reactor have also been investigated in the paper
by Cimerman et al. [3] who reported the removal of tars, in particular naphthalene, by
plasma catalysis in such a system. As previously mentioned, the packing can influence
the discharge properties through several mechanisms, and this is ultimately visible in the
variation of discharge power as a function of applied voltage. The authors focused on the
effect of packing material on naphthalene removal and on the energy efficiency, considering
the type of material, the specific surface area, the shape and size of the pellets. The pollutant
removal was clearly enhanced when using the packed-bed reactor as compared to the
empty DBD reactor, following the sequence TiO; (88%) > Pt/vyAl,O3 (78%) > ZrO, (72%) >
YAL O3 (66%) > glass beads (64%) > BaTiO3 (51%) > plasma only (41%). It was suggested
that a key factor for obtaining high removal efficiency is the presence of surface discharges
that propagate along the packing material and thus activate a larger area of the catalyst
and favor chemical reactions, while high dielectric constant materials, such as BaTiOs3,
concentrate the discharge close to the contact points of the pellets, resulting in weaker
chemical effects. Increasing the specific surface area of the materials favored naphthalene
removal, this behavior being similar to thermal catalysis, where textural properties play a
major role. However, contrary to conventional catalysis, the shape and size of the packing
material were found to be important in plasma catalysis, as they determine the size of voids
between the pellets, and thus discharge properties, gas residence time and plasma volume.
The authors identified carbon monoxide, carbon dioxide, water and formic acid as main
products in the gas phase of naphthalene decomposition, as well as several other complex
gaseous and solid by-products, indicating incomplete oxidation of the target compound.

Although recently significant research efforts have been devoted to explaining the
mechanisms of plasma-catalyst interaction, the present understanding still leaves open
questions related to the complex phenomena involved in plasma catalysis. In order to fill
some of these gaps, the article by Vega-Gonzalez et al. [4] focuses on the reaction pathways
occurring during the decomposition of a volatile organic compound (acetaldehyde) by
DBD fluidized bed with Ag/TiO, catalyst deposited on 150-um-diameter SiO; pellets.
The authors obtained enhanced removal of the VOC and considerably higher selectivity
to COx (CO + COy) in the plasma-catalytic system as compared to plasma alone. For
the highest specific input energy used (1150 J/L), acetaldehyde was almost completely
removed (98%) and the selectivity to COx reached 60%. Other organic by-products, such
as methanol, acetic acid, methyl formate, methyl acetate, 1,2-ethanediol mono- and di-
formate, were identified in the gas phase in both reactors as a result of the target compound
decomposition, while acetone and nitromethane were only detected in the plasma-catalytic
process. In-situ diffuse-reflectance infrared Fourier transform spectroscopy (DRIFTS) was
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used to monitor the catalyst surface during acetaldehyde adsorption and subsequent
plasma degradation. It was found that at the end of the adsorption step the Ag/TiO,/SiO,
was mainly covered with acetaldehyde, but other species such as acetate, acetone and
formaldehyde were also formed. The measurements carried out on the catalyst exposed
to plasma reveal that acetaldehyde degradation proceeds with the formation of different
surface compounds such as acetate, methoxy, ethoxy, formate and carbonate species, as
well as formaldehyde and formic and acetic acid. In addition to the formation of these
species on the catalyst surface, some of them can also be formed directly in the gas phase
and subsequently adsorb on the catalyst. Detection of the carbonaceous intermediates
provided more detailed information on acetaldehyde degradation in the plasma catalytic
system by the interaction of adsorbed molecules with plasma-generated species and/or
by-products of acetaldehyde decomposition in the gas phase. Thus, the main degradation
pathways could be identified.

The degradation of aqueous pollutants is also a challenging issue that may be tackled
by non-thermal plasma. Although the removal of target contaminants appears feasible,
mineralization is often very slow and energy-consuming, as numerous organic by-products
are formed, similarly to the case of gaseous pollutants. Again, the addition of catalysis
is believed to provide a solution to this problem and various materials have been tested
for this purpose in combination with plasma. Korichi et al. [5] addressed the issue of
mineralization for a solution containing paracetamol treated by a DBD above liquid com-
bined with iron catalysts supported on glass fiber and immersed in the liquid. Complete
removal of the contaminant was achieved after 60 min treatment by plasma alone at very
low input power (0.3 W), but the carbon remained in organic form and no mineralization
was obtained. Introducing the Fe?* catalyst proved beneficial to the degradation process:
the rate constant increased by more than 40% as compared to the treatment by plasma
alone, indicating faster paracetamol removal, and the energy yield was almost two times
higher, clearly showing a considerable improvement in the process efficiency. Moreover,
the mineralization degree increased to 30% after 15 min and to 54% after 60 min treatment
by plasma catalysis, and a decreasing trend with treatment time was observed for most of
the detected organic by-products. The role of the catalyst is thus decisive in improving the
degradation process and was attributed to the generation of additional hydroxyl radicals by
the Fenton-like reaction, i.e., by decomposition of the plasma-produced hydrogen peroxide
in the presence of Fe3*. Hydroxyl radicals are highly reactive and generally believed to be
the driver of the degradation of organic compounds in water in all advanced oxidation
processes. Therefore, the plasma-Fenton combination, using the continuous supply of
H,O, generated in-situ by the plasma, shows great potential for water cleaning.

We can conclude that plasma catalysis is very active research area, various applications
are envisaged and promising results are reported worldwide. Finally, we wish to thank all
the authors for their valuable contributions, without which this special issue would not
have been possible.
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Abstract: The greenhouse effect is leading to global warming and destruction of the ecological
environment. The conversion of carbon dioxide and methane greenhouse gases into valuable sub-
stances has attracted scientists” attentions. Dry reforming of methane (DRM) alleviates environmental
problems and converts CO, and CHy into valuable chemical substances; however, due to the high
energy input to break the strong chemical bonds in CO, and CHy, non-thermal plasma (NTP) cat-
alyzed DRM has been promising in activating CO, at ambient conditions, thus greatly lowering
the energy input; moreover, the synergistic effect of the catalyst and plasma improves the reaction
efficiency. In this review, the recent developments of catalytic DRM in a dielectric barrier discharge
(DBD) plasma reactor on Ni-based catalysts are summarized, including the concept, characteristics,
generation, and types of NTP used for catalytic DRM and corresponding mechanisms, the synergy
and performance of Ni-based catalysts with DBD plasma, the design of DBD reactor and process
parameter optimization, and finally current challenges and future prospects are provided.

Keywords: plasma; dry reforming of methane (DRM); dielectric barrier discharge (DBD); Ni-
based catalyst

1. Introduction

With industrial development and social progress, a large amount of fossil fuels have
been burned, energy consumption in various places has increased sharply, carbon dioxide
emissions have increased greatly, and the greenhouse effect has become a serious issue,
so reducing the negative impact of climate change and slowing down global energy
consumption are of vital importance. At the same time, greenhouse gases (CH; and
COy,) are also deemed as the raw feed for production of value-added chemicals [1,2].
Therefore, dry reforming of methane (DRM) has been put into industrial production and has
attracted widespread attention because of its dual benefits of environmental protection and
resource utilization [3-7]. The product is generally synthesis gas or other valuable chemical
substances, such as hydrogen and carbon monoxide (syngas components), ammonia,
methanol, acetic acid, synthetic gasoline, etc. The main reaction equation is:

CH4 + C02 =2CO + 2H,, AHyggk = 247 k]/mol

because of the high stability of methane and carbon dioxide molecules. Studies have
shown that DRM has the following advantages: (1) Wide sources of raw materials are
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utilized to turn waste into treasure, thereby reducing atmospheric pollution; (2) compared
to wet reforming and partial oxidation reforming of methane, DRM can save nearly half of
methane; (3) the ratio of H, to CO is close to 1, appropriate for oxo reaction (hydroformyla-
tion reaction in the presence of Co or Rh where olefins reacts with CO and H; to produce
aldehydes) and FTS reaction (also known as Fischer-Tropsch Synthesis, a process where
CO and H; react to form olefins and other valuable products); (4) the reaction has a large
reaction heat, which can be used as energy storage and medium transmission, such as solar
energy storage [1,8-17].

However, in recent years, the traditional DRM method has gradually shown some
limitations, such as high energy consumption and catalyst deactivation at high operation
temperatures [9,18]. In this case, the emergence of plasma technology overcomes the high
energy input to activate methane and carbon dioxide molecules. The high-energy electrons
produced by plasma can initiate chemical reactions at room temperature, providing a
new way for reforming reactions. Traditional methane conversion underwent a two-
step catalytic process, usually conducted under intensive conditions. In contrast, non-
equilibrium plasma-assisted DRM where electrons possess a higher energy owns a much
lower reaction temperature than that of the traditional reforming process. In other words,
the non-equilibrium plasma has the potential to generate active species in situ at low
temperatures to accelerate the reaction process [8,19].

Non-thermal plasma technology (NTP) has attracted more and more attention due
to its simple equipment, easy operation, high conversion rate; moreover, NTP saves the
energy and materials and benefits the environmental protection. Current studies have
shown that a variety of NTP structures have been tested for DRM reactions, such as gliding
arc discharge, dielectric barrier discharge (DBD), microwave discharge, corona discharge,,
etc. Among them, DBD has drawn special attentions because of its high density of electrons
and production of highly active species. Scientists have conducted a lot of research on
related areas [8,10,20-22].

Despite many advantages of DBD in DRM, the reaction has a lower activity and serious
coke formation without a catalyst. Integrating NTP with the catalyst, a synergistic effect is
observed to increase the conversions of reactants and the selectivity or yield of the targeted
product due to the specific excitation formed in the plasma with sufficient energy. In detail,
the electric field of plasma is enhanced due to charge accumulation and a polarization effect
caused by the roughness of the catalysts. Additionally, a higher interaction between the
catalyst and active species causes a higher conductivity, which improves the magnitude of
the electric field. Meanwhile, the catalyst facilitates the adsorption and prolongs the contact
time of reactants, leading to a higher activation and conversion. On the other hand, the
highly reactive species generated by plasma cause the structure change and surface faceting
of the catalyst, promoting the charge deposition and hotspot formation, which activates
the metals and reactants. The combination of plasma and catalysts can prolong the lifetime
of active species and lower the activation barrier [8]. Among the catalysts for plasma-
catalyzed DRM, noble metals show good catalytic performances. As seen from previous
studies, precious metals show strong resistance to coke formation and exhibit high catalytic
activity in thermal and plasma DRM. The precious metals commonly used in plasma
DRM include Pt, Pd, Rh, and Ru [8]. For example, Pt nanoparticles were impregnated in
the UiO-67 MOF structure, accelerating the reactant dissociation and enhancing Hj yield.
Moreover, due to the dehydrogenation of hydrocarbons on Pt nanoparticles, the selectivity
towards light hydrocarbons was reduced by 30%. Assisted by plasma, the surface reactions
were intensified, increasing the energy efficiency by 11%. Furthermore, excellent stability
was shown by the constant conversions during four cycles of plasma on-off [23]. However,
due to their scarcity, high price, and easy sintering at high temperatures, they are not
suitable for large-scale industrial applications [24,25]. Relatively speaking, transition
metals such as Co, Mn, Fe, Cu, and Ni are also used for plasmonic catalytic DRM reactions.
Zeng et al. compared the performance of different y-Al,O3 supported metal catalysts
M/v-Al,O3 (M = Nj, Co, Cu, and Mn) in the plasma assisted DRM. They found out that the
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combination of plasma with Ni/y-Al,O3 and Mn/y-Al,O; catalysts significantly increased
CHy4 conversion [26,27]. Other studies have shown that among various transition metals
(Ni, Co, and Fe) used to catalyze DRM, Ni based catalysts presented good activities and
economic feasibility [28-31], currently considered one of the most promising catalysts in
DRM reactions due to the high catalytic activity and low cost [32-38].

However, the recent progress of DRM catalyzed by DBD plasma on Ni-based catalysts
is rarely summarized. Therefore, this article focuses on the application of DBD-Ni catalysts
integrated system for DRM reaction, discusses the synergy between Nickel-based catalysts
and DBD reactor, introduces the reactor design and process parameter optimization, and
finally provides the current challenges and prospects for the future.

2. Overview of Non-Thermal Plasma

Plasma takes up around 99% of the universe substances, which is a term used to
describe an ionized gas. It is a macroscopic appearance composed of free electrons, ions,
and neutral particles (in which positive and negative charges are equal), forming an
electrically neutral non-condensing system [39,40]. The plasma as a whole is not charged,
but because it contains free charge carriers, it is conductive. In addition, it has strong
chemical activity. Many chemically stable substances can be activated by plasma [2].

The classification of plasma is divided into thermal plasma (equilibrium plasma)
and non-thermal plasma (non-equilibrium plasma) according to the temperature of heavy
particles inside the plasma and the thermodynamic balance. In thermal plasma, the
temperature of its electrons and heavy particles are approximately equal, between 5000
and 50,000 K; including arc discharge plasma and inductively coupled plasma, often
used in solid waste incineration and arc welding [2,40]. The electron temperature in
NTP is much higher than that of heavy particles. Therefore, NTP technology has a wide
range of applications such as pollutant removal, nano-material synthesis, material surface
modification, and fuel reforming [24,26].

2.1. Characteristics of Non-Thermal Plasma (NTP)

NTP has non-equilibrium characteristics, that is, it can simultaneously have higher
electron energy and lower ion and gas temperature. Electrons with sufficiently high
energy can activate reactant molecules by dissociation and ionization during collisions;
also, the reaction system can be kept near room temperature, which can reduce the energy
consumption. Therefore, non-thermal plasma has a wide range of applications [25,39].

The energy in the non-thermal plasma is mainly used to generate highly reactive
species (such as methane and carbon dioxide). The non-equilibrium characteristics can
overcome thermodynamic obstacles in chemical reactions (such as dry reforming), allowing
the reaction to proceed at room temperature and pressure. Besides, the on-off switch time
of non-thermal plasma is so short that the excess energy generated by the fluctuation of the
power grid can be used to achieve the stability of the power grid and facilitate the control
of the reaction [35]. Therefore, non-thermal plasma technology is promising for methane
dry reforming.

2.2. Non-Thermal Plasma Generation

Plasma can be generated from neutral gas by thermal excitation. When the gas is
strongly heated up to a certain temperature, usually thousands of kelvins, the gas molecules
form plasma due to their enough energy for spontaneous dissociation, excitation and
ionization. However, due to technical issues and high energy input, this plasma generation
method is not popular [2].

In contract, the widely accepted and facile NTP generation method is by means of
electricity. Capacitively coupled plasma is a typical example, where a large potential
difference is exerted between two electrodes. Due to the electrical discharge generated by
the electric field, the gas between the electrodes is transformed into plasma. Considering
the thousands of volts voltage and short distance between electrodes, the intensity of
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the electric field in gas is high enough to accelerate the electrons from one electrode to
another [2]. The current common non-thermal plasma mainly includes: Dielectric barrier
discharge, corona discharge, gliding arc discharge, glow discharge, microwave discharge,
and radio frequency discharge.

2.3. Mechanism of DRM Catalyzed by DBD Plasma

DBD is defined in the scenario where the dielectric is placed between two electrodes,
and the discharge space is filled with an insulating medium. Due to the existence of
the medium, the growth of the discharge current is limited, so as to avoid the complete
breakdown of the gas and the formation of sparks or Arc [26]. When electricity is applied,
plasma can be generated via the charge accumulation on the dielectric material with
the short lifetime streamer, which will stop the discharge at one point, thus driving the
discharge to happen at another point on the surface [41]. Moreover, DBD is a technology
to generate stable plasma in a large scale at a low temperature and to produce electrons
with a high energy to activate and dissociate greenhouse gas molecules such as CH, and
CO,, which are usually chemically stable due to the high bonding energies. On the other
hand, dielectric barrier discharge can generate stable and uniform atmospheric pressure
plasma under atmospheric pressure or higher. After optimization, this type of discharge
has a broad development prospect in the industry.

DBD plasma is a means to effectively activate molecules. First of all, it can often
activate high-stability methane molecules under milder conditions, usually at a pressure
of 104-106 Pa and a frequency of 50 Hz [42]. Secondly, the simple design and easy-to-
operate characteristics of the DBD reactor facilitates the miniaturization or expansion with
high portability [39]. At the same time, DBD plasma shows certain advantages to DRM
because of its low energy input, production of various active species, and low installation
cost [18,43]. Therefore, this technology has been extensively studied in DRM [44].

Despite the advantages of DBD-catalytic assisted DRM over the single DRM, the low
energy utilization efficiency limits its application [10,21,26]. To solve the problem, the
combination of plasma technology and catalysts can improve the reactivity and energy
utilization efficiency. It is known that the design of the plasma reactor should enable the
plasma species optimally transported to the catalyst surface. Due to the high temperature
of the catalyst, it is not simple to integrate the catalyst in the warm plasma; therefore, for
plasma catalysis, DBD plasma as the representative NTP is more suitable [10,21].

2.4. Synergy of Non-Thermal Plasma and Catalyst

Although DRM shows a better performance in dielectric barrier plasma reactors,
the traditional method to convert a large amount of CO; or CHy has many limitations.
For example, other possible reactions, such as methane cracking, lead to reduced energy
efficiency and residual carbon deposition [21]. In addition, the DRM process is highly
endothermic with a long duration and high energy consumption. Therefore, the advantages
of the combination of plasma and catalyst are exploited. Compared with the catalyst-free
DRM, plasma-assisted catalytic DRM exhibited a higher reaction rate and strong resistance
to coking due to the synergistic effect [45,46]. In detail, adding the catalyst to the discharge
area of the DBD plasma can affect the efficiency of the system. Charge accumulation and
polarization effect caused by the various shape and surface properties of catalysts enhance
the electric field of plasma [8]. In other words, The plasma-catalyst interface increases
the likelihood of reactant collisions and enhances surface modification and electric fields.
These factors are beneficial to the treatment of gas in the DBD plasma DRM. On the other
hand, plasma physically and chemically affects the surface area and interfacial chemistry of
the catalyst, which in turn enhances DRM activity and improves product distribution [47].

The main factors affecting the plasma performance (measured in terms of output
voltage and current intensity) are electric field enhancement and discharge. The roughness
of the catalyst has a certain impact on it, due to the enhanced polarization effect and
accumulation of charge in a more dispersed and smaller particle with high surface area
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and high density of metal sites [48]. The combination of the catalyst and the DBD plasma
increases the reactivity of most reactants by keeping them in excited state and lowering
the activation energy [8,49]. In a word, the synergy between catalysts and DBD plasma
can be summarized based on Figure 1 as below: First, the carbon deposition is alleviated;
second, the conversions, selectivity, and stability are enhanced; third, catalyst reusability is
improved; fourth, energy efficiency is increased [8].

Catalyst-plasma synergism

Synergy

Effect of catalyst on plasma Effect of plasma on catalyst

Enhance electric field Produce Hotspot

Reduce coke formation

Boost microdischarges Enlarge surface area

Increase product selectivity

Change discharge behaviour Change catalyst work function

Prolong catalyst stability

Regenerate catalyst

Prolong active species lives Alter catalyst oxidation state

Enhance EE

Low activation barrier Modify activation barrier

Assist in metal reduction

Modify surface reactions

Figure 1. Synergy of the catalytic dielectric barrier discharge (DBD) plasma system. Reproduced
with permission from [8], Copyright 2019, Elsevier.

In recent years, many studies have been focused on the application of a plasma
synergistic catalyst to the DRM process [9,26,50]. A series of Co, Ru, Mn, and Pt-based
catalysts have been published and most of them can increase the yield of products. Among
them, Ni has become a hotspot due to the same stability, high activity, and high availability
for DRM reactions as noble metals but with a lower cost [51]. For example, Wang et al.
compared two DRM processes: Plasma-single and plasma-catalysis [26]. The results show
that when Ni/C catalyst is combined with plasma, the catalytic activity was enhanced and
the reaction conversion rate increased. Pietruszka et al. found that by combining plasma
and Ni/y-Al,Os, conversions of both CH4 and CO, were increased due to the discharge
heating of the catalyst [24]. Kim et al. observed that with Ni/Al,Oj catalyst, conversion of
CH4 was significantly higher than that of DBD without catalyst [45,50,52,53]. Therefore,
this article summarizes the latest progress of Ni-based catalyst assisted by DBD plasma
for DRM.

3. Ni-Based Catalyst Assisted with DBD Plasma for DRM

Due to the high availability and low cost of nickel-based catalysts, it is widely consid-
ered in plasma DRM. The common supports used in Ni-based catalysts are Al,O3, LayO3,
S5i0,, AC, ZrO,, and multi-element supports [8]. Studies have shown that different sup-
ports used in Ni-based catalysts exhibit different performances. For example, coking and
metal sintering can be reduced in inert supports such as silica, thus improving the catalytic
activity because CHy and CO, are both activated by metals with the help of plasma [8].
Besides, Ni-impregnated alumina (acid) and magnesium oxide (alkaline) catalysts have
been widely used in plasma DRM, and their catalytic property has been improved by the
dual-function approach, where CHy is activated by metal and CO is activated by alkaline
supports [54]. Specifically, alumina’s high specific area, high thermal resistance, and good
dielectric properties make it the preferred support for plasma catalysis [53]. In addition,
Ni/ZrO, decomposed by plasma has a higher specific surface area, which generates more
surface Ni active centers [55] (Table 1). Furthermore, activated carbon (AC) has the advan-
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tages of low cost, large specific surface area, good stability, chemical inertness, and has also
been applied to DRM [56].

3.1. Pure Ni Catalysts with Different Supports
3.1.1. Ni/SiO,

In the traditional DRM catalysis process, the sintering of nickel catalyst under high
temperature reaction (generally above 500 °C) is one of its main disadvantages. The aggre-
gation of nickel particles leads to the loss of active surface, thereby reducing activity and
selectivity [57]. On one hand, DBD plasma and Ni/SiO; catalyst show a synergy, which
inhibited coke formation. On the other hand, due to the higher energy of electrons in
DBD than the bond dissociation energy of nickel, metallic Ni crystal grains are reduced to
smaller crystal grains on the Ni/SiO, catalyst [58]. In the strong electric field of the DBD,
the Ni-support interaction is affected by high-energy electrons, resulting in the dispersion
of Ni particles on the catalyst support. In addition, DRM catalyzed by Ni/SiO, occurs at
the low temperature and ambient pressure of non-thermal plasma, which may prevent
nickel from sintering on the catalyst. As shown in Figure 2, a broader peak shape was
presented after the reaction in 2b, suggesting a smaller size for the spent Ni catalyst due to
the assistance of non-thermal plasma [59] (Table 1).
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Figure 2. XRD pattern of Ni/SiO; catalyst sample. (a) Fresh catalyst. (b) Spent catalyst after 5 h test.
Reproduced with permission from [59], Copyright 2015, Elsevier.

In addition, the Ni/SiO; catalyst can increase the CO selectivity, because the reaction
between carbon-containing intermediates and oxygen radicals are catalyzed in the plasma.
However, in the Ni/SiO; catalyst catalysis process, the conversion rate of CO, and CHy
will be reduced, which can be attributed to the reverse reaction on the catalyst [59].

3.1.2. Ni/AlLO;5

Due to its high thermal resistance, high specific area, and good dielectric properties,
alumina was once known as the preferred carrier for plasma catalysis. Recent studies have
shown that among Ni/MgO, Ni/vy-Al,O3, Ni/TiO,, and Ni/SiO,, Ni/y-Al,O;3 catalyst
performed the best [60]. Nickel-supported Al,O3 has been widely used and reported in
NTP-catalyzed DRM [54]. Tu and Whitehead reported that a synergistic effect of Ni/Al,O3
with low-temperature plasma almost doubled the methane conversion and Hj yield com-
pared with DRM with plasma alone [37,61].

L. Brune and coworkers also performed DBD plasma-DRM reactions with Ni/y-Al,Os3
as fillers [21]. Results showed that porous alumina with a huge specific area captured CO2
molecules, which significantly increased its conversion. Additionally, with the same wall
plug power, total flow rate, and operating frequency, porous y-Al,O3 beads filled in the
gaps of the DBD increased the CHy conversion rate by nearly 25% compared with the
plasma alone [21,62].
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To enhance H; /CO ratio in Ni/Al,O3 catalyst coupled with DBD reactor, Thitiporn
et al. increased the CHy/CO; feed ratio to 4 and a high H, /CO ratio of 1.5 was realized;
moreover, with 5% Ni loaded on Al,O3, only 3.7 wt% carbon deposition was presented,
which was 4.7 wt% without Ni, suggesting the synergy between Ni catalyst and DBD [63]
(Table 1). However, even though Ni/y-Al,O3 exhibits good catalytic performance, there is
still a problem of carbon deposition. The deposited carbon covers the active center of the
catalyst and causes metal particles to sinter, thus deactivating the catalyst and reducing the
DRM performance [43,64].

3.1.3. Ni/ZrO,

ZrO, has been studied as the packing materials in DBD plasma reactor to catalyze
the DRM reaction. However, with ZrO, alone, the fraction of void decreased, reduc-
ing the current intensity and plasma generation. Moreover, surface discharges became
dominant instead of filamentary microdischarges, negatively affecting the activation of
reactant molecules [23].

In contrast, Ni/ZrO, exhibits an enhanced reactivity in DBD DRM reaction. The nickel
precursor is decomposed under the DBD plasma to prepare a nickel/zirconia catalyst,
possessing a high specific surface area and provides more surface Ni active centers for the
reaction. During the early work, the application of Ni/ZrO; catalysts in dry reforming
has been studied, and it is found that carbon deposition is significantly reduced, especially
under low nickel loading, if the nickel microcrystals used are very small [65]. ZrO,
contains two crystal phases, namely monoclinic (1m-ZrO;) and tetragonal (t-ZrO,). In ZrO;-
P (precursor decomposed with plasma treatment in Ar atmosphere), the amount of t-ZrO,
is twice that of Ni/ZrO,-C (precursor calcined in air without plasma treatment), indicating
the beneficial effect of NTP treatment on the formation of t-ZrO, [55]. Compared with
Ni/ZrO,-C, the agglomeration of nickel particles on the Ni/ZrO,-P was much reduced,
and the exposed surface lattice fringes of the Ni particles were clearly visible. In addition,
more oxygen vacancies were generated on Ni/ZrO,-P, which provided stronger alkalinity
and promoted CO; adsorption and activation, enhancing the activity of Ni/ZrO, in DRM.
Meanwhile, oxygen vacancies additionally drive the CO, reduction, resulting in enhanced
activation of CO, and Ni/ZrO, DRM activity [56,66]. The methane and CO, conversions
using plasma and catalyst were 53.57% and 60.81%, higher than 42.30% and 52.88% with
plasma alone, indicating that the combined treatment of DBD plasma and Ni/ZrO; can
provide stronger adsorption sites and improve the adsorption capacity of CO,, further
increasing the activity of Ni/ZrO, in DRM. Finally, by comparing the carbon deposition
amount of the two catalysts after the DRM reaction, Ni/ZrO;-P possessed lower coke
formation (The carbon deposition amount of Ni/ZrO,-P and Ni/ZrO,-C is 33 wt% and
64 wt%, respectively) [55].

In summary, studies by Vakili and Hu et al. [23,55] have confirmed that DBD plasma
decomposition benefits the formation of highly active Ni-based DRM catalysts. Through
plasma decomposition, Ni/ZrO,-P possessed a smaller nickel size and denser Ni (111)
planes. At the same time, it has higher dispersion, more t-ZrO, and more oxygen va-
cancies, which helps CO; adsorption and activation. Owing to the synergistic effect of
non-thermal plasma and Ni/ZrO,, the catalytic activity and anti-coking ability for DRM
are effectively enhanced [55,65].

3.14. Ni/AC

Carbon materials such as activated carbon (AC) are characterized with low cost, good
stability, large specific surface area, and chemical inertness [56]. In addition, activated
carbon is effective for oxygen reduction, controlling the surface chemistry and pore size
distribution. In recent years, many studies have been launched on this field. For example,
Wang et al. studied DRM with plasma alone, catalyst alone, and catalyst-assisted plasma
to determine the synergy [60]. In the case of catalytic mode, since DRM is an endothermic
reaction, a higher operating temperature is required to achieve a high balance of CH4 and
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CO; conversion. Considering the low temperature of 270 °C, the conversions were limited.
With the plasma alone, the CHy and CO, conversion were 51.5% and 42.0%, respectively.
Compared with the reforming in the catalytic-single or plasma-single mode, due to the
synergistic effect of plasma and catalyst, extremely high conversions were obtained of
64.6% and 65.7% for methane [60]. Based on the characterization results, higher porosity
and larger specific surface area enhanced the activity and stability, suggesting a good
application potential of the plasma catalytic DRM.

3.2. Ni-Based Catalysts with Doping

Due to the plasma-catalyst synergy, DRM activities are significantly increased. How-
ever, doping with other metals or compounds can effectively resist carbon formation and
optimize the product distribution. Hao and Yashima showed that compared with Ni/Al,O3
or Rh/Al,Oj catalysts, Rh promoted Ni/Al,O3 exhibited a better performance [67]. More-
over, metals such as Co, K, Mg, Mn, La, and Ce have been used as modifiers recently. Their
combinations with metal Ni produce a higher reactivity for DRM [20,25,54,61,68-71].

3.2.1. Transition Metals

Transition metals have drawn interest as a doping agent to promote the performance
of Ni catalysts for DBD-catalyzed DRM reaction, such as Mn [20] and Co [68]. The Ni-
Co/Al,03-ZrO; catalyst with an amorphous structure can improve the active phase disper-
sion and enhance the metal-support interaction, which is more conducive to the activation
of reactants in DRM than the Ni/Al,O3 catalyst. Nader Rahemi et al. proved that the
synergistic effect of Ni-Co/Al,O3-ZrO; and plasma can achieve higher CH4 and CO; con-
versions and Hy and CO yields [68] (Table 1). The Ni-Co/Al,O3-ZrO, nanocatalyst treated
under 1000 V presented a uniform morphology, large surface area, and small particle size
of 21.2 nm averagely, suggesting the great effect of plasma voltage on the crystallinity
and size of NiO. In detail, the amorphous active phase of Ni-Co/Al,O3-ZrO, was easily
attached to the crystal lattice of the support. The plasma improved the irregularity of the
structure by generating kinks, vacancies, and other structural defects, causing the crystal
grains to lose the lattice arrangement, thereby improving the active phase dispersion and
strengthening the metal-support interaction. In the meantime, the fluid state time of the
catalyst showed that the Ni-Co/Al,O3-ZrO, catalyst combined with plasma improved
CH4 and CO; conversions and the H, /CO ratio compared with the traditional DRM [68].

Typical results suggest excellent activity and syngas yield under plasma conditions
in Ni-Co/Al,O3-ZrO,, however, the anti-carbon deposition and product selectivity of
Al,O3-ZrO; catalyst can be improved. In this case, because Mn positively affects surface
modification and activation of the catalyst, the emergence of Ni-Mn/Al,Oj3 catalyst causes
widespread attentions. In Xintu’s work, Ni/Al,O3; and Ni-Mn/Al,O3 catalysts were
compared with plasma discharge [20] (Table 1). The experimental results showed that
compared with plasma alone, catalytic DBD exhibited a higher conversion and syngas ratio.
In detail, the Ni/Al,O3 catalyst possessed a strong affinity for CHy, which is conducive
to CO disproportionation, resulting in coke formation. Conversely, the Ni-Mn catalyst
delivered a high conversion and stable activity. Under similar conditions, the amount of
carbon produced on the surface of the Ni/Al,O3 and Ni-Mn/Al,O3 catalysts was 4.3 mg
and 1.6 mg, respectively, which confirmed that the bimetallic catalyst Ni-Mn/Al,O3; was
better than Ni/Al,O3. Moreover, a higher energy efficiency in DBD plasma-DRM was
presented that when the discharge power was 1.0 W, the maximum energy efficiency of the
bimetallic catalyst filled DBD was 2.76 mmol/k]J [20].

In general, DBD plasma reactor is well applied in DRM to produce hydrogen/syngas.
Adding a catalyst to the DBD reactor can increase the conversions of reactants. The
catalytic activity for CHy conversion is in order: Ni-Mn/Al,O3 > Ni/Al,O3 > Plasma alone.
The best activity of the DBD filled with bimetallic catalyst is related to its resistance to
carbon formation [20,72].
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3.2.2. Alkali and Alkaline Earth Metals

In addition to transition metals, the addition of promoters such as alkali and alkaline
earth metals (Mg and K [60,61]) can also inhibit the carbon formation, improve the disper-
sion of Ni metal, prevent metal sintering, strengthen the metal-support interaction thus
enhancing the catalytic performance. One of the reasons is possibly their addition increases
the alkalinity of the catalyst, thereby promoting the activation of CO, and CHy4 [31,65,73].
Recently, DeBeck and his colleagues discovered that hydrotalcite-derived catalysts (Ni-
Mg/ Al,O3) inhibited the Ni sintering and enhanced CHy conversion [74]. Tao et al. also
doped Mg into the Ni/Al,O3 to enhance the CO, adsorption with the surface hydroxyl
group, thus reducing the coke formation [75]. Sengupta et al. found that adding 5wt.%
MgO to the Ni/Al,Oj3 catalyst can significantly reduce the carbon formation on the spent
catalyst from 24.5 wt% to 14.4 wt% [76]. Ozkara-Aydinoglu et al. successfully reduced the
carbon deposition from 4% to 2.6% when using Mg promoter in Co/ZrO, catalyst [77].

The mechanism can be summarized as below: the addition of Mg promoter can
increase the number of strongly basic sites on the catalyst, thus significantly improving
CO; adsorption. Coupled with DBD plasma, Ni-Mg/Al,Os catalyst activated CO,, but
inhibited CHy4 conversion, thus reducing the carbon deposits in the product. On the TPR
spectrum of the Ni-Mg/Al,Oj3 catalyst as shown in Figure 3, compared with the Ni/Al,O3
catalyst, the reduction temperature of NiO increases and the peak intensity related to the
reduction of NiO decreases, suggesting that due to the plasma catalytic system and Mg
promoters, the interaction between NiO and Al,O3; was greatly enhanced [61] (Table 1).
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Figure 3. Hp-TPR spectrum of fresh catalyst. Reproduced with permission from [61], Copyright
2018, Elsevier.

Different from Mg, the addition of K the Ni-K/Al,Oj3 catalyst increases the conver-
sions of the reactants and the yield of the products, and the energy efficiency of the plasma
process is also greatly improved, which highlights the synergy between the plasma and
the catalyst [60,61]. The interaction between DBD plasma and catalyst is the main driving
force. Compared with plasma alone, integrating plasma with Ni-K/Al,O3 catalyst greatly
increased CH4 and CO; conversion to 31.6% and 22.8%, respectively. Moreover, H; selectiv-
ity was enhanced to 43.3% [61]. This is because the presence of K can increase the basicity
of the DBD plasma catalytic system, which is beneficial to the conversion of carbon dioxide.
Additionally, based on the TPR profiles, the reduction temperature of NiO in Ni-K/Al,O3
is significantly lowered, suggesting the formation of abundant active sites. However,
compared with the Ni/Al,Oj3 catalyst, K doping increased the carbon deposition on the
catalyst, consistent with the higher CH4 conversions in the plasma catalytic system [60,61].

3.2.3. Rare Earth Metals

In the plasma-catalyzed DRM reaction, the Ni-K/Al,O3 catalyst is used to achieve
a good yield of Hy and CO. Similarly, rare earth metals such as La and Ce can act as
doping agents to enhance the catalytic performance of Ni-based catalysts in DBD reactor
for DRM [54,71]. Ce has been widely applied to improve the stability of DRM catalysts
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by inhibiting carbon formation and participating in the gasification of carbon deposits
that have already formed [70,78-80]. For example, Ni-Ce/Al,O3 catalyst can effectively
enhance the reactivity with the combination of plasma [70]. Wang et al. studied the catalytic
DRM on NiO-CeO,-Al;O3 catalyst and found that by increasing the ratio Ce/Al in Ni-
Ce/Al,O3 from 0 to 1:50 resulted in higher conversions of CHy and CO;. The presence
of Ce further improves the catalytic performance of DRM under plasma conditions since
CeO; has a higher dielectric constant, thus exhibiting a better dielectric performance [79].
Moreover, compared with the Ni/Al,O3 catalyst, Ce addition reduced the CO, desorption
temperature by 20 °C, indicating that the combination of DBD plasma and the catalyst can
weaken the CO, desorption at strong basic sites owing to the enhanced activation of CO,
on CeO, species [61,70].

In addition to enhancing the catalytic performance, combination of Ni-Ce catalysts
and DBD can prevent the coke formation. Tao et al. found that Ce addition would bring
oxygen vacancies and promote the adsorption of CO,, thus facilitating the coke removal.
Moreover, the high specific surface area of the catalyst changed the filament discharge
alone to filament/surface discharge mode, increasing the discharge area [75] (Table 1).
Besides, in the DBD-treated Ni/SiO, catalyst, the interfacial interaction was obviously
improved, which promoted the activation and dissociation of methane. Additionally, the
Ni/CeO;-5i0O; catalyst decomposed by DBD plasma showed smaller Ni particle size and
fewer defect centers, beneficial to improve the activity, anti-coking, and anti-sintering
performance in the DRM reaction.

To investigate the Ce doping effect in Ni/SiO, with DBD, Yan et al. compared
Ni/Ce0O,-5i0,-C (no plasma treatment) and Ni/CeO,-SiO,-P (DBD plasma treatment) for
DRM [71]. The experimental results showed how the interaction between Ni and CeO,
improved the catalytic performance. At 700 °C, Ni/CeO;-5iO,-P delivered a higher activity
and H, /CO ratio than Ni/Ce0,-5i0,-C. The conversions of CO, and CHy were 87.3%
and 78.5%, higher than the latter (80.5% and 67.8%). At the same time, Ni/CeO,-5i0,-P is
stable in long-term reaction, while Ni/CeO,-5i0,-C shows poor stability within 10h [71].

The main difference between the two catalysts lied in the amount of active oxygen in
the interface structure between Ni and CeO,. Ni/CeO,-5i0,-P has more active oxygen than
Ni/Ce0,-SiO,-C. As shown in Figure 4a,b, a higher ratio of Ce>* /Ce** of 0.24 was achieved
in Ni/CeO;-5i0;-P than that of 0.18 in Ni/CeO,-5iO,-C, which suggested formation of
more surface oxygen species. Additionally, Ni/CeO,-5iO,-P in Figure 4c presented a
higher ratio of Oy /Op where O referred to oxygen ions and Og belonged to the surface
hydroxyl groups, indicating more active oxygen generated with the plasma treatment.
Therefore, Ni/CeO,-5i0;-P exhibited a better catalytic performance and higher H, /CO
ratio at lower than 700 °C. Based on the kinetic study, reactants were more easily activated
in Ni/CeO,-5iO,-P than Ni/CeO;-5i0,-C, which confirmed the higher reforming activity
of the former. In general, Ni/CeO,-5iO; with plasma exhibited a good synergistic effect
in DRM [71].

In addition to CeO,, another rare earth metal oxide, La,Oj3 is proven effective as a
doping agent. For example, MgAl,Oy structure facilitates the interaction and dispersion
of the metal and changes the acidity and alkalinity of the catalyst [54]. In order to further
increase the Hy /CO ratio, studies have shown that adding La,O3 can inhibit the formation
of water [54] (Table 1). Besides, LayO3 used for the dry reforming of methane shows signif-
icant resistance to carbon formation due to strong alkalinity and carbon gasification [81].
La, O3 inhibits carbon deposition and prolongs the stability of the catalyst because it can
form an intermediate carbonate (Lay,O,CO3), which further reacts with the carbon on the
surface near nickel to form CO,. The interaction of nickel and magnesium aluminoxane
can also be enhanced by the assistance of La,O3 as an additive. Under plasma conditions,
mixed support La;O3 and MgAl,Oy4 can increase the alkalinity of the catalyst, inhibit
the aggregation of nickel particles, and reduce the generation of carbon [54,82] (Table 1).
Owing to the merits, 10% nickel/LayO3-MgAl,O4 prepared in DBD plasma possessed the
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highest CH4 conversion (86%) and CO; conversion (84.5%), the highest H, /CO ratio and
the lowest carbon formation rate [54].
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Figure 4. Ce 3d XPS spectra of (a) NiO/CeO,-5i0;,-C and (b) Ni/CeO,-5i0;-P, and (c¢) O 1s XPS

spectra of the two catalysts. Reproduced with permission from [71], Copyright 2019, Elsevier.

Finally, under similar experimental conditions, a comparative study of the synergistic
effect of plasma and catalyst was carried out. The CH4 and CO; conversions in the catalytic
DBD plasma were 26% higher than those of the plasma alone. Due to the basic nature of the
catalyst, the reactant gases were adsorbed on the surface of the catalyst, and more reactive
substances diffused in the pores, allowing subsequent surface reactions to occur. When the
reactant gas molecules collided with high-energy electrons, the electrons in the molecules
were excited, dissociated, and ionized to produce active species such as O, H, methyl
radicals, and finally CO and Hj. Therefore, the integration of Ni/LayO3-MgAl,O4 with the
plasma facilitated the processing of the reactants and improved the efficiency of the DBD
plasma reactor [54,83] (Table 1). In general, the preparation of the Ni/La,O3-MgAl,O4
improved the alkalinity of the catalyst, the Ni dispersion, the dielectric constant, and the
interactions. Owing to these merits, the activation and chemical adsorption of reactants
were enhanced.
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Table 1. Catalytic DRM activities of Ni-based catalysts integrated with DBD plasma.

Conversion(%)

Selectivity(%) SIE* Energy
Catalyst H 1 Flow R. T(C) Efficiency Remarks Ref.
y CH/ €0, Liﬁfﬂ?{g) Ut Power(W)  CH; €O, H, co (J/mL) (mmol/k)
LaNiO5@Si0, 11 02 10 150 8831 7776 8365 9243 200 225 0.17 Integrated with DBD, LaNiO;@SiO; shows [82]
improved conversions and selectivity.
The combination of DBD and Ni/SiO; catalyst
Ni/SiO, 11 02 50 36 % 16 474 509 110 103.2 NA enhance the activity of DRM due to the reaction [59]
' ’ ’ ’ ’ o between carbon-containing intermediates and g
oxygen radicals.
The charge recombination on the Ni/Al,O3
. o catalyst surface will enhance the diffusion of )
Ni/ALOs L1 03 56 70 60 77 70-75 80 550 & 39% carbor}ll through the Ni catalyst and promote its (4]
oxidation by CO,.
. . Ambient o Ni addition enhanced the H, /CO ratio and
Ni/Al,Os 1 64 50 1600 8.3 76 69 20 temperature 46 eV/molecule 4.5% reduced coke formation with the help of DBD. (631
Ni/v-AlLOs 1:1 1.0 50 50 56.4 30.2 31 52.4 <150 60 0.32 The combination of plasma and Ni/y-ALOg can 271
increase the conversion rate of CHy.
La; O3 inhibits the RWGS * reaction, improves
Ni/ La;Os3- . H; selectivity and yield, and the formed .
MgAl,O4 11 05 20 100 86 845 50 495 350 300 0.13 intermediate carbonate (La;O,COj3) inhibits [54]
carbon deposition.
Ni/LaO; nanoparticles show excellent thermal
stability in the DBD plasma reactor. La
Ni/LayO3 1:1 0.2 50 160 63 54 71 85 150 240 0.14 contributes to the formation of intermediates, [83]
which are responsible for activating CO; and
inhibiting carbon deposition.
The Ni/ZrO, catalyst prepared by the DBD
Ni/ZrO, 11 06 50 200 5357 6081 82 95 650 240 NA. plasma decomposition method greatly improves 55
its activity due to its high dispersion and
increased oxygen vacancies.
The Ni-Co/Al,03-ZrO, catalyst after plasma
Ni-Co/ . treatment shows high catalytic activity due to its
Al,O3-ZrO, 11 03 40 N.A. 58 62 95 100 850 N.A. N.A. narrow particle size distribution, large surface o8]
area and strong metal-support interaction.
Ni-Mn /- A higher activity and energy efficiency is
ALO 1:1 0.5 30 22 284 13.2 23.2 40.5 N.A. 4.2 2.76 achieved by the integrated plasma and Ni-Mn [20]
23 bimetallic catalyst system.
Ni-Mg/AlL O3 1.6:1 0.4 50 16 32 16 417 29.5 160 19.2 0.58 K promoted catalyst shows the best performance
Ni-K/ Al O3 1.6:1 0.4 50 16 34 23 43.3 313 160 19.2 0.67 and enhances the energy efficiency of plasma [61]
Ni-Ce/Al,O3 1.6:1 0.4 50 16 32 22 41.8 31.1 160 19.2 0.63 process because it contains more active sites.
Mg and Ce promoted the CO, adsorption and
NiMgAlCe 4:6 0.45 90 48 36.1 225 N.A. N.A. N.A. 32 N.A. increased the discharge area by partially tuning [75]
the filament discharge into surface discharge.
Mg,Ce-Ni/y- Mobile oxygen and surface basicity effectively
g’A12 0s 1:1 N.A. 30 2.7 347 13 35 53.7 N.A. 54 1.97 removed coke during methane activation by Ni [80]

and DBD.

* RWGS stands for the reverse water gas shift reaction; * SIE refers to specific input energy; N.A.: not available.
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4. DBD Plasma Reactor Design

To achieve a high catalytic performance and energy efficiency, reactor designs in-
cluding the configuration of the reactor, medium materials, and discharge volume play
an essential role. In the following part, DBD plasma reactor designs will be illustrated
in detail.

4.1. Configuration of DBD Plasma Reactor

Commonly used reactor configurations in DBD plasma include planar and cylindrical
types. Typical planar DBDs reactor is composed of two electrodes (as shown in Figure 5),
asymmetrically located on top and bottom sides of the dielectric barrier material, which
limits the current and inhibits the sparks formation. Electric discharge is generated when
an AC potential is exerted [24,26,63].

Top electrode
Glass plate
(5.3 cm wide|<17.4 cm long < 0.3 cm thick)
(0.2 cm thickness)

—> Discharge gap of 0.3 cm I:]—> Gas out
(CH,+0y)

Bottom electrode (2.8 cm wide X 15.0 cm long X 0.3 cm thick)

Figure 5. Two frosted glass plates are used to mix parallel plate DBD reactors. Reproduced with
permission from [63], Copyright 2020, Springer.

Different from the planar DBD plasma reactor, as shown in Figure 6a, the cylindrical
plasma reactor contains the following geometric parameters, which are discharge volume
(VD, cm?), the discharge length (DL, cm), discharge gap (Dgap, mm), and shape and
material of the high-voltage electrode [8,41]. In the basic structure of the DBD reaction
device, the high-voltage electrode is usually a rod-shaped material with high conductivity
similar to steel and aluminum [84]. Generally, high-voltage electrode materials have three
morphologies as shown in Figure 6b, including holes, porous, and rough structures [8].
The morphology of the high-voltage electrode is a very important factor in a DBD reaction
device, usually determining whether the discharge is uniform. The uniform distribution of
the high-voltage electrode can make the gas molecules and the energy-containing material
fully interact, which improves the reaction rate of the DBD plasma in the reaction device.
Moreover, researchers have studied the high-voltage electrode material and its surface
morphology [22]. It is concluded that the surface conductivity can be increased by changing
the high-voltage electrode surface morphology. The usual method is to deposit zinc oxide
on the surface of the high-voltage electrode, thereby producing a more uniform surface
and a stable plasma discharge [85]. On the other hand, the morphology will cause the
discharge mechanism to be different, thus affecting the conversions of methane and carbon
dioxide. With a porous electrode, a higher conversion will be obtained than that of a
smooth high-voltage electrode. The reason is that the gas molecule fixation rate in the
porous electrode is higher, thereby increasing the collisions of the active species DRM.

In addition to the rough morphology, uniformly coating the catalyst on the rough
high-voltage electrode surface, as shown in Figure 6¢, makes the catalyst active center more
direct contact with the plasma [8]. Due to the robust discharge behavior and uniformity
of the discharge, it can also produce reactive species. However, one drawback is carbon
nanotube (CNT) growth and surface etching.

Besides the shape and morphology, the volume of the high-voltage electrode also
greatly affects the discharge characteristics of the DBD plasma [8]. When reactant molecules
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(CHy4, CO») act in the reactor with DBD plasma, the volume of the high-voltage electrode
affects the discharge volume, thereby influencing the conversion rate of CH4 and CO;.
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Figure 6. (a) The typical geometry of a DBD plasma reactor system; (b) the morphology of three
different high-voltage electrode materials; (c) three morphologies of high-voltage electrode materials.
Reproduced with permission from [8], Copyright 2019, Elsevier.

As one of the representative DBD reactors for plasma-assisted catalysis, packed-bed
reactors with different designs are shown in Figure 7 [8]. Pre-packing mode is mostly
applied in those temperature-controlled reactions. The catalysts needs to be activated first,
followed by passing the reactants to the discharge zone, which may not be practical in
DBD-DRM system. In contrast, in situ packing reactor takes advantages of the catalyst
and plasma simultaneously. With a relatively stable temperature, the excited electrons
promote the dissociation of reactant molecules. Few researchers focus on the post packing
and fully packed DBD reactor in DRM reaction since they might be not effective as the in
situ packing mode.
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\II

(d) Fully packed fixed-bed DBD reactor

Figure 7. Different reactor configurations based on the packing material. (a) Pre-packing fixed-bed
DBD reactor; (b) in situ packing fixed-bed DBD reactor; (c) post packing fixed-bed DBD reactor; (d) fully
packed fixed-bed DBD reactor. Reproduced with permissionfrom [8], Copyright 2019, Elsevier.
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4.2. Medium Material

The main function of the dielectric material in the DBD reactor is to separate the
two electrodes of the reactor, namely the high-voltage and ground electrode; also, via
adsorption of the discharge species, the discharge voltage is lowered. The dielectric material
is mainly important for the mechanism of the discharge, because excitation, ionization, and
dissociation are directly related to the dielectric constant in the plasma-induced reaction.
The material with high dielectric constant can increase the temperature of the reactor by
reducing the power consumption and thus increasing the electric field. We can increase the
dielectric constant to improve the activity of the reaction and increase the temperature of
the reactor [86,87].

In DBD plasma, different dielectric materials can often be used as dielectric barriers.
Quartz and alumina are two representative dielectric materials affecting the discharge
behavior of DBD plasma and the dissociation of CHy [86,88]. Compare with quartz,
alumina has a higher dielectric constant and porous morphology. At the same time, the
dielectric material also affects the discharge behavior with respect to the applied voltage
and discharge current. Due to the high discharge power of the reactor in alumina, the high
electric field generated by its partial porous structure helps to activate the reactant species
in the pores of the alumina material.

4.3. Discharge Volume

The Vp of the DBD plasma reactor is composed of Dgap and DL [89]. Dgap can be
expressed by using the difference between the inner radius of the dielectric and the outer
radius of the high-voltage electrode. Duan et al. investigated the effect of Dgap on CO;
conversion in DRM reaction and found that a larger Dg,p could increase the CO; conversion
due to the increased residence time of CO;, leading to a prolonged contact with other
reactive species [90]. In another study, 3 mm Dg,, realized the highest conversion of CO;
and methane when Dg,p, varied from 1-5 mm, suggesting the necessity of optimal selection
of an appropriate Dgap value [87].

DL is another geometric parameter in DBD plasma. The length of the electrode can
affect the value of DL and corresponding VD. Relevant studies suggested that increasing
DL can increase the conversion rate, which is due to the higher contact time of the reactive
species and gas molecules at a constant flow rate [87].

5. Effects of Process Parameter

Process parameters exert crucial influences on realizing the industrialization of tech-
nology. Many studies have described the process parameters, such as input power (Pin),
feed flow rate, specific input energy (SIE), and feed ratio [69,91,92]. These parameters have
a certain impact on gas processing and system efficiency. Therefore, by adjusting these
process parameters, it can help to allocate targeted products reasonably.

5.1. Input Power

Input power is an important process parameter of catalytic DRM reaction by DBD
plasma. It is related to the energy efficiency (EE) of the gas treatment and processing.
Generally speaking, for a DBD plasma reactor, as the input power increases, the CH4 and
CO; conversion rate increases. This is because the increased input power can increase the
electron density, accelerate the collision of the reaction gas molecules with high-energy
electrons, and promote the activation of the reactants. These excited, dissociated, and
ionized reactant molecules triggers the dry reforming reaction of methane [89].

The discharge power can be adjusted by adjusting the voltage (V) and frequency (f).
As the voltage and frequency increase, the current pulse increases, thereby increasing the
processing of the reactant gas. For example, Liu et al. found that the selectivity of Hy and
CO in DBD increases with the increase of discharge power [69]. On the other hand, the
frequency can change the reactivity within a certain range; once this range is exceeded, the
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conversion rate will no longer be affected by the frequency [87,93]. A similar phenomenon
can also be seen at a voltage proportional to the plasma discharge power.

5.2. The Feed Flow Rate

The feed flow rate is another vital process parameter in the DBD plasma reactor,
considering the impact on the conversion of the CO; and CH4. Many studies have shown
that various parameters are related to the total flow rate of the feed [94]. For example,
Eliasson et al. studied the feed flow range of 200 to 900 mL min~! and found that CO, and
CHy conversions dropped from 54% and 60% to 18% and 23%, respectively [8]. Rico and
colleagues found that with the increase of flow rate, CH; and CO, conversions decreased.
However, the selectivity of H, and CO is not affected despite the highly affected yield.

The flow rate of feed is also linked to the mass transfer limitation and processing
capacity of the DBD plasma reactor, and is inversely proportional to the reactants’ residence
time in the discharge zone [87]. The processing capacity of the reactor can be improved
by adding a potential catalyst in DBD plasma. Mass transfer limitations can be overcome
by high flow rates. At higher flow rates, the external mass transfer limitation will be
minimized, but high flow rates will also cause some adverse effects [93,95].

5.3. Specific Input Energy

Specific input energy (SIE) refers to the energy required for processing raw gas into
products or the energy required per liter of raw gases. SIE can be tuned by changing the
input power and the total gas feed flow rate. Pinhao et al. studied DBD plasma methane
dry reforming and found that the flow rate of feed and SIE are inversely proportional to
each other. Therefore, CH4 and CO, conversions are directly related to SIE [91]. With
feed flow rate unchanged, the SIE increases with the increase of the input power, which in
turn leads to an increase in catalytic performances, while the system efficiency of the DBD
plasma reactor decreases [59,96].

5.4. The Feed Ratio

The feed ratio affects the selectivity H,. Figure 8 presented the CO, /CH,4 molar ratio
effect on the DRM performance in a DBD plasma reactor without catalyst packing. In
Figure 8, as the CO, /CHy ratio increased, the CH, conversion and CO selectivity increased
almost linearly. When the CO,/CHj ratio increased from 1:9 to 1:3, the CO, conversion
dropped from 41.5% to 21.3%; however, when further increasing the ratio to 9:1, the
CO; conversion slightly increased as shown in Figure 8a. In addition, by increasing the
CO, /CHy4 ratio further to 9:1, the H selectivity was close to 100%, and the CO selectivity
increased by 8.8 times, while the CyHg selectivity decreased by 53% (Figure 8b) [27]
(Table 1). These studies paved the way to optimize the conversion and selectively by
adjusting the feed ratio.
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Figure 8. The CO,/CH, molar ratio effect on the catalytic performances of plasma dry reforming of
methane (DRM) reaction: (a) Conversion; (b) selectivity. (Total feed flow 25 mL min~1, discharge
power 15 W). Reproduced with permission from [27], Copyright 2015, Elsevier.

6. Conclusions and Outlook

This article reviews the recent development of DRM catalyzed in DBD plasma reactors
on Ni-based catalysts, including an overview of non-thermal plasma, the mechanism of
DRM with different plasmas, the synergy of plasma and Ni-based catalyst, reaction design,
and process parameter optimization. The synergistic effect of DBD plasma and different
Ni catalysts are classified and discussed in two categories: Pure Ni with various supports
and Ni-based catalysts with doping. The synergistic effects of DBD plasma and pure Ni
catalyst include size reduction of Ni grains, promoted discharge heating, higher efficiency
of the DBD plasma reactor, and enhanced reactant adsorption. By doping with other metals
and oxides, a higher active phase dispersion and stronger metal-support interaction are
realized; the alkalinity of the catalyst is increased to promote the activation of CO, and
CHy; due to the higher dielectric constant, the dielectric performance of the plasma is
better. Although great progress has been made in this area, the technology still faces many
challenges, and there are still areas for further improvement:

(1) For DBD plasma-catalytic DRM, one challenge is power dissipation and carbon
deposition. The trend of coke formation can be observed through the carbon balance and
H, /CO ratio [97]. The H,/CO ratio close to unit 1 is considered to be an ideal method for
processing syngas, and a lower carbon balance suggests a higher coke deposition. Carbon
deposition in DRM is not only due to side reactions, but also due to the feed ratio of
CH4/CO; and other parameters [21]. Although catalysts have been used to avoid the
formation of excess carbon and increase the reaction rate, the problem of carbon deposition
has not been completely eliminated. Therefore, we continue to explore solutions to achieve
better selectivity and stability.

(2) The synergy between the plasma and catalyst has been confirmed in recent years,
but the interaction between the two has not been fully explored. Advanced methods are
needed to study the mechanisms in depth to realize the rational design of the catalyst-
plasma system [98].

(3) Efficient dry reforming of methane provides excellent energy efficiency, which is
worthy of further consideration and research. In order to industrialize plasma catalysis,
it is necessary to have a deeper understanding of the relationship between the catalytic
performance and energy efficiency vs. reactor configuration and process parameter.
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Abstract: This work proposes to use core-shell structured spheres to evaluate whether it allows to
individually optimize bulk and surface effects of a packing material, in order to optimize conversion
and energy efficiency. Different core-shell materials have been prepared by spray coating, using dense
spheres (as core) and powders (as shell) of SiO,, Al,O3, and BaTiO3. The materials are investigated for
their performance in CO, dissociation and compared against a benchmark consisting of a packed-bed
reactor with the pure dense spheres, as well as an empty reactor. The results in terms of CO,
conversion and energy efficiency show various interactions between the core and shell material,
depending on their combination. Al,O3 was found as the best core material under the applied
conditions here, followed by BaTiO3 and SiO,, in agreement with their behaviour for the pure spheres.
Applying a thin shell layer on the cores showed equal performance between the different shell
materials. Increasing the layer thickness shifts this behaviour, and strong combination effects were
observed depending on the specific material. Therefore, this method of core-shell spheres has the
potential to allow tuning of the packing properties more closely to the application by designing an
optimal combination of core and shell.

Keywords: plasma; plasma catalysis; dielectric barrier discharge; CO, dissociation; core-shell spheres;
packed-bed reactor

1. Introduction

A dielectric barrier discharge (DBD) reactor is a popular type of plasma reactor used for a variety
of reactions, including both decomposition and synthesis reactions [1-4]. It is flexible in use, i.e., power,
frequency, pressure, discharge gap, reactor shape, and flow patterns can be varied, and it can also be
easily upscaled and implemented for industrial use [3]. The performance of a DBD reactor can be
improved by adding a packing material to the reaction zone to obtain higher conversions, selectivities,
and/or energy efficiencies compared to the standard empty DBD reactor [1,2,5-7]. Adding a packing
material to the reaction zone will induce both physical and chemical changes, resulting in a wide
variety of outcomes [4,8]. On one hand, the packing material will change physical aspects such as the
gas flow behaviour through the reactor-by reducing the discharge volume to small voids between
the spheres, altering the flow and mixing patterns, and reducing the residence time-as well as the
characteristics of the plasma and the discharging behaviour. The properties of the packing material,
i.e., size and shape, dielectric constant, (elemental) composition, surface roughness, thermal and
electrical properties, porosity, etc., can influence the type of discharge, electron temperature and
density, surface losses, etc. [8-10]. We can differentiate the effects of material properties into bulk
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and surface effects, e.g., dielectric constant and electrical conductivity are bulk effects, while surface
roughness and adsorption are surface effects. On the other hand, the reactive plasma can influence the
packing materials as well, both on a short and long term. Short term effects include the generation of
a direct flux of excited species, radicals, or ions towards the surface, lowering the activation barrier,
and changing reaction pathways; long term effects are alterations to the material structure, such as
changing oxidation states, etching/destruction of the surface/pores, and/or inactivation of doped
catalysts [8]. Furthermore, the gas mixture itself will influence the plasma characteristics, and requires
specific conditions as well for optimal transfer of electrical energy in chemical energy. It is therefore
not at all straightforward to correlate any cause and effect, when introducing and comparing different
packing materials.

When searching for the best packing material, using pure, dense bulk materials quickly hits
some obstacles, as each material has its fixed and specific properties that cannot be changed
individually at the surface and in the bulk. Moreover, changing the material type varies several of the
above-mentioned parameters (both physical and chemical; and both surface and bulk), that impact
the plasma behaviour and surface chemistry at the same time. Indeed, in our previous work we
investigated millimetre-sized spheres from different materials in a packed-bed DBD reactor for both
CO, dissociation (acting as benchmark in this work as well) and dry reforming of methane (DRM),
and we found it was not a straightforward method to pinpoint the exact origin of the observed
effects [5,6,11]. Additionally, using exactly the same reactor with different operating parameters
renders different results [5,6]. Hence, in order to be able to better tune a packing material, combining
different properties in bulk (physical) and surface (physical-chemical) behaviour might be needed
for optimal performance. The combination of these properties might, however, not be present in
one type of material. Therefore, we evaluate in this paper the potential of using millimetre-sized
core-shell structured spheres. These spheres consist, as the name implies, of a dense spherical core
that is covered with a (thin) shell (of 50 to 500 um thickness). The core will mainly determine the bulk
effect of the entire sphere such as dielectric constant, thermal and electrical properties; while the shell,
will determine mainly the surface effects such as porosity, adsorption, (electrical) surface properties,
and surface chemistry, as well as some bulk effects, if the shell is made sufficiently thick—potentially
shielding core effects. With this approach, we can test a wide variety of combinations of core and shell
material types, and their respective sizes, in order to evaluate the potential of core-shell materials to
tune the DBD reactor performance.

Core-shell spheres have been widely used in the past, with examples found in thermal catalysis,
electrocatalysis, photocatalysis, drug screening, etc. [12-20], and with coated pellets widely used in the
pharmaceutical and food industry [21-23]. Usually the core-shell spheres are produced in the micro- to
nanometre range via methods such as sol-gel deposition, hydrothermal synthesis, colloidal synthesis,
plasma deposition, and microfluidic gelation; with only a few examples found in the millimetre-size
range made by hydrothermal synthesis or spray coating [13,21-24]. Although being widely used in
different fields of research and application, core-shell spheres are rarely adopted in plasma conversion
processes, with only a few cases reported in literature, e.g., Zheng et al. used nano-sized core-shell
particles for DRM [25,26]. Coated spheres with dispersed or clustered catalytically active materials,
or nano-sized (mono) layers, have also been used in plasma reactors [27], but to our knowledge,
no research has been reported using millimetre-sized core-shell spheres with systematically altered
core-shell combinations of different materials as those we propose here.

This approach is evaluated for CO, splitting into CO and O, due to its simpler chemistry compared
to multi-component mixtures, such as (dry) reforming of methane. Specifically, we will investigate the
influence of adding a shell to a spherical core, and how the respective material combinations and shell
thickness affect the overall performance of the DBD reactor, in terms of CO, conversion and energy
efficiency, in order to estimate its potential in design of appropriate packing materials for plasma
conversion processes. The purpose is not finding the highest activity but evaluating the potential of
core-shell structures to improve packed-bed plasma reactor performance.
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2. Results

Before discussing the effect of using core-shell spheres with different shell thicknesses, the reference
will be discussed (empty reactor and pure cores). Note that the results of the pure spheres were
obtained in our previous work and are more thoroughly discussed there [5].

2.1. Benchmark Measurements for the Empty Reactor and the Reactor Packed with Pure Spheres

Figure 1a shows the results for the empty reactor at the standard conditions (denoted as “=Flow”),
and a higher flow rate to obtain the same residence time (RT) as the packed reactors (denoted as “=RT").
It shows a base conversion and energy efficiency of 11% and 3.0%, respectively, for a flow rate of
38.98 mL/min (27.20 s RT); while obtaining 6.4% and 3.2%, respectively, for a flow rate of 79.96 mL/min
(14.07 s RT). Note that all but one bar in Figure 1 represent both conversion and energy efficiency since
they are just scaled. The measurement of the empty reactor at the same residence time (“=RT”) has
two parts of which the lower part depicts the conversion and the upper part the energy efficiency.
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Figure 1. Overview graph of the conversion and energy efficiency of (a) the benchmark results
(i.e., empty reactor and packed reactor with pure spheres [5]), and all core-shell samples with (b) SiO,
core, (c) Al,O3 core, and (d) BaTiO3 core. All core-shell samples were coated with SiO,, Al,Os3,
and BaTiO3; powder in different shell thicknesses, as indicated in each figure. All measurements were
performed at 30W, 38.98 mL/min, and 1 bar; except for the empty reactor, which was also evaluated
at the same residence time as the packed reactors (79.96 mL/min). The dotted and solid lines are the
performance of the corresponding core spheres in their small and big size, respectively. The exact
values can be found in Table Al in Appendix A.

Inserting a packing material into the discharge gap shows clear material and size dependent
effects, as also shown and discussed in [5,6]. All packed reactors show better conversions than the
empty reactor at the same residence time, i.e., same gas treatment time. However, when compared with
the empty reactor at the same flow rate, i.e., same throughput, only the Al,O3 spheres, and the BaTiO3
spheres at 1.6 to 1.8 mm diameter perform better (both in conversion and energy efficiency). SiO, with
a size range of 1.6 to 1.8 mm shows a lower conversion of 9.8% and the larger sphere size, 2.0 to 2.24
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mm, even yields a slightly worse conversion of 9.2% (within error bars). This means that SiO; is
able to enhance the electric properties of the plasma through local electric field enhancements [28],
but not enough to compensate for the 48.27% reduction in reaction volume due to the spheres (see
Section 4.2). Adding a packing to the reactor increases the available surface area to promote (catalytic)
surface chemistry. If present, this surface chemistry can also inhibit the plasma chemistry, by losses of
energetic species upon collision with the surface [29]. Al,O3, however, can compensate for the reaction
volume reduction, with a conversion of 13% at a 1.6 to 1.8 mm sphere size, and 15.2% at a sphere size
of 2.0 to 2.24 mm. Lastly, BaTiO3 shows an improved conversion of 13% at 1.6 to 1.8 mm sphere size,
but the 2.0 to 2.24 mm spheres performed worse, with a conversion of 10.9%. These results illustrate
the interaction between sphere size and material type on the conversion. Both SiO, and BaTiO3 exhibit
a slight decrease in conversion, while Al;O3 shows an increase at larger sphere size. This is consistent
with the modelling work of Van Laer and Bogaerts [9], which revealed that there is not necessarily
a linear correlation between dielectric constant and the plasma parameters (electric field, electron
temperature, and electron density), as well as the sphere size (number of spheres in the discharge gap).
The trends in energy efficiency are the same as for the conversion, which is logical when the flow rate
is kept constant. More considerations about the energy efficiency will be given in Section 3 below.
Evidently, each material behaves differently based on their size, and this may be attributed to a
number of material specific properties—such as dielectric constant, surface roughness, surface chemistry,
electrical conductivity, heat capacity, etc., as well as the number of contact points, void space between
the spheres, etc., which proved to be difficult to correlate by previous researchers [6,11]. By comparing
these benchmark results with the performance of the core-shell samples in the next section, we hope to
obtain some clues on the effect of the material properties with respect to their bulk or surface effect.

2.2. Core-Shell Spheres

A matrix of samples has been prepared based on three materials (SiO,, Al,O3, and BaTiO3) in
different shell thicknesses to investigate the effect of the shell material, the core material, and the shell
thickness, as shown in Figure 1b—d. However, for an unbiased evaluation, first we will look into the
actual influence of adding a shell to the spheres, by coating them with a shell of the same material as
the core material.

2.2.1. Influence of a Shell on the Performance of the Spheres

By coating the pure spheres with a thin layer of the same powderous material as the core, we can
investigate how a calcined powder layer affects the performance compared to the pure spheres. Figure 2
shows the results of the pure spheres coated with a thin layer of approximately 50 um to form a
shell of the same material. As can be observed, all core-shell spheres show worse results than their
pure non-coated 1.6 to 1.8 mm variants (shown as a solid line). SiO,@SiO, has the smallest drop in
conversion (i.e., 8% compared to 9.8% for the pure sphere), BaTiO3@BaTiO3 shows a somewhat larger
drop in conversion (i.e., 10.8% compared to 13%), but the biggest difference is seen with Al,O3@Al,O3
where the conversion drops to 7.8% compared to 12.8% for the pure spheres. This negative effect of
adding a shell of the same material may be attributed to a different morphology (i.e., macroscopic
roughness, powder grain surface, introduced interstitial porosity between the grains, etc.), a negative
effect of the LUDOX binder, or a masking effect by the shell for a useful property of the core, or a
combination of all effects. Indeed, it has been shown that the morphology of the spheres can have a
significant impact on the chemistry in plasmas [8]. This is because the morphology can enhance the
local electric field by extra contact points, sharp edges, and close surfaces in for example macropores,
resulting in different plasma discharges, changing the local chemistry. This may or may not have an
effect on the performance, which can be either beneficial or detrimental, depending on the reactions.
Additionally, the added LUDOX binder, although necessary for shaping, is an extra material added
to the shell which might introduce an unknown effect on the shell performance. Binder effects are
known for thermal catalysis [30-32], but have not yet been studied in plasma catalysis, as far as we
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know. It is also for this reason that we kept the amount of binder limited to 1 wt%, although we
cannot exclude its effect even at these small quantities. Furthermore, as plasma can only be formed in
pores with diameter larger than the Debye length, which is typically several 100 nm for DBD plasma
conditions [33], most of the bulk material of the spheres might be out of reach for the reactive plasma
species to promote any reaction. This means that adding a shell, although porous in nature, can shield
(most of) the reactive plasma species from the core and thus inhibit any activated core surface chemistry.
Apparently, this effect is more present with the Al,O3@Al,O3 spheres. Exactly the same source powder
of x-Al,O3 was used to prepare the core spheres and to coat the shells, but they were subject to different
synthesis processes (e.g., thermal post-treatments) and different chemicals (e.g., calcium present in
the core, a silica binder in the shell). This hints that either (i) the pure Al,O3 spheres exhibit an effect
that is particularly well masked by the shell, e.g., the presence of calcium compounds remaining from
the synthesis (CaCO3, CaO, and/or CaO.xAl,O3 with x =1, 2, or 6) [34]; and/or (ii) the Al,O3 powder
has a large inhibiting effect as shell material, by lacking desired surface properties, having unwanted
porosity, the presence of the LUDOX binder, or another, yet unidentified, aspect. This clearly indicates
that a particular difference in the shell can induce physical aspects that have a relatively large impact
on conversion and energy efficiency, necessitating further studies with samples that are well controlled
in these properties.

éloj 77 3% \

Figure 2. Influence of the core and shell material tested by approximately 50 um thick shells applied on
different core materials. All samples are compared to the pure spheres (solid line) with 1.6 to 1.8 mm
size. All experiments are performed at the standard conditions. The exact values can be found in
Table Al in the Appendix A.

2.2.2. Influence of Core and Shell Material

By applying a thin shell of approximately 50 um on a core, we can investigate the individual
effect of the shell and core material on the performance of the core-shell sphere, while minimizing
extra bulk effects that may be caused by the shell. The results of a combination of SiO,, Al,O3,
and BaTiOj in Figure 2 show that no clear order in shell performance can be observed, with the exact
(lack of) impact depending on the core material. The results show that there is little to no difference
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in performance between the different shell materials when using SiO; cores or BaTiO3 cores, while
significant differences can be observed when shells are applied on Al,O3 cores. This suggests that
there are no clear surface effects of the different shell materials in the case of SiO, cores or BaTiO3 cores
and/or that the shells are too thin to have a significant influence on the bulk effects of the whole sphere.
However, the Al,O3 cores show a different story, because 5iO, and BaTiOj shells slightly improve the
base conversion; but the Al,O3-Al,O3 interaction, as already seen in the previous section, clearly has a
detrimental effect.

Finally, Figure 2 illustrates the influence of the core material on the core-shell spheres. The general
order of performance puts Al;O3 cores on top (with the exception of Al,O3@Al,O3), followed by
BaTiOj3, and finally SiO,. The exception of Al,O3@Al,O3 suggests that the Al;O3 powder (hypothesis
(ii) from before) is the culprit of the bad performance and that it is not a core effect. From these results
so far, we can conclude that optimal core-shell spheres can be designed by using a strong base material
as a core, coupled to a complementary shell material. It is important to realize, that a strong core
material is not necessarily also a strong shell material, and vice versa, due to the different (surface and
bulk) properties that seem to play a role, as shown by the Al,O3;@Al,O3 samples. This illustrates the
high potential of core-shell spheres for optimal designed packing materials.

2.2.3. Influence of Shell Thickness

Finally, we take a look at the influence of the shell thickness, illustrated in Figure 1b—d with their
exact values in Table A1l in Appendix A. It is clear that the exact effect of extra shell material is very
different for all core and shell material combinations. SiO,-based core-shell spheres, which have a low
intrinsic performance, show to have opportunity for improvement as thicker Al,O3 and BaTiOj3 shells
result in higher conversion. The added amount of shell material overcomes any effect of the SiO; cores,
resulting in an almost linear increase in added performance.

This is, however, not the case with the Al,O3 and BaTiO3 based core-shell spheres where no
continuous increasing or decreasing behaviour is seen in function of shell thickness for either of the
added shell chemistries. This suggests a strong interaction, or even competition, between the more
prominently present but shielded surface and bulk effects of the core, and increasing surface and bulk
effects of the shell. A combination effect of these properties seems to be present where for example
adding more SiO; shifts the core-shell performance from pure core material (i.e., Al;O3 or BaTiO3)
more towards pure SiO,, or the conversion of the BaTiO;@Al,O3 spheres shifts between pure Al,O3
and BaTiOs.

Curiously, SiO; shells do show an optimum thickness first, but it is unknown why exactly this
‘poor behaving material” does this and at this particular thickness. Additionally, Al,O3 shells again
show deviant behaviour, i.e., the performance does not rise as much on SiO; cores and there is low
interaction with BaTiO3 cores, suggesting that the coated powder has less activity than the shaped
spheres (same powder, added binders)—see Section 2.2.2. These results show that optimizing core-shell
spheres by thickness is possible, but the choice of core and shell material is very important and induces
important additional properties. Moreover, it clearly shows that a good core material is not necessarily
also a good candidate for a shell. The use of core-shell materials will most likely mainly influence the
plasma discharge properties, as they are not necessarily catalytically active, but for specific reactions,
they can also promote gas-surface reactions in case of a more porous available surface.

3. Discussion

A few reflections can be made based on the results from Sections 2.1 and 2.2. First of all, we did not
find a core-shell sample with a significant performance improvement within this matrix of materials and
shell thicknesses, as was also not intended. The results, however, did shed some light on the bulk and
surface effects that different materials have on their performance in a DBD plasma reactor. The present
data, however, do not allow us to determine the exact origins of their behaviour but do feature an
impact of their relative contribution and thus importance. Better control over the material properties
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of the core-shell spheres is the next task to identify the underlying features of the results seen here.
This requires a separate systematic, more elaborate study with much more controlled material synthesis
based on the knowledge obtained in this work. Additionally, for the further development of tuned
(catalytic) (core-shell) packing materials for plasma (catalysis) conversion processes, extra diagnostics
would be needed to determine changes in the plasma electrical behaviour and plasma chemistry,
such as optical emission spectroscopy or in-situ IR. This would allow to determine changes in the
chemical species and to provide a more direct way for measuring the material effects on both the
plasma gas composition and on the composition of the gas layer near, and adsorbed species on,
the material surfaces (by in-situ spectroscopic measurements). This might elucidate the reactions
that may occur at the surface, indicating any “catalysis”. For instance, IR diagnostics in reflection
mode on the surface, i.e., DRIFTS diffuse reflectance infrared Fourier transform spectroscopy) coupled
to mass spectrometry (DRIFTS-MS) was developed by Stere et al. [35] for studying plasma-catalytic
reactions through observation of changes in the species at the catalyst surface. This work was the
first DRIFTS hybrid plasma (DBD) system reported in literature for studying the reaction mechanism
during plasma catalysis. The same group also reported another interesting in-situ diagnostic [36] for
studying the role of plasma in heating on the catalyst structure, using X-ray absorption fine structure
(XAFS). Azzolina-Jury and Thibault-Starzyk also applied IR diagnostics, to obtain time-resolved
in-situ spectroscopic data, directly providing information about adsorbed species under plasma
exposure [37,38]. Note, however, that these techniques are most sensitive to species with large surface
density, which are not necessarily the most reactive species. Furthermore, some reactive intermediate
species may not be detected, depending on the time resolution. In addition, fast imaging by intensified
Charge Coupled Device (iCCD) cameras can be applied to study the plasma behaviour in contact with
catalyst materials, and in particular the characteristics of plasma streamers propagating over catalyst
surfaces [39—41]. Finally, plasma dynamic experiments of the spheres in a simplified and standardized
packed bed set-up, such as proposed by Butterworth and Allen [42], can provide information on the
changes in plasma discharging behaviour for different core-shell materials.

Besides being able to tune and optimize the bulk and surface effects of packing materials through
core-shell spheres, the macroporous shell structure forms interesting opportunities for catalyst doping.
It was predicted by modelling that plasma streamers can only penetrate into pores with a size larger
than the Debye length [33], which is typically a few 100 nm, depending on the gas and other operating
conditions. Hence, full dispersion of a catalytic compound in the entire (microporous) sphere can be a
waste of valuable catalyst material. The thin shell layers produced in our work can form the perfect
substrate for catalyst doping for more optimal plasma-catalyst interaction. Bulk effects of the core-shell
sphere can optimize the plasma and reactive species generation via its physical impact, while the
doped shell material can create the optimal accessible surface needed for catalyst reactions, with the
possibility to enhance reaction pathways via the plasma-excited species.

Additionally, we recently investigated the reaction rate coefficients and equilibrium constants
of CO, dissociation, CHy reforming, and dry reforming of methane under the influence of power,
pressure, discharge gap size, and packing materials [29]. By testing packed-bed reactors over an
extended residence time range, we discovered that packing materials can individually change the
overall reaction rate coefficient, as well as the equilibrium position. By checking only one particular
condition, a lot of possible information is lost about the exact effect of a certain type of packing material
on the kinetics. Therefore, further endeavours in (catalytic) packing material development will benefit
from using this type of analysis to obtain more detailed knowledge.

Finally, Figure 1 also displays the energy efficiency of the benchmark results and all core-shell
samples. It shows the same trends as the conversion, since the energy efficiency is linearly proportional
to the conversion when the power and flow rate are constant. The reference energy efficiency of the
empty reactor was found to be only 3% for both cases, i.e., the same flow rate and same residence time as
the packed reactors. Adding the pure un-coated spheres can enhance the energy efficiency, depending
on the material and size combination, up to 4.1% for 2.0 to 2.24 mm Al,O3 spheres. Within the core-shell
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samples, only the 55 pm SiO,@Al,O3 and 250 pm SiO,@BaTiO3 can slightly enhance this energy
efficiency further, although all within the same error bars. This matches the maximum values we have
found before for CO, dissociation in our previous paper on packed-bed (micro) DBD reactors [5].

4. Materials and Methods

4.1. Core-Shell Spheres

The core-shell spheres were synthesized by means of spray coating. With this method, a suspension
of the desired shell material is sprayed on the cores in fine droplets, which stick to the surface, and as
the solvent evaporates, it leaves a fraction of powder behind. Spraying while turning the core materials
in a pan, slowly builds up a full layer over time, that can grow to a desired thickness. A calcination
process was applied to fix the layer in place and remove the organic components.

The formulation of the coating suspension is the same for all core-shell combinations and was
based on the coating slurry of Lefevere et al. for their 3DFD structures [43]. A mixture of distilled water,
methyl cellulose as a temporary organic binder (15 cP, Sigma-Aldrich, Overijse, Belgium), and colloidal
silica as a permanent binder (LUDOX HS-40, Sigma-Aldrich) was used to disperse and suspend
the powderous shell material. The final composition was 1 wt% methyl cellulose, 1 wt% LUDOX,
and 30 wt% shell powder. Powders made of 5iO, (0-10 pm, Sigmund Lindner, Warmensteinach,
Germany), x-Al,O3 (400 nm A 16 SG, Almatis, Rotterdam, The Netherlands), and BaTiO3 (200 nm,
Inframat, Manchester, Connecticut, United States) were used as the shell materials as received. For each
new batch, 100 mL of bare spheres, used as the cores, were placed in a rotating bowl with agitation
fins to tumble the spheres around and ensure an as even as possible coating of all spheres and sphere
surface. Dense SiO; (Type-S, Sigmund Lindner), x-Al,O3 (custom made at VITO, Mol, Belgium) [34],
and BaTiOj3 (Catal Ltd., Sheffield United Kingdom) spheres with a size of 1.6 to 1.8 mm were used
as cores. The suspension was coated on the rotating spheres by a compressed air driven spray gun,
and dried at the same time with a hot air gun. The green core-shell spheres were calcined for 4 h at
650 °C with a heating ramp of 2 °C/min. The four shell thicknesses where aimed at being 50, 100,
150, and 200 um. Maximum layers of approximately 100 pym were applied at a time. The 150 and
200 um coatings were done in two steps with an intermediate calcination step. In practice, deviant shell
thicknesses will be obtained due to the unpredictable suspension losses during the coating process,
i.e., premature drying of the sprayed droplets and abrasion losses during tumbling. The shell thickness
was analysed after calcination by embedding the spheres in an epoxy resin (ClaroCit, Struers, Maassluis,
The Netherlands), sanding them down until halfway the spheres, being imaged by 10x microscope
(XploRa plus, Horiba Scientific, Villeneuve-d’Ascq, France), and being analysed by Image] (version
1.52, National Institute for Health, United States). A schematic representation of the spray coating
set-up and an example of four layer thicknesses of BaTiO3@SiO; core-shell spheres are shown in
Appendices B and C (Figures Al and A2, respectively).

4.2. Experimental Set-Up

A cylindrical DBD reactor was used, as schematically shown in Figure 3. The reactor consists of
an alumina dielectric tube, with a 22 mm outer diameter and inner diameter of 17 mm, which serves
as the dielectric layer and outer wall of the reaction zone. A stainless-steel rod, with an 8 mm outer
diameter, was placed in the centre of the tube to serve as the inner, grounded electrode and inner
wall of the reactor, resulting in a discharge gap of 4.5 mm. A stainless-steel mesh, with a length of
100 mm, was wrapped around the outside of the alumina tube, acting as the high voltage electrode,
resulting in a total reaction volume of 17.67 mL. The reaction volume was filled with either the reference
dense spheres or synthesized core-shell spheres, which were held in place with a layer of glass wool
(superfine 8 to 50 um, Glaswarenfabrik Karl Hecht, Sondheim vor der Rhon, Germany) on both sides.
The reference spheres are the same cores as in Section 4.1, in two size ranges, being 1.6-1.8 mm and
2.0-2.24 mm.
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Dielectric barrier (Alumina)
Packing barrier (Glass wool)
Gas discharge gap with or without packing
Inner electrode (SS rod)
Outer electrode (SS mesh)

o= Gas
I chromatograph

Monitor capacitor

CO, bottle ERogowski coil  +LV probe

Voltage amplifier Function generator Lab PC USB oscilloscope

Figure 3. Packed bed DBD plasma reactor used in this work, along with analytical equipment (reprinted
from [5] with permission from Elsevier).

A pure CO, stream was fed to the reactor via a mass flow controller. A flow rate of 38.98 mL/min
was used for both empty and packed reactors, and in addition, a flow rate of 75.35 mL/min was used for
the empty reactor to test the performance at equal residence time as the packed reactor at 38.98 mL/min
(i.e., 14.07 s for a modelled packing efficiency of 48.27% [29]).

The reaction products were analysed by a gas chromatograph (Compact GC, Interscience, Breda,
The Netherlands) with pressure-less sampling. This GC features a thermal conductivity detector
(TCD) channel, able to measure the CO and O, composition as one peak and the CO, composition
separated by an Rt-Q-Bond column. No significant amounts of ozone or carbon deposition were
detected. The CO, conversion was defined as:

COZin - COZout

. (1)
COyjy

Xceco, =

where CO, is the molar flow rate of CO,. A correction factor was applied to compensate for gas
expansion in a pressure-less set-up to obtain the actual conversion Xco, [44,45]:

1- Xco 2 XGC,CO
Xceco, =1 X 22 < Xco, = m- )
1 + > / 2

The power to the reactor was provided by a high voltage amplifier (model 20/20C-HS, TREK,
Lockport, NY, USA), which was driven by a PC controlled function generator (AFG 2021, Tektronix,
Berkshire, UK) at a frequency of 3 kHz. The applied voltage, current, and displaced charge were
monitored by a high voltage probe (P6015A, Tektronix), a current transformer (model 4100, Pearson
Electronics, Palo Alto, CA, USA), and a low voltage probe (TA150, Pico Technology, St. Neots,
UK) paired with a monitor capacitor (10 nF), respectively. All signals were recorded with a digital
oscilloscope (Picoscope 6402D, Pico Technology). The power was calculated during a number (1) of
consecutive periods (T) according to:

1 nT

P=i% | uiar 3)
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The power was maintained at 30 W by adjusting the voltage of the function generator.
Finally, the energy efficiency was calculated based on the theoretical and consumed energy as:

AH, Xco, V
= —, 4
n PV, (4)
where AH, is the reaction enthalpy of CO, dissociation (279.8 kJ/mol), V is the volumetric flow rate,
P is the plasma power, and V), is the molar gas volume (22.4 L/mol). The ratio of the plasma power
over the volumetric flow rate is also known as the specific energy input or SEI:

SH:£ )

14
4.3. Experimental Method

Each experiment was started with a freshly packed, cooled-down reactor and operated for 40 min
to achieve steady state conversion. The amplitude of the input voltage was continuously adjusted
to deliver the desired power of 30 W during this stabilisation, which was followed by the GC and
Lissajous measurements.

Each packing material was tested in threefold with four GC and Lissajous measurements for
statistical analysis. The error on the resulting average is defined as:

Ts(p,
error = iSnM, (6)

S
where S, is the sample standard deviation of the measurements, #; is the sample size being 12, and T
is the two-tailed inverse of the Student t-distribution for sample size 1 and probability p set at 95%.
The standard operating conditions used in this work were a pure CO; stream with a flow rate of
38.98 mL/min, performed at 30 W (3 kHz), and 1 bar in a discharge gap of 4.5 mm. This results in an
average residence time of 14.07 s and a specific energy input (SEI) of 46.18 J/mL in the packed reactors.
Some of these parameters were varied, as specified in the results section.

5. Conclusions

In this paper we investigated the potential of core-shell structured spheres as packing materials in
a DBD reactor, for plasma-based CO; conversion. Core-shell spheres have the potential to be tailored
to a specific reaction, requiring weak/strong bulk/surface effects, potentially in combination with a
catalytically active material for optimal performance. First of all, we found that applying a thin shell
layer of approximately 50 um of the same material as the core significantly reduces the performance
of the packing material, indicating that the shell might mask the positive effect of the core and/or
induced negative effects due to certain shell properties. Combining different materials showed various
interactions between the core and shell material, affecting the conversion. Al;O3 was found to be
the best core material, followed by BaTiO3; and SiO;, in agreement with the behaviour of the pure
spheres. It was also found that all three shell materials perform equal in low amounts (thin shell),
with the exception of Al,O3@Al,O3, and that they are not able to provide any significant improvement.
A strong mixing behaviour is seen where more active shell materials can improve weak core materials,
but will have to compete against strong core materials to show their effect on the performance.

Our results show that surface and bulk effects can have different influences on the performance
of the spheres in a plasma reactor. A strong core material is not necessarily also a strong shell
material, and vice versa, due to the different (surface and bulk) properties that seem to play a role;
as shown by the Al,O3@Al,O3 samples. This illustrates a great potential, as using core-shell spheres
can provide us with the possibility of tuning the packing properties more closely to the application.
Furthermore, the thin porous nature of the shell offers possibilities to dope a packing material with just
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the right amount of catalyst for plasma catalysis, compared to fully porous supports, where catalyst
material could be wasted, as the plasma cannot penetrate deeply into pores (with a minimum diameter
of a few 100 nm).
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Appendix A. Raw Data of Figure 1
Table A1l. Conversion and energy efficiency of (i) the empty DBD reactor, both at the same flow rate

and residence time (RT) as the packed bed reactor, and (ii) of all samples used in this work (including
pure uncoated spheres and the various combinations of core-shell spheres) as shown in Figures 1 and 2.

Size (mm)/Shell

Sample Thickness (um) Conversion (%) Energy Efficiency (%)
Empty (=Flow) / 11+1 3.0+£03
Empty (=RT) / 6.4+0.8 32+05
5i0, 1.6-1.8 9.8 +£0.3 2.7 +0.1
””””” ALO; 1618  13x1  35x03
© BaTiO; 1618 131 35£03
SiO; 2.0-2.24 92+0.8 25+0.2
””””” ALO; 20224 152x09  41x02
~ BaTiOs 20224 109+07 30£02
Si0,@Si0, 50 8=x1 21+03
Al,O3@5i0, 70 85+0.4 22+0.1
””” ALO@si0, 140  97x09  27x02
””” ALOs@si0, 18 10206  27x02
””” ALO;@Si0, 250  99x09  27x02
BaTiO;@SiO, 50 8.7+0.7 24+02
””” BaTiO;@Si0, 125 9808  27x02
””” BaTiO;@SiO, 180 11208 3002
””” BaTiO;@Si0, 225 11909  32x02
SiO,@Al,05 55 154 +0.9 42+02
””” Si0,@ALO; 100 10808 29x02
””” Si0,@ALO; 290  11.8x06 3202
SiO,@Al,05 405 120+0.7 33+02
A1203@A1203 55 79+ 0.6 22+0.2
BaTiO;@Al,O5 75 14+1 3.8+03
'~ BaTiO;@ALO; %0 11.3+07 30£02
"~ BaTiO;@ALO; 0 111 32£03
"~ BaTiO;@ALO; 230 14304 3801

37



Catalysts 2020, 10, 530

Table Al. Cont.

Size (mm)/Shell . o .. o
Sample Thickness (m) Conversion (%) Energy Efficiency (%)
SiO,@BaTiO3 60 10.8 £ 0.7 29+£02
SiO,@BaTiO3 250 l6+1 43+03
5i0,@BaTiO3 370 13.0+0.8 35+02
SiO,@BaTiO3 465 12+1 32+03
Al,O3@BaTiO3 60 11.0 £ 0.6 3.0+0.2
Al,O3@BaTiO; 125 83+0.8 23+02
Al,O3@BaTiO3 165 101 28+0.3
Al,O3@BaTiO; 235 10.2 + 0.4 28+0.1
BaTiO;@BaTiOs 55 10.8 + 0.9 29+02

Appendix B. Schematic Representation of the Spray Coating Set-Up Used in This Work

Figure Al shows a schematic representation of the spray coating set-up used in this work. It is an
in-house built pan coating set-up comprised of a rotating pan with agitation fins added to the inside to
disturb the rolling spheres into tumbling over each other. The coating suspension is added by a gravity
fed spray gun operated with compressed dry air at 1-1.5 barg. The suspension is gradually added and
sprayed on the spheres in the pan, while the remaining fraction is left in a beaker on a stirring plate.
The pan and contents are continuously heated by a hot air gun operated at maximum heat but medium
air flow rate, to maximize the heating capacity but to minimize deflection of the sprayed droplets away
from the tumbling spheres.

Figure A1. Schematic representation of the spray coating set-up used in this work.

Appendix C. Example of Four Layer Thicknesses of BaTiO3@SiO; Core-Shell Spheres

Figure A2 shows an example of the four layer thicknesses of BaTiO3 applied on the 1.6 to 1.8 mm
SiO; cores. These images are obtained by embedding samples of about 25 spheres of the different
core-shell spheres in an epoxy resin and sanding it down to about half-way the spheres. The spheres
were then imaged by light microscopy by overlapping multiple exposures (hence the visible rectangular
pattern). The average layer thicknesses were measured by Image] analysis.

Uniform coverage of the entire spheres was obtained for every layer thickness but some shell
roughness is present due to the tumbling spray coating method.
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Figure A2. Example of four layer thicknesses of BaTiO3@SiO, core-shell spheres; (a): 50 um; (b): 130 pum;
(c): 180 pm; (d): 230 um.
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Abstract: Plasma catalysis has been utilized in many environmental applications for removal of
various hydrocarbons including tars. The aim of this work was to study the tars removal process by
atmospheric pressure DBD non-thermal plasma generated in combination with packing materials
of various composition and catalytic activity (TiOy, Pt/yAl,O3, BaTiO3, YA, O3, ZrO,, glass beads),
dielectric constant (5-4000), shape (spherical and cylindrical pellets and beads), size (3-5 mm in
diameter, 3-8 mm in length), and specific surface area (37-150 m?/g). Naphthalene was chosen as a
model tar compound. The experiments were performed at a temperature of 100 °C and a naphthalene
initial concentration of approx. 3000 ppm, i.e., under conditions that are usually less favorable to
achieve high removal efficiencies. For a given specific input energy of 320 J/L, naphthalene removal
efficiency followed a sequence: TiO, > Pt/yAl,O3 > ZrO, > yAl,O3 > glass beads > BaTiO3; > plasma
only. The efficiency increased with the increasing specific surface area of a given packing material,
while its shape and size were also found to be important. By-products of naphthalene decomposition
were analyzed by means of FTIR spectrometry and surface of packing materials by SEM analysis.

Keywords: non-thermal plasma; dielectric barrier discharge; plasma catalysis; naphthalene removal;
FTIR spectrometry; SEM analysis; TiO,; Pt/yAl,Os3; ZrO,; BaTiO3

1. Introduction

In recent years, non-thermal plasma (NTP) generated by atmospheric pressure electric discharges
in a combination with catalysis, i.e., plasma catalysis, is gaining an increasing interest as it offers a
high plasma reactivity along with a high catalytic selectivity [1,2]. In addition, plasma catalysis is
often characterized by synergistic effects, when the combined effect of plasma with catalysis is usually
stronger than their individual effects [3-5]. Although the exact underlying mechanisms of plasma
catalysis synergy are still unclear, several hypotheses based on experimental observations have been
proposed: plasma-induced adsorption/desorption, activation of lattice oxygen, lowering the activation
barriers, generation of electron-hole pairs by the absorption of UV radiation, direct interaction of
gaseous radicals with the catalyst surface and the adsorbed molecules, penetration of plasma reactive
species into the pores of the catalyst, local heating (hot spots), etc. [2,4,6,7]. The synergy may lead
to higher conversion of reactants, higher selectivity and yield of desired products as well as higher
energy efficiency of the process [8,9]. Thanks to this, plasma catalysis has found utilization in many
environmental applications particularly in air pollution control technologies, including removal of
nitrogen oxides (NOx) [10-13], volatile organic compounds (VOCs) [14-17], polycyclic aromatic
hydrocarbons (PAHs) [18], and conversion of carbon dioxide CO, [8,19,20].
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The utilization of NTP in the PAH removal process has been investigated by many authors and
extensive and comprehensive reviews about the topic have been published in several papers [18,21-23].
Although the PAH removal by plasma catalysis was investigated much less frequently in the past, it has
gained an increasing interest in the recent years. One of the many reasons is the increasing utilization of
the syngas as a possible candidate for a new environmentally friendly source of energy [24]. The syngas,
as a product of a gasification of carbon containing fuels including biomass, can be used to generate
electricity by internal combustion gas turbines or engines, or can be transformed into chemicals.
However, the syngas often contains various pollutants, especially stable PAHs—tars, that substantially
disqualify it from further use [25]. Therefore, the syngas cleaning before its utilization is required.
Besides gasification processes, the tars can also form in combustion processes of fossil fuels, although
with lower amounts compared to gasification. However, their removal from exhaust gases is also
important due to associated environmental issues [26].

Even though many published papers denoted as “plasma catalytic removal of model tar compound”
can be found in the available literature, a majority of these papers actually deals with a removal
of toluene (CyHg) as a model tar compound [27-32]. Nevertheless, the toluene represents “only”
a monocyclic organic compound as it contains a single benzene ring. The real tars formed in the
gasification and combustion processes are much more complex and usually consist of several benzene
rings. Further, the stability of toluene is lower and its reactivity higher in comparison with e.g.,
naphthalene (CjpHg), the simplest PAH containing two benzene rings. Indeed, toluene can be
decomposed much more easily than naphthalene as a consequence of weaker C-C bonds in a toluene
molecule due to the presence of methyl group—CHj [33]. Furthermore, decomposition of polycyclic
tars with three or more benzene rings may lead to a formation of two-ring tars, just like naphthalene,
that are often more stable than heavier polycyclic compounds [34]. For these reasons, a better candidate
representing a group of tars is naphthalene rather than toluene.

A recent review paper written by Liu et al. focused on plasma catalytic removal of tars offers
a very good overview of the field [18]. It summarizes the general knowledge, recent experiments,
results, and findings of various authors. Indeed, several discharges have been employed and
investigated in the naphthalene removal process by plasma catalysis: corona discharge [35,36],
dielectric barrier discharge (DBD) [37-43], gliding arc discharge [44,45], and even plasma jet [46].
The discharges have been combined with several catalytic materials, most frequently with Ni-based
catalysts (Ni/yAl,O3 [37,38,40,44], Ni/ZSM-5, Ni/SiO, [41] and Ni/Co-based catalyst [45]) due to
their availability and selectivity towards formation of syngas constituents in catalytic processes [23].
However, their high activities are obtained only when operated at elevated temperatures (>780 °C) [47].
Besides Ni-based catalysts, other materials have also been investigated in a plasma catalytic process of
naphthalene removal, including MnO; [35], YAL,O3 [36], Rh-LaCoO3/Al,O3 [40], TiO,/diatomite [43],
and Pt/yAl, O3 [46].

The main objective of this work is to investigate tar removal by atmospheric pressure DBDs in
combination with packing materials of various properties and catalytic activities. Naphthalene is
selected as a model tar compound. The research follows our previous work [48], where naphthalene
removal was investigated using TiO,, Pt/yAl,O3, YAl,O3 and glass beads as packing materials. Here,
we also study the effect of other materials including ZrO, and BaTiO3. The used packing materials
are characterized by distinct shape (spherical and cylindrical pellets and beads), size (3-5 mm in
diameter, 3-8 mm in length), dielectric constant (5-4000), and specific surface area (SSA) (37-150 mz/g).
In comparison with the existing works of other authors, this work presents a comparative study on
several packing materials of various properties and reports their plasma catalytic effects in naphthalene
removal. The experiments are performed at a temperature of approx. 100 °C and a naphthalene initial
concentration of approx. 3000 ppm, i.e., under conditions that are usually less favorable to achieve
high removal efficiencies. Besides the effects of packing material properties on naphthalene removal
efficiency, a formation of by-products of naphthalene decomposition is also studied. The by-products
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are analyzed by means of Fourier-transform infrared (FTIR) spectrometry and surface of packing
materials by scanning electron microscope (SEM) analysis.

2. Results and Discussion

2.1. Discharge Characteristics

Prior to the experiments on naphthalene removal, we evaluated the discharge power of all DBD
reactors by using the Lissajous figure method. The results showed that, at a given applied voltage,
the reactors packed with Pt/yAl,O3, YA, O3, ZrO,, TiO; (SSA of 70 mz/g) and glass beads (& 4 mm)
had almost the same discharge power, whereas the power of plasma non-packed reactor as well as the
reactor packed with BaTiOj3 significantly differed (see Figure 1a,b, where discharge power is expressed
in terms of the specific input energy (SIE)). Note that uncertainty of the data points in Figure 1a,b is
approx. 5-6%. Indeed, at the given applied voltage, the SIE of the plasma non-packed reactor was
always higher than that of packed reactors (Figure 1a). On the contrary, the reactor packed with BaTiO3
possessed the lowest discharge power in a range of the applied voltage of 11-14 kV (Figure 1a). Thus,
a presence of the packing material inside the reactor generally decreases the discharge power under
the same operating conditions. These findings are in agreement with the results of other authors,
who also observed the same effect [49-51]. Inserting the packing material into a discharge gap has an
influence on discharge mode [52,53], when the filamentary discharge mode typical for non-packed
DBD reactors may change into surface discharge mode or into their combination [54]. Such change in
discharge mode can also occur with the increasing of the applied voltage [55]. Furthermore, each pellet
of packing material functions as a capacitor, so the charges can be trapped rather than being transferred
across the gap, which also may affect the discharge current and its mode [49]. Thus, all these effects
have an impact on the discharge properties including power consumption.
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Figure 1. (a,b) Specific input energy as a function of applied voltage for various reactors (at 500 Hz).

In addition to the type of packing material, we also investigated the effects of its other properties
(i.e., shape, size, SSA) on the discharge power. Packing materials of the two basic shapes were used.
While packing materials including BaTiO3, Pt/yAl,O3, YAl O3, TiO; (SSA of 70 mz/g) and glass beads
possess a spherical shape, ZrO; had a cylindrical pellet shape. However, a different shape of ZrO; in
comparison with the other packing materials did not show any effect on discharge power (Figure 1a).

The effect of the SSA of packing material was also investigated in a case study of TiO,. Three different
SSAs were examined: TiO, with SSA of 70 mz/g had a spherical shape (& 3-4 mm), TiO, with SSA of 37
and 150 m?/g had a cylindrical shape (& 3-4 mm, length up to 7 mm). All parameters are indicated in the
legend of Figure 1b for a clarity. When comparing TiO, with SSA of 37 and 150 m?/g, the discharge power
was found to be higher for TiO, with bigger SSA (Figure 1b). It can be explained by the fact that, besides
discharges propagating in gas volume and on surfaces on the packing material, a plasma may be also
formed inside the pores of packing material [56-58]. In such case, bigger SSA means higher pore volume
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and higher volume of generated plasma and, thus, higher discharge power. Nevertheless, at the highest
amplitudes of the applied voltage (13 and 14 kV), spherical TiO, with moderate SSA of 70 m?/g reached
even higher discharge power than TiO, with bigger SSA of 150 m?/g (Figure 1b). This result indicates that,
at the highest tested amplitudes of the applied voltage, the effect of shape of packing material probably
tends to dominate over the effect of SSA on discharge power.

Finally, the effect of size of packing material on discharge power was examined and also found to
be significant. A discharge power of reactor packed with smaller glass beads (& 4 mm) was found to
be higher than that of a reactor packed with larger glass beads (J 5 mm) (Figure 1b). It can be possibly
explained by the fact that, when smaller beads are used in the same vessel, their total surface area
is bigger, what can enhance a propagation of surface discharges in contrast to larger beads, where a
shift from a full gap discharge to localized microdischarges occurs [52]. Thus, with smaller beads,
the number of surface discharges and total volume of generated plasma is bigger, what leads to a
higher discharge power. Another explanation of higher discharge power obtained with smaller beads
is electric field enhancement in their contact points. Van Laer and Bogaerts reported a stronger electric
field with smaller beads in contrast to bigger ones, what could eventually also lead to higher discharge
power [52].

2.2. The Effect of Packing Material Type

Figure 2a,b presents naphthalene removal efficiency (NRE) and energy efficiency (EE) obtained
with various plasma (non-packed) and plasma catalytic (packed) reactors. While the results obtained
with TiO,, Pt/yAl,O3, YAl O3, and glass beads were reported in our previous paper [48], the results
obtained with BaTiO3 and ZrO; are new and presented along with our previous results. Note that each
experiment was usually performed 2-5 times. Data presented in Figure 2a,b (and also in Figure 3a,b)
represent mean values of NRE and EE evaluated from all experiments. The error bars represent
standard deviations of the data. In addition to plasma catalytic experiments, the effect of packing
material alone (i.e., without a plasma) was also tested; however, no notable effect was observed on
naphthalene decomposition and gaseous products formation.
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Figure 2. (a) Naphthalene removal efficiency and (b) energy efficiency for plasma and plasma catalytic
reactors with various packing materials for the SIE of 150 and 320 J/L.

For the given SIE of 320 J/L, the NRE and the EE of all reactors followed a sequence: TiO; >
Pt/yAl,O3 > ZrO, > yAl,O3 > glass beads > BaTiO3 > plasma only (Figure 2a,b). Thus, the highest NRE
of approx. 88% for the SIE of 320 J/L was reached with plasma catalytic reactor packed with titanium
dioxide TiO, (also called as titania) with a spherical pellet shape and SSA of 70 m?/g. Furthermore,
not only the highest NRE, but also the highest EE of 124 g/kWh was reached (for 320 J/L). High activity
of TiO; in plasma catalytic removal of naphthalene was also reported by Wu et al. [43], who obtained a
similar NRE of 88%, however, at lower naphthalene initial concentration of 60 ppm. High NRE may be
probably attributed to its photocatalytic activity initiated by the absorption of UV radiation emitted by
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plasma [59,60] or, more likely, by interaction with plasma-produced highly energetic electrons [8,61,62].
When a reactor packed with TiO, without a plasma was tested, no effect on naphthalene decomposition
was observed probably due to the absence of UV radiation and energetic electrons that are crucial for
its activation [63].
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Figure 3. (a) Naphthalene removal efficiency and (b) energy efficiency for plasma catalytic reactors
packed with TiO, of various SSAs and shapes and with glass beads of various diameters for the same
SIE of 320 J/L.

The second highest NRE and EE of 78% and 110 g/kWh for the SIE of 320 J/L was obtained with a
Pt/yAl,O5 catalyst (Figure 2a,b). A discussion related to the results obtained with Pt/yAl,O3 can be
found in our previous paper [48]. The Pt/yAl,O5 catalyst was also tested by Yuan et al. in combination
with radio-frequency-powered plasma jet in ambient air assisted by Ar mixture for naphthalene and
n-butanol removal [46]. The authors reported a superior increase of the NRE when a catalyst was
used (approx. 99%) compared to a reactor without it (30%). Various other Pt-based catalysts have also
been extensively investigated on catalytic naphthalene removal and their high activity was commonly
reported [64-66]. In addition to high catalytic activity, high CO, selectivity was also observed [64,67].
These works showed that Pt-based catalysts are efficient not only for catalytic VOC removal as is
generally well-known [68,69], but are also very active for catalytic decomposition of more complex
molecules including PAHs. However, Ndifor et al. and Shie et al. reported catalytic activity of
Pt/yAl,O5 towards naphthalene oxidation only above 150 °C [64,65], i.e., at temperatures higher than
in our experiment. Our results showed that Pt/yAl,O3; may also be efficient at a lower temperature of
100 °C, but only when plasma catalysis is employed.

Another tested metal oxide catalyst was zirconium dioxide ZrO; (zirconia). Although for 320 J/L
the zirconia reached the third highest NRE, for lower SIE of 150 J/L, it reached the highest NRE and EE
among all tested packing materials of approx. 67% and 202 g/kWh, respectively. The zirconia is widely
used as a catalyst support, but it also provides an intrinsic catalytic activity [70,71]. Moreover, a very
promising catalytic activity of zirconia for high-temperature oxidation of tars was observed by several
authors [72-74]. According to our results, we suppose that the zirconia, like Pt/yAl,O3, may manifest
a high catalytic activity even at lower temperatures when activated by plasma. Another reason for
a relatively high NRE obtained with zirconia can be, like titania, associated with its photocatalytic
activity, although its band gap is much wider (5.5-7 eV), than that of titania (3-3.2 eV) [75,76]. As the
intensity of the UV radiation generated by air atmospheric pressure discharges necessary for zirconia
photocatalytic activation (e.g., below 225 nm) is typically very low [77], we assume that the catalyst
activation can only be initiated by plasma-produced highly energetic electrons [8,61,62].

The NRE obtained with yAl,O3 (alumina) and glass beads were almost identical: 66 and 64% for
the SIE of 320 J/L. More details can be found in [48]. Plasma catalytic removal of naphthalene by using
pulsed corona discharge combined with yAl,O3; was also investigated by Nair [36]. He reported an
increase of the NRE (>95%) and a reduction of energy demand when plasma catalysis was employed in
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contrast to the case of plasma alone. He worked at a temperature of 300 °C and at an initial naphthalene
concentration of 500-700 ppm. Although YAl,O3 is the most commonly used bulk material for
the supported catalysts, its properties may also play an important role in enhancing the catalytic
performance of supported catalysts [78,79]. In addition, yAl,O3 has an ability to adsorb organic
compounds [80], which may increase the overall efficiency of their removal and even to enhance CO
oxidation [81]. Moreover, Roland et al. suggested that yAl,O3 is able to enhance a decomposition
of ozone O3 leading to a formation of O radicals, what in turn may enhance plasma catalytic VOC
oxidation [82]. This effect was also proposed by Wu et al. for observed improvement in naphthalene
removal over TiOy/diatomite catalyst, as the diatomite is composed of approx. 16% of yAl,O3 [43].
With regard to the effect of glass beads as a packing material, their utilization in naphthalene removal
was also studied by Hiibner et al. [39] and Redolfi et al. [42]. They obtained an NRE of 60 and 95%,
however, at higher operating temperatures of 350 and 250 °C and at significantly lower naphthalene
initial concentrations of 90 and 100 ppm, respectively. Even though the glass beads represent a dielectric
material without any specific catalytic activity, their role in improvement of the NRE probably lies in
affecting the discharge characteristics, quality, and distribution [83].

Finally, the reactor packed with BaTiOs, a high dielectric constant material (~4000), was also
tested. A purpose for introducing of ferroelectric packing materials in a plasma reactor is generally to
amplify the electric field. Because of this, a distribution of electrons is shifted towards higher energies
and, thus, a generation of high-energy species in the discharge zone is established [84]. Although
inserting the BaTiO3 resulted in a significant change of characteristics of discharge current pulses
(not showed), the chemical effects of BaTiO3 reactor were found to be relatively weak. The NRE
obtained with BaTiO3; was the lowest among all plasma catalytic packed reactors: for the SIE of 320 J/L,
the NRE and EE were 51% and 72 g/kWh, respectively (Figure 2a,b). The high dielectric constant
packing materials constrain a discharge distribution predominantly to the contact points of the pellets,
regardless of their contribution to electric field enhancement [53]. The discharge exhibits a filamentary
microdischarge mode without surface discharges propagating along the packing material. This limits
a catalyst surface area exposed to plasma resulting in a low catalytic activity. Dielectric constant of the
other packing materials tested in our study is considerably lower (glass beads~5, yAl,O3~9, ZrO,~20,
TiO,~85, Pt/yAl,03~100), what is in favor of the formation of surface discharges in these reactors
(indirect evidence of their presence is presented in Section 2.4.1). Based on our results, we can conclude
that a key factor for obtaining a substantial NRE is a presence of surface discharges propagating
along the packing material. Firstly, they distribute a plasma more uniformly and intensively within a
reactor and, secondly, they activate a larger area of the catalyst. The importance of surface discharges
for attaining good catalytic activity in plasma catalysis was also confirmed by Kim et al. [85] and
Veerapandian et al. [16]. On the other hand, high dielectric constant materials may find a possible
utilization in applications where high-energy electrons are required in order to obtain good efficiencies
(i.e., conversion of CO,) [19,86,87].

2.3. The Effect of Packing Material Properties (SSA, Shape, and Size)

The effect of packing material properties (SSA, shape, and size) on NRE and EE was also studied
and evaluated. Although the effect of SSA on plasma physical characteristics as well as SIE was
relatively small (Figure 1b), it was expected to have much stronger impact on chemical processes on
the surface of the packing material. An increase of the SSA leads to enhancement of adsorption of
target compounds on the material surface that may further support their oxidation and formation of
by-products [16]. This effect was also observed for naphthalene when it was adsorbed on materials
of various SSAs [88,89]. Adsorption of target compounds may also be influenced by other textural
properties of packing materials (e.g., pore size and volume). Furthermore, plasma reactive species
can diffuse into catalyst pores, which may lead to an enhanced catalytic activity [57]. On the other
hand, a variation of shape and size of packing materials may alter and enhance the electric field,
and consequently plasma properties. Plasma formation and distribution inside the packed reactor

48



Catalysts 2020, 10, 1476

may be affected as well, what can also eventually lead to enhanced chemical effects under plasma
catalysis [16,52,86].

In the previous Section 2.2., we presented the results of the effects of various types of packing
materials on the NRE. A presented sequence of the used materials ordered with respect to the achieved
NRE is valid, although the effect of SSA was not explicitly considered despite it possibly affects the
overall results. The SSA of a material is one of the most critical parameters for conventional catalysis.
In order to accurately assess the effects of various types of packing materials, they should possess a
similar SSA. Although the SSA of the used packing materials was not always known, our results showed
that the role of SSA in plasma catalysis is not decisive as it is in conventional catalysis. More specifically,
YAL,O3 and glass beads are characterized by very distinct SSAs (typically 250-300 m?/g [85] and
<0.001 m?/g, respectively). Despite the huge difference in the SSA of the two materials, our results
indicate that for the same SIE of 320 J/L, the NRE for yAl,O3 and glass beads is almost the same
(66% and 64%, respectively). Therefore, we suppose that, in plasma catalysis, in addition to SSA,
other parameters may play more important roles. Nevertheless, in this study, the effect of SSA along
with the effect of shape of packing material was investigated in a case study of TiO,.

Figure 3a,b presents the NRE and EE for reactors packed with TiO, catalysts of various SSAs and
shapes and glass beads of various sizes. With an increase of SSA (37 vs. 150 m?/g), we observed an
increase of NRE and EE for the same SIE (52 vs. 70% and 74 vs. 99 g/kWh for 320 J/L, respectively).
It can be probably explained by enhanced adsorption processes on the catalyst surface and, thus, more
efficient naphthalene decomposition. A change of packing material shape (spherical vs. cylindrical)
was found to have an even stronger effect than a change in the SSA with respect to NRE and EE,
as a spherical TiO; catalyst of 70 mz/g showed higher NRE and EE (88% and 124 g/kWh for 320 J/L,
respectively) than cylindrical TiO, with a bigger SSA of 150 m?/g (70% and 99 g/kWh for 320 J/L,
respectively). This result can be explained by the fact that the shape of the packing material determines
the size of voids/spaces between the pellets, and thus discharge properties and plasma volume (this
effect is also discussed later in Section 2.4.1). The result also demonstrates one of the main differences
between plasma catalysis and conventional catalysis, in which SSA (or textural properties of packing
materials in general) plays a crucial and often a decisive role. In plasma catalysis, not only textural
properties of packing materials, but also properties of plasma as well as complex interactions between
them determine the overall effect.

Finally, our results also revealed a positive effect of smaller glass beads (J 4 mm) when compared
to larger glass beads (& 5 mm), as the NRE and EE were higher with smaller beads for both tested
SIE values (for 320 J/L, 64 vs. 45% and 90 vs. 64 g/kWh, respectively). It can possibly be explained
by a bigger total surface area of smaller beads that consequently leads to an enhancement of surface
discharges propagation along the surface of beads. In the case of larger beads, a shift from full
gap discharge to localized microdischarges occurs [52]. For this reason, an enhancement in surface
discharges, as we stated earlier, could finally lead to higher removal efficiency. However, Van Laer and
Bogaerts as well as Butterworth et al. observed more complicated relationship between removal and
energy efficiencies and packing material size, especially when the size of packing material becomes
very small [86,90,91]. Van Laer and Bogaerts reported higher removal and energy efficiency with a
packing material of diameter bigger than 1.5 mm, than for a non-packed reactor (for the discharge
power of 60 W). However, when using packing of diameter smaller than 1.5 mm, removal and energy
efficiency were lower than for a non-packed reactor probably due to very short gas residence time in a
reactor [90,91]. Furthermore, Butterworth et al. reported that the use of smaller packing material sizes
(0.18-2 mm in diameter) can lead to either an increase or a decrease of removal efficiency depending
on various other conditions and parameters (e.g., gas mixture) [86]. Therefore, the removal efficiency
is not only given by a balance between electric field enhancement and gas residence time given by the
used packing material size, but it also depends on other parameters as well as on the type of packing
material [92].
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2.4. Analysis of Naphthalene Decomposition By-Products

The evaluation of NRE and EE was supplemented by the analysis of naphthalene decomposition
by-products. In principal, an exact composition and yield of by-products were strongly dependent on
several parameters, such as applied voltage, discharge power, reactor type, and properties of packing
material. The by-products were found in the gas phase as well as in the solid phase as deposits on
the reactor walls, inside the gas lines, on windows of the gas cell and surface of packing materials.
The two diagnostic methods used for analysis of by-products were scanning electron microscopy (SEM)
equipped with energy-dispersive X-ray (EDX) spectroscopy and infrared absorption spectroscopy
FTIR. The optical microscope was also used for taking the photographs of packing materials surface.

2.4.1. SEM Analysis

A surface analysis of both fresh and used packing materials (i.e., before and after the experiment,
respectively) was carried out by means of the SEM. For the analysis, both secondary and backscattered
electrons were utilized to obtain surface morphology and to distinguish between areas with different
chemical composition, respectively. As electrical resistivity of fresh and used packing materials was
quite different, the amplitude of accelerating voltage of scanning electrons for each material was
adjusted individually (1.5-20 kV) in order to avoid overcharging of the samples, which could negatively
affect an image sharpness. Besides the SEM analysis, we also performed the EDX analysis in order to
determine an elemental composition of analyzed surface.

For the fresh packing materials, the SEM analysis allowed us to determine a surface morphology
of the pellets, since it consists of pores, granules, and structures of various shapes and sizes. For used
packing materials, we identified a shape and a size of solid deposits formed on a surface of the pellets.
In addition, we also performed a cross-sectional analysis of used materials after we cut the pellets in
half. This allowed us to estimate a thickness of solid deposits accumulated on the surface and also the
depth of their penetration inside the pores of packing materials. Table 1 summarizes SEM images and
optical microscope images of selected fresh and used materials. Note that various magnifications are
used in SEM images, as solid deposits on surface of various packing materials possessed a different size.

Table 1. SEM and optical microscope images of fresh, i.e., before experiment (left column), and used,
i.e., after the experiment (right column), selected packing materials (magnification in optical microscope
images: 160x).

Fresh Packing Materials (Before Experiment) Used Packing Materials (After Experiment)
TiO; (70 m?/g)

Fl

50



Catalysts 2020, 10, 1476

Table 1. Cont.

Fresh Packing Materials (Before Experiment) Used Packing Materials (After Experiment)

TiO, (37 mz/g)

At first sight, we can see significant differences between photographs of packing materials before
and after experiments. The surface of all materials after the experiments acquired a brownish color
(Table 1, right column). The change in surface color of materials is attributed to by-products of
naphthalene decomposition that formed solid deposits on the surface as a result of the incomplete
oxidation of naphthalene. The EDX analysis showed an elemental composition of the deposits and,
as was expected, they were mostly composed of carbon and oxygen. The SEM analysis revealed
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that the solid deposits were composed of round particles with a diameter in the range of 1-5 pm.
These particles also showed strong agglomerating tendencies. A very similar shape of solid carbon
deposits resulting from naphthalene decomposition was found by Wang et al.; however, they reported
a size of particles of two orders of magnitude smaller than we observed (40-60 nm in diameter) [93].
Such a significant difference in size of carbon particles can be probably explained by different working
conditions (temperature of 200 °C, N, + H,O as a carrier gas).

Figure 4a shows an SEM image of a cross-sectional view of TiO, surface. Based on this image, it is
possible to estimate a thickness of solid carbon deposits (being up to 10 pm) accumulated on the TiO,
surface for 3.5 h of experiment. Figure 4b—f shows detailed SEM images of aggregates of solid deposits
on the surface of various packing materials and confirms that round-shape particles of carbon deposits
were observed regardless of the packing material type.

WO, (37 m?/g)
‘

Lyra3 TESCAN|

Pt/VAlzog

Figure 4. Detailed SEM images of (a) cross-sectional view of TiO, surface and (b—f) solid carbon
deposits on surface of various packing materials. Note that different magnifications are used.

The packing materials of spherical shape (TiO; of 70 m?/g, Pt/yAl,O3 and YAl,O3) were almost
uniformly covered with solid deposits. On the contrary, cylindrical materials (TiO, of 37 and 150 m?/g
and ZrO,) were characterized by nonuniform distribution of deposits (see the images in Table 1).
The most specific solid deposits were found on the BaTiO3 surface, where they agglomerated in circular
patterns with a diameter of approx. 1 mm randomly distributed on the surface (Figure 5a,b). The EDX
analysis showed that the circular deposits consisted of carbon and oxygen, while the surrounding
was composed of Ba and Ti (Figure 5¢,d). The explanation for a formation of such specific circular
patterns of deposits can be given as follows: the reactor packed with BaTiO; (i.e., a high dielectric
constant material) is governed by filamentary microdischarge mode [52,53,94]. These microdischarges
are formed only near the contact points of adjacent pellets where an electric field is extremely strong
and where the reactive species are predominantly formed [53]. In the filamentary microdischarge
mode, formation of surface discharges propagating along the surface of packing material is completely
suppressed, what in turn leads to limited surface area of packing material exposed to generated
plasma [6]. Moreover, production of reactive species along the surface of packing material is suppressed
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too. Therefore, concentration of reactive species far from the regions of strong electric field significantly
decreases. Thus, we hypothesize that naphthalene decomposition process took place only in a close
vicinity of filamentary microdischarges (i.e., near the contact points of pellets). Hence, a formation of
by-products was also confined in the same regions where a strength of electric field and concentration
of reactive species were sufficiently high resulting in circular patterns of solid deposits. Note that most
of these circular patterns have a void in their center. We assume that the voids correspond to the places
where the adjacent pellets touched each other. Therefore, the solid deposits did not form here.

300 pm
[

300um |
————uag: 1

Figure 5. (a,b) SEM images and (c,d) EDX analysis of circular patterns of solid deposits on BaTiO3 surface.

In addition to BaTiOj3, a few circular patterns of solid deposits were also found on the surfaces of
cylindrical pellets (ZrO,, TiO; of 37 mz/g) (Figure 6), whereas on spherical pellets we did not observe
them at all. Based on this observation, we further hypothesize that, in the case of spherical pellets of
low and moderate dielectric constant, the surface discharges were much more intense than in the case
of cylindrical pellets, and resulted in almost uniform distribution of solid by-products along the entire
spherical surface. On the other hand, for cylindrical pellets, some circular patterns of solid deposits
were found probably as a result of intense filamentary microdischarges rather than surface discharges.
This implies that, in addition to a dielectric constant, a packing material shape may also partially affect
a discharge mode. The cylindrical pellets have sharper edges that may significantly contribute to local
electric field enhancement and, thus, to formation of multiple filamentary microdischarges in contrast
to spherical pellets [95]. Thus, the generated plasma is in contact with a limited surface area of packing
material, what in turn leads to spatially non-uniform naphthalene decomposition and distribution of
by-products along the entire surface (the same, but even stronger effect was observed with BaTiO3 as
mentioned above). Consequently, a confinement of plasma formation to a vicinity of contact points
of packing material in contrast to plasma formation and propagation along the surface of packing
material (cylindrical vs. spherical pellet, respectively) can possibly explain somewhat counterintuitive
results, when the reactor packed with a cylindrical TiO, of bigger SSA reached smaller NRE than a
spherical TiO, of smaller SSA (Figure 3a).

TiO; (37 m?/g)

Figure 6. Photographs of surface of various packing materials with circular patterns of solid deposits
(magnification 250x).
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2.4.2. FTIR Analysis

The FTIR analysis was conducted for the identification of gaseous and solid by-products of
naphthalene decomposition. The gaseous and solid by-products were analyzed individually. Spectra
of solid by-products (deposits on windows of the gas cell) were obtained after the experiment when
discharge and naphthalene flow were turned off, but solid deposits remained on windows of the
gas cell. The spectra of gaseous products were obtained indirectly. Firstly, the combined spectra of
gaseous products together with solid by-products were recorded during the experiment. Subsequently,
the spectrum of solid by-products was subtracted from the combined spectrum of gaseous and solid
by-products to obtain a spectrum of only gaseous products. Thereby, the subtracted spectrum of gaseous
products showed narrow absorption bands, while spectra of solid by-products were characterized by
intense and very broad bands. Figure 7 shows typical FTIR spectra of gaseous and solid by-products
(deposits on the gas cell windows), and the most relevant absorption bands are marked.

0.22
0.2 ——Gaseous by-products (KRS-5 windows)
. Gaseous by-products (CaF, windows)
0.18 —S5olid by-products (KRS-5 windows)
0.16

~
n
—
—

0.14 3550 -3130

Absorbance [a.u.]
<)
=
|

0.08 ] -
0.06 7 2 Q 8

% 4 o
0.04 - 7 T 9

] O
0.02 - Z 2 ~ CO,
03 MM
-0.02 1 : ; : e
4000 3500 3000 2500 2000 1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700 600 500
Wavenumber [em™]
o O-H and C-0 carboxylic acids
O-H carboxylic acids C=0 cyclic 5-membered — '_' . C-H aromatic HCs
anhydrides  C~C aromatic HCs C-0-C cyclic anhydrides —
0-H alcohols C-H aldehydes —_— v i i
0O-H alcohol C-0 cyclic anhydrides
—_— ) — C=0 quinones ﬂ, ols 4 —_ Y
C-H aromatic HCs ) C—C aromatic aldehydes
- X C=C unsaturated lactones —
C-H epoxy rings Ll C-0 and C-C alcohols
- C=0 peroxides —
— C-C-0 and O-C-C aromatic esters

C=0 salycilates, anthranilates —) L
u C-C—C ketones
[—————

C-0 phthalates, maleates
wJ —_

C=0 aromatic aldehydes
-

Figure 7. Infrared absorption spectra of gaseous (blue and orange line) and solid (red line) by-products
of naphthalene decomposition (HCs = hydrocarbons).

The main gaseous products of naphthalene decomposition identified in the FTIR spectra were
carbon monoxide CO, carbon dioxide CO,, water H,O and formic acid HCOOH, along with the nitrous
oxide N>O and ozone O3 formed by the reactions in the carrier gas. The concentrations (i.e., production)
of two main gaseous products CO and CO, depended on reactor type, discharge power and carrier gas.
In this work, we used only synthetic air as a carrier gas, while, in our previous work, we also tested
the effect of nitrogen and oxygen. In nitrogen, no gaseous products were found, while, in ambient air
and oxygen, CO and CO, dominated [48]. Among all reactors, the highest CO;, concentration was
obtained with Pt/yAl, O3 (approx. 1140 ppm), while CO concentration was only approx. 180 ppm
for 320 J/L. On the contrary, plasma catalytic TiO, reactor owned lower CO, production (approx.
610 ppm) and higher CO production (approx. 290 ppm) for the same SIE of 320 J/L. It indicates that,
although higher NRE was obtained with TiO,, more efficient oxidation of naphthalene and formation of
gaseous products was observed with Pt/yAl,Os. In addition to CO and CO,, a maximum concentration
of HCOOH was found to be approx. 80 ppm. When considering only CO, CO,, and HCOOH
concentrations, the obtained carbon balance (CB) for all reactors was found to be in a range of 2—4%.
More specifically, a plasma non-packed reactor reached CB of approx. 2%, while the reactor packed
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with Pt/yAl,O3 of approx. 4%. These CB values are indeed very low and significantly underestimated,
because other more complex compounds identified among the by-products (discussed below) have not
been taken into account, as we identified them only qualitatively and not quantitatively. Low values
of CB further imply a low proportion of CO, CO,, and HCOOH, and, on the contrary, a very high
proportion of other more complex compounds among the by-products. This represents a weakness
of our results when compared to the results of other authors. However, an improvement of CB is a
scheduled part of our future research.

Besides the main gaseous products of naphthalene decomposition, other more complex gaseous
as well as solid compounds were also found in the spectra, although their analysis was not trivial.
We reviewed available atlases and databases of FTIR spectra in order to find characteristic organic
functional groups and then assigned them to absorption bands in the obtained spectra [96-98].
This approach also allowed for identification of individual compounds in the spectra.

A detailed FTIR spectra analysis of gaseous products revealed that the most intense absorption
bands belong to the carbonyl functional group C=0, which is characteristic for a group of compounds
including ketones, aldehydes, carboxylic acids, esters, and carbonates. Among the possible compounds,
the carboxylic acid anhydrides seem to have the best match with the spectra. As anhydrides contain
two carbonyl groups bonded by the same oxygen atom, they show two characteristic C=0 absorption
bands. The best match was found for cyclic 5-membered carboxylic acid anhydrides that possess
unique feature in contrast to straight chain anhydrides: the band at a lower wavenumber is more
intense than the band at a higher wavenumber. In general, cyclic anhydrides show two carbonyl bands
in the range of 1870-1845 cm~! and 1800-1775 cm™! (Figure 7) [96]. Out of the anhydrides, the best
matches were obtained for phthalic anhydride (1845 and 1775 cm™1), maleic anhydride (1848 and
1790 cm™), and naphthalene-1:2-dicarboxylic anhydride (1848-1845 and 1783-1779 cm™1) [98].

At lower wavenumbers (1720-1620 cm™!), another intense C=0 band can be found. The analysis
showed a good match with quinones, the group of ketones, which are compounds derived from
aromatics by substitution of even number of C-H groups by C=0 groups. When two C=0O groups are
attached to one ring, the quinones absorb in a range of 1690-1660 cm~! (Figure 7). Particularly, the 1,2-
and 1,4-benzoquinone absorb around 1669 and 1667 cm~!, while 1,2- and 1,4-naphthoquinone around
1678 and 1675 cm™ !, respectively [98].

For cyclic anhydrides, two other absorption bands of C-O and C—C are also relatively intense
and can be found at 1300-1180 cm™~! and 960-880 cm™! (Figure 7) [96,99]. In the case of quinones,
absorption in a range of 1350-1200 cm™~! was reported [98]. Furthermore, characteristic bands of
aromatic compounds are also present in the spectra. They can be attributed to naphthalene itself or
rather to naphthalene-derived compounds. In general, the characteristic C—-H absorption bands of
aromatic rings occur at 3100-3000 cm~! and 900-675 cm~!, while C-C bands of medium intensity can
be found at 1600-1585 cm ™! and 1500-1400 cm™! (Figure 7) [96,99].

The spectra of solid by-products were analyzed in the same way as gaseous products and several
matches for the same compounds were found. However, the analysis was much more complicated
due to very broad absorption bands which are typical for solid compounds and also as a result of
individual bands overlapping. One of the most striking differences between spectra of gaseous and solid
by-products is the presence of very broad band at high wavenumbers in the range of 36002700 cm ™!
(Figure 7). The band arises from absorption of hydroxyl O-H group (3500-2500 cm~!) usually attributed
to alcohols but here more likely to carboxylic acids [96]. In addition, the carboxylic acids also contain
bands as follows: C=0 (17301680 cm™!), C-O (1320-1210 cm™!) and O-H (1440-1395 cm™! and
960-900 cm™~!) (Figure 7). A good match was also found with salicylic acid (C=O band at 1655 cm™!)
and benzoic acid (C=0 band at 1685 cm™1) [98].

Finally, gaseous as well as solid compounds identified in the FTIR spectra based on detailed
analysis of functional groups were confronted with the compounds reported as by-products
in the works of other authors related to naphthalene decomposition by plasma and plasma
catalysis [24,33,35,36,40,44,93,100-104]. The comparison showed a good match and supported our
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findings. Thus, we can conclude that, among the complex gaseous products, phthalic anhydride,
maleic anhydride, 1,4- and 1,2-naphthoquinone, 1,4-benzoquinone, 1,8-naphthalic anhydride and
3,4-naphthalene-1,2-dicarboxylic anhydride were positively identified. In a solid phase, salicylic acid,
phthalide, 1-naphthalenecarboxylic acid, and 1,8-naphthalic anhydride were positively identified.
The compounds found in the spectra represent organic gaseous and solid intermediates of naphthalene
decomposition and indicate its incomplete oxidation to the desired products of CO, and H,O.

3. Materials and Methods

The experimental setup is depicted in Figure 8. The NTP was generated by atmospheric pressure
DBD reactors of cylindrical geometry. The reactors consisted of quartz glass tube (15 mm in diameter,
10 cm in length) and tungsten wire (0.2 mm in diameter) placed in the axis of the tube and aluminum
foil wrapped around the tube. The wire served as a high voltage electrode, while the aluminum foil
was grounded. The plasma (non-packed) or plasma catalytic (packed) reactors were powered by AC
high voltage power supply consisting of a function generator (GwInstek SFG-1013, Taipei, Taiwan),
signal amplifier (Omnitronic PAP-350, Waldbiittelbrunn, Germany), and high voltage transformer.
The main set of experiments was performed at a frequency of 200 and 500 Hz and for the SIE of
150 and 320 J/L, respectively. Waveforms of the applied voltage and the discharge current were
monitored by a high voltage probe (Tektronix P6015A, Berkshire, UK) and current probe (Pearson
Electronics 2877, Palo Alto, CA, USA), respectively, both connected to a digital oscilloscope (Tektronix
TBS2000, Berkshire, United Kingdom). The power consumption of the reactors was evaluated using the
Lissajous figure method with an 82 nF capacitor and a voltage probe (Tektronix P2220, Berkshire, UK).
The capacitances of the used reactors were in a range of approx. 1-10 pE.

Synthetic air (purity 5.0) supplied from the pressure tank was used as a carrier gas, and its flow
rate was controlled by mass flow controllers (MFC) (Bronkhorst El-Flow Prestige FG-201CV, Ruurlo,
Netherlands). The experimental system including the DBD reactors and gas lines was heated using
an electric oven and ribbon heaters to a temperature of 100 °C. Naphthalene (CentralChem, Banska
Bystrica, Slovakia) was used as a model tar compound. Two gas lines were used and led to the
oven. The air from one line was enriched with naphthalene vapors and then mixed with the air from
the second line in order to obtain a desired input naphthalene concentration (approx. 3000 ppm),
while total air flow rate was set to 0.5 L/min. The gaseous and solid by-products of naphthalene
decomposition were analyzed by means of a Fourier-transform infrared (FTIR) spectrometer (Shimadzu
IR-Affinity 1S, Kyoto, Japan) using a gas cell with an optical path length of 10 cm equipped with
either CaF, or KRS-5 windows. Main gaseous products (CO, CO,, and HCOOH) were identified in
the FTIR spectra, and their concentrations were evaluated using absorption bands as follows: CO at
2180 cm~!, CO, at 2360 cm™! and HCOOH at 1105 cm™'. The solid by-products (deposits) founded on
windows of the gas cell were analyzed along with gaseous products. A surface analysis of the fresh
and used packing materials was performed by scanning electron microscope (SEM) (Tescan Lyra3,
Brno-Kohoutovice, Czech Republic) equipped with an energy-dispersive X-ray spectroscopy (EDX)
detector (Bruker 129 eV, Billerica, MA, USA). In addition, the optical stereo microscope (Leica Wild
M3C, Wetzlar, Germany) was used for taking the photographs of packing materials surface.
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Figure 8. Experimental setup.

The plasma catalytic reactors were filled with various packing materials including catalysts (TiO,,
Pt/yAl,O3, ZrO;) and other dielectric materials (BaTiO3, YAl, O3, glass beads). The packing materials
were characterized by distinct properties (dielectric constant, shape, size, and specific surface area)
summarized in Table 2.

A typical procedure of an individual experiment was comprised of several steps. Firstly, an air
with naphthalene vapors was allowed to flow into a reactor and at the same time the discharge
was turned on and the SIE was set to 150 J/L. The decomposition of naphthalene induced by the
discharge resulted in an increase of CO and CO, concentrations, whereas the naphthalene concentration
(evaluated at 781 and 3067 cm™?) also gradually increased until it fully stabilized. Once all measured
concentrations stabilized, the SIE was increased and set to 320 J/L. Due to an increase of the SIE,
naphthalene concentration gradually decreased, and CO and CO, concentrations correspondingly
increased as more naphthalene was converted to CO and CO;. When all measured concentrations
stabilized again, the discharge was turned off, while air with naphthalene vapors was still allowed
to flow into a reactor. The CO and CO, concentrations dropped down to zero, while naphthalene
concentration gradually increased until it reached the input concentration. Finally, the naphthalene
was turned off and only air was allowed to flow. The experiment was finished once the naphthalene
concentration dropped down to zero. The entire experiment typically lasted for 3-7 h. The time
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depended on the used catalyst and its properties that determined waiting times of the individual steps
necessary to reach stabilized concentrations.

Table 2. Properties (dielectric constant, shape, size, specific surface area (SSA) and producer) of used
packing materials (N/A = not available).

Glass

Ti02 BaTiO3 Pt/yA1203 YA1203 beads ZI‘OZ
Dielectric 20-100 (~85) 4??;3)%%())0 ~100 8-11 (~9) ~5 12-25
constant [52,105] [86,106] [107] [52,85] [52] [19,52,108]
Spherical, Spherical/ . . . S
Shape cylindrical cylindrical Spherical Spherical Spherical Cylindrical
Size [mm] O 34 (sphere) o4
(O = diameter; J3-4,L3-7 9 3-5 34 D34 o 5’ @3,L4-8
L =length) (cylinder)
37 (cylinder), .
[:E;\] 70 (sphere), N/A N/A 2;33381}55] <0.001 90
& 150 (cylinder)
Sakai Chemicals
Co./Abcr GmbH  Fuji Titanium Sumitomo Abcr GmbH
Producer (Osaka, Co. unknown Chemical Co. unknown (Karlsruhe,
Japan/Karlsruhe, (Osaka, Japan) (Tokyo, Japan) Germany)
Germany)

The following variables were defined in order to evaluate a performance of DBD reactors:
e  Specific input energy (SIE) (i.e., energy density or discharge energy per gas volume):
P
Q 7

where P and Q represent power consumption of the discharge and total gas flow rate, respectively.

SIE (J/L) 1

e  Naphthalene removal efficiency (NRE):

NRE (%) = (1 - i) £100, )
€0

where cg and c represent the input and output concentrations of naphthalene, respectively.

e  Energy efficiency (EE) (i.e., the amount of removed naphthalene per specific input energy):

_ NRE=¢g
EE (g/kWh) = —o=—, 3)
e  Carbon balance (CB) (i.e., the sum of quantified products per amount of removed carbon):
Y.c
CB (%) = =P 409, )

n#*(cog—rc)

where X ¢products represents the sum of concentrations of all products, while 7 is the number of carbon
atoms in molecule of naphthalene (10).
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4. Conclusions

In this paper, we investigated the removal of tars by plasma catalysis with naphthalene (C;oHs)
as a model tar compound. The NTP was generated by atmospheric pressure DBD reactors and in
combination with various packing materials including catalysts (TiO,, Pt/yAl,O3, ZrO,) and other
dielectric materials (BaTiO3, YAl,O3, glass beads). The packing materials were characterized by a
distinct shape (spherical and cylindrical pellets and beads), size (3-5 mm in diameter, 3-8 mm in length),
dielectric constant (5—4000), and specific surface area (SSA) (37-150 mz/g). The effects of packing
material types and their properties on plasma characteristics, naphthalene removal, and formation
of by-products were studied. For the given SIE of 320 J/L, the naphthalene removal efficiency (NRE)
of all reactors followed a sequence: TiO; (88%) > Pt/yAl,O3 (78%) > ZrO, (72%) > YAl,O3 (66%) >
glass beads (64%) > BaTiO3 (51%) > plasma only (41%). An improvement of the NRE was observed
with increasing SSA of the catalyst; however, the shape of catalyst pellets was found to be even more
important: the NRE obtained with cylindrical TiO, with SSA of 37 and 150 m?/g were 52 and 70%,
respectively, while spherical TiO, with moderate SSA of 70 m?/g achieved even higher NRE of 88%
(for 320 J/L). In addition, improvement of the NRE was also found with smaller glass beads (& 4 mm)
when compared to larger glass beads (&J 5 mm) (for 320 J/L, 64 vs. 45%, respectively).

The by-products formed by naphthalene decomposition were found in the gas phase as well as in
the solid phase as deposits on the windows of the gas cell, reactor walls, and surface of packing materials.
Surface analysis of packing materials was carried out by means of the scanning electron microscopy and
revealed significant differences in the distribution of solid deposits on the surface of various materials.
While spherical packing materials were covered by solid deposits almost uniformly, the deposits on
BaTiO; and cylindrical packing materials agglomerated in characteristic circular patterns. We assume it
is the result of different discharge modes (surface discharge mode vs. filamentary microdischarge mode)
that form depending on the used packing material. The FTIR spectroscopy served for the identification
of gaseous and solid by-products of naphthalene decomposition. In addition to main gaseous products
(CO, CO,, H,O and HCOOH)), several other complex gaseous and solid by-products were also identified
(phthalic anhydride, maleic anhydride, 1,4- and 1,2-naphthoquinone, 1,4-benzoquinone, 1,8-naphthalic
anhydride, salicylic acid, phthalide, 1-naphthalenecarboxylic acid).
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Abstract: Acetaldehyde removal was carried out using non-thermal plasma (NTP) at 150 J-L7!,
and plasma-driven catalysis (PDC) using Ag/TiO,/SiO;, at three different input energies—70, 350 and
1150 J-L7'. For the experimental configuration used, the PDC process showed better results in
acetaldehyde (CH3CHO) degradation. At the exit of the reactor, for both processes and for all the
used energies, the same intermediates in CH;CHO decomposition were identified, except for acetone
which was only produced in the PDC process. In order to contribute to a better understanding of the
synergistic effect between the plasma and the catalyst, acetaldehyde/catalyst surface interactions were
studied by diffuse-reflectance infrared Fourier transform spectroscopy (DRIFTS). These measurements
showed that different species such as acetate, formate, methoxy, ethoxy and formaldehyde are present
on the surface, once it has been in contact with the plasma. A reaction pathway for CH;CHO
degradation is proposed taking into account all the identified compounds in both the gas phase and
the catalyst surface. It is very likely that in CH3CHO degradation the presence of methanol, one of
the intermediates, combined with oxygen activation by silver atoms on the surface, are key elements
in the performance of the PDC process.

Keywords: non-thermal plasma; catalysis; VOC; DRIFTS; acetaldehyde

1. Introduction

Diphasic processes combining a non-thermal plasma at atmospheric pressure and a catalytic bed
have become of major interest for air-pollutant removal, and particularly volatile organic compounds
(VOC) [1-3]. Indeed, compared to classical air cleaning techniques (thermal catalysis or photocatalysis),
plasma-driven catalysis can lead to similar or better VOC degradation rates with less energy injected
into the reactor and without catalyst deactivation issues [4,5]. Moreover, in the case of indoor air
cleaning, where low VOC concentrations (in the ppm order) have to be removed, this diphasic process
seems to be the most suitable [6]. Reviews dealing with the synergistic effects and mechanism of
a non-thermal plasma catalysis system in volatile organic compound removal have recently been
published [7-9]. Among the studies dealing with the different aspects of such a complex process, we can
mention studies on plasma/pollutant interactions [10], surface charging [11,12], adsorption [13,14] or
catalyst activation by non-thermal plasma (NTP) [15].

Given the fact that the induced heterogeneous reactions and the plasma are interdependent due
to the plasma’s continuous discharge during processing, it is essential to make further progress on
identifying the surface species forming on the catalyst under the plasma effect. The in-situ Fourier
transformed infrared spectroscopy (FTIR)/diffuse-reflectance infrared Fourier transform spectroscopy
(DRIFTS) approach for studying catalysts under working conditions is gaining importance in the
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framework of the plasma-driven catalysis (PDC) process. To our knowledge, the first of these studies was
carried out on isopropanol conversion on y-Al,O3 [16]. The authors used a dielectric barrier discharge
(DBD) plasma reactor, under static conditions, coupled to in-situ FTIR spectroscopy. They were able to
show that unlike the thermal catalysis pathway, with the DBD process the first reaction intermediate is
acetone. Plasma-assisted hydrocarbon selective catalytic reduction [17], catalytic steam-reforming of
methane [18], reverse water—gas [19]/water—gas shift [20] and plasma-assisted CO, hydrogenation [21]
processes have also been studied using in-situ DRIFTS. These works pointed out the fact that NTP is
able to activate some of the species present either in the gas phase or on the surface, thus improving the
performance of the PDC process. Indeed, the role of oxygen in the PDC process has been investigated via
isotopically-labeled molecular oxygen (180,); the results showed that oxygen was fixed onto the surface
of the catalyst by the action of the NTP discharge, and was able to survive in such a state for about
30 min [22]. What is more, this same study demonstrated that when using Ag nanoparticles supported
on catalysts, they served as oxygen reservoirs. As for VOC removal with non-thermal plasma-assisted
catalysis, isopropanol [23,24], toluene [24,25] and acetone removal [26] have been studied using an
FTIR in-situ technique. This approach allowed the identification of reaction intermediates, and the
following of the evolution of secondary compounds arising from the VOC oxidation.

In a previous work [27] we have showed that, by combining a DBD generated at atmospheric
pressure and a silver-supported nanostructured catalyst, acetaldehyde can be removed up to 98%
with the production of mainly CO, CO; and Oj3. In addition, we have also studied acetaldehyde
adsorption and ozonation over the same silver-based catalyst, and the obtained results support the fact
that PDC is a rather complex process in which homogeneous and heterogeneous chemistry are closely
interconnected [28]. In the present study we analyse the changes that occurred on an Ag/TiO,/SiO;
catalyst, used for acetaldehyde removal, after plasma exposure. We investigate which intermediate
species were formed on the surface after acetaldehyde adsorption and discharge-assisted conversion
by using DRIFT spectroscopy. Gaseous by-products resulting from this process were monitored and
quantified, with the aim to contribute to a better understanding of the mechanism of acetaldehyde
oxidation. Essentially based on the reactor outlet analysis, the surface composition and literature data,
an acetaldehyde removal pathway is proposed considering both the homogeneous and heterogeneous
chemistry of the process.

2. Results

The results obtained when studying acetaldehyde removal using non-thermal plasma, NTP-plasma
driven catalysis or just a catalyst will be briefly presented. In addition, we have previously shown
that VOC adsorption and heterogeneous NTP-induced chemistry have to be taken into account when
associating NTP in air with a catalyst. These results, discussed in more detail in previous works [27-29],
were obtained at ambient temperature and atmospheric pressure, but in different configurations of the
plasma discharge (i.e., corona or DBD discharge, diameter of the catalyst support, mass of catalyst,
energy injected).

2.1. Acetaldehyde Decomposition Using the Plasma-Driven Catalysis Process

The results obtained for acetaldehyde decomposition with the single stage plasma-driven catalysis,
and the plasma-alone processes are presented in Table 1. It is worth noting that the degradation of
acetaldehyde by the catalyst alone in the DBD reactor was also studied at room temperature and
atmospheric pressure. In this case, neither any degradation of acetaldehyde nor by-product formation
is observed.

As can be seen from the results presented in the table above, at atmospheric pressure and ambient
temperature the catalyst is not active for acetaldehyde removal. With the plasma-alone process
acetaldehyde can be removed up to 55% with an energy consumption of 150 J-L ! (~250 mW power
consumption). As soon as the silver nanostructured catalyst is introduced into the discharge zone,
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acetaldehyde removal increases, already allowing, at 70 J-L~! (~120 mW), 33% to be obtained and up
t0 98% at 1150 J-L~! (~2 mW).

Table 1. Acetaldehyde removal obtained using the plasma-driven catalysis and the non-thermal plasma
(NTP) processes.

Specific Input Energy Ag/TiO,/SiO, Plasma Alone Plasma + Ag/TiO,/SiO,
(SIE) J-L1) Alone 150 70 350 1150
Acetaldehyde removal (%) 0 55 33 87 98

The main gaseous by-products at the exit of the DBD reactor are CO and CO,, but other organic
by-products have also been identified: methanol (Me), acetic acid (AcA), acetone (Ace), methyl formate
(MeF), methyl acetate (MeA), 1,2-ethanediol monoformate (EmF), 1,2-ethanediol diformate (EdF),
nitromethane (Nm), methyl nitrate (MN) and 2-ethoxyethanol (Eet). Their distribution at the DBD
reactor exit is presented in Figure 1, except for the ones present in trace amounts (Eet), or those that
could not be quantified (MN). Among these organic products we recognize compounds belonging to
different functional groups such as hydroxyl, carboxyl, carbonyl, carboalkoxy and nitro compounds,
reflecting the complexity of the chemistry involved in such processes.

1000 Unknown / unquantified
Bl Acetic acid,
900 - CH,COOH
111 Nitromethane,
800 - CH,NO,
Bl Methanol,
—~
O 700 CH;OH
é Acetone,
& 600 CH,COCH,
[} W## 1,2-Ethanediol, monoformate,
.g 500 4 HOCH,CH,0CHO
S 1,2-Ethanediol, diformate,
=
< 4004 HCOOCH,CH,0CHO
é Methyl acetate,
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O I Methyl formate,
200 HCOOCH,
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Plasma alone Plasma + Ag/TiO,/SiO,

Figure 1. Comparison of the composition of the dielectric barrier discharge (DBD) reactor effluent
obtained with the plasma-alone and the plasma-driven catalysis process, as a function of SIE.

From the obtained results we can say that with the plasma-alone process neither acetone nor
nitromethane are produced at 150 ]-L~!; and compared with the PDC process, more acetic acid and
methanol are formed. With the PDC process at 70 J-L, aside from methyl formate and the emergence
of acetone, all the other by-products are produced in lower amounts compared with NTP alone,
which is certainly due to the lower acetaldehyde conversion. The by-products’ formation is promoted
as soon as the specific input energy (SIE) increases. Between 70 and 350 J-L.7!, there is a significant
rise in each by-product concentration, 150% being the lowest increase observed. Between 350 and
1150 J-L~1, an almost constant production of CO,, methanol, acetone, methyl formate and nitromethane
is observed; whereas an increase between 70/80% in CO, MeA, AcA and EdF, and of 108% in EmF is still
observed. Even if the amount of MN could not be quantified, the analyses of the DBD reactor effluent
have shown that it is formed in higher quantities in the PDC process, and its production increases with
SIE. Furthermore, introducing a catalyst in the discharge zone induces an increase in CO selectivity.
In fact, NTP at 150 J-L ! has a COx selectivity of 35% while in the PDC process this selectivity is equal
to 36, 50 and 60% for 70, 350 and 1150 J-L~!, respectively.
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2.2. Acetaldehyde Adsorption on Ag/TiO»/SiO;

In order to characterize the catalyst surface before turning the plasma on, in-situ DRIFTS was
used to monitor the Ag/TiO,/SiO; surface during acetaldehyde adsorption. The adsorption capacity of
the catalyst, at the experimental conditions used, was evaluated to be 698 + 3 umol/gcatalyst-

Figure 2 shows the infrared spectra of the silver-based catalyst surface after 1 and 30 min of
exposition to 1000 ppmC of CH3zCHO at 298 K and atmospheric pressure. Acetaldehyde shows
peaks in the 3000-2600 cm~! region and 1800-1500 cm ™! region, as shown in the figure. After 1 min
acetaldehyde adsorption, bands at 2936, 2922, 2866, 2770, 2748, 1759, 1713, 1555 and 1242 cm™! are
observed. Once the saturation is attained, after 30 min, the previously mentioned absorption bands
increase, and a new band appears at 2974 cm~. In addition, broadband absorption features, associated
with the peaks at 1713, 1555 and 1242 cm™! are observed. The first broadband presents peaks at
1720 and 1713 cm™!; a small shoulder at 1697 cm™!, and a large shoulder in the 1690-1650 cm™!
range. The second broadband still showing a maximum at 1555 cm~!, and many smaller peaks in the
1590-1500 cm™! range are visible after saturation of the surface with acetaldehyde. The last broadband
also presents smaller peaks in the 1280-1210 cm™! range.

2974 1713

30 min

Transmittance (a.u.)

T T T T T T
3000 2800 2600 1800 1600 1400 1200 1000

Wavenumber (cm™)

Figure 2. Diffuse-reflectance infrared Fourier transform spectroscopy (DRIFTS) spectra recorded after 1
and 30 min of acetaldehyde adsorption on Ag/TiO,/SiO, at 298 K and atmospheric pressure.

Peak assignments are presented in Table 2. In both spectra, bands in the 3000-2800 cm™! region,
the CH stretching region, can be assigned to symmetric and asymmetric v(CHs) and v(CH;) modes [30]
and bands in the 1700-1680 cm™! region can be assigned to v(C=0) mode [31].

Table 2. Adsorbed acetaldehyde: observed bands and their assignments.

Vibrational Assignments (cm™1)

Vibrational Mode Reference
Gas Phase CH3CHO CHj3CHO Adsorbed on Ag/TiO,/SiO;
vas(CH3) 2967 2974 [30]
vas(CHp) 2936 [30-32]
vs(CHj3) 2923 2922 [30,33]
2veA’ Fermi 2840 2866 [34]
vs(CHy) 2830 [30]
v(CH)r}l—acetaldehyde 2736, 2704 2770, 2748 [31,33,35]
¥ (C=0) 1735 1713 [31]
125(COO0) 1555 [36]

From the literature, most of the bands in the CH stretching region could be assigned to adsorbed
acetaldehyde [32-34]. However significant overlap of much of this region exists between acetaldehyde
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and the products of its heterogeneous reactions on oxide surfaces. Indeed, the bands at 2922, 2830
and 2748 cm™! could be assigned to crotonaldehyde [33] whereas the band at 2936 cm™! may also be
assigned to other condensation products derived from surface reactions [31], or to acetate species [32].
The formation of crotonaldehyde is supported by the presence of the peak at 1720 cm~! and the broad
shoulder at 1690-1650 cm ™! [31,33,37-39] and the formation of acetate species is in agreement with the
emergence of the broadband centered at 1555 cm™! [36]. The dominant spectral feature in the v(C=0)
region, at 1713 cm~!, which is assigned to adsorbed acetaldehyde, shifts to lower wavenumbers with
respect to the same band of CH3CHO in the gas phase. This indicates that acetaldehyde is bound to
the surface TiO, through its carbonyl group by H-bridge bonding [37,38,40]. In addition, the growth
of other infrared spectral features in this region points out the probable formation of other products
such as acetone (1697 cm~! [41]) or formaldehyde. Indeed, the band at 1242 cm~! can be assigned to
molecularly adsorbed formaldehyde [42,43], which has also been reported to present bands at 2913,
2863, 2759, 1648 and 1413 cm ™! [42,44], supporting the presence of formaldehyde on the silver-based
catalyst surface after acetaldehyde adsorption.

Although at the end of the adsorption step the Ag/TiO,/SiO; catalyst surface is mainly covered
with adsorbed acetaldehyde, the other species which are also present have to be considered in order to
better understand the acetaldehyde degradation mechanism in the following step of the process.

2.3. Surface Species Formed during the PDC Process

Once saturated with acetaldehyde, the Ag/TiO,/SiO; catalyst is used in order to decompose the
VOC with the PDC process. Three different energies were used—70, 350 and 1150 J-L.~!. Figure 3 shows
the surface spectra of the catalyst before and after being exposed to the DBD discharge for 30 min. It is
clear that the surface species present on the surface after the adsorption process take part in different
surface reactions while the plasma is on, leading to the modification of the surface composition as can
be seen from the FTIR band features.

Adsorbed acetaldehyde
2974 2770 e — Adsorbed acetaldehyde

i 2936
: 2748, 2600 12581
70J-L!

ﬂ924
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T

r//\; i { P\ <—350)L! 3
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Figure 3. Ag/TiO,/SiO, catalyst surface DRIFTS spectra after saturation with CH3CHO; and NTP effect
on surface species at different plasma discharge energies: (a) C-H stretching region; (b) bending region.

From Figure 3a it is clear that, after the PDC process, some of the bands disappear (2974 and
2770 cm™!) or almost disappear (2748 cm™!). The relative intensity of the bands in the 2970-2900 cm ™!
region has clearly changed, with visible peaks at 2946, 2955 and 2964 cm™!; the band in the
29002800 cm™! region decreases significantly; and a new broad band with peaks at 2600 and
2581 cm™! appears. Figure 3b shows an evident broadening of the bands centered at 1713, 1555 and
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1242 cm~! in the acetaldehyde-saturated surface. As the plasma input energy increases, the maximum
of the v(C=0) band is redshifted and its intensity decreases for an SIE higher than 70 JL7L. At the
same time, a band with increasing intensity develops in the 13001000 cm ™! region.

The loss of the bands at 2974 and 2770 cm™~! (assigned to adsorbed acetaldehyde), along with an
intensity decrease of the peaks at 2866 and 1713 cm™! indicates a gradual depletion of acetaldehyde
surface species once the catalyst is in contact with the plasma. Likewise, the loss in intensity of the
bands at 2922, 2830, 2748 and 1720 cm™! indicates that less crotonaldehyde is present on the surface.
Under the plasma effect, the 2950-2900 cm~! band broadens, and presents different small peaks and
shoulders with maximum intensities at 2946 and 2936 cm~!. The former peak may be assigned to
surface methoxy [45]; indeed, along with the peak at 2946 cm™!, the presence of a small shoulder at
2924 cm~! and a peak at 2855 cm™! supports the possibility of the formation of surface methoxy [45-47].
Concerning the peak at 2936 cm™, its attribution is less straightforward as it can be related to different
surface species such as formate, ethoxy or acetate species [32,44,45]. On the one hand, the infrared
features at 2964, 2955, 2936, 2924, 2866 and 2735 cm ™1 bring out the formation of surface formate [45,48].
On the other hand, the peaks at 2964, 2936, 2866 and 2855 cm~! have also been assigned to ethoxy
species formed on a TiO, surface [37,44,49]. Furthermore, the peaks at 2964 and 2936 cm~! have also
been assigned to methyl acetate [35], whereas the one at 2936 cm~ is also assigned to acetic acid [50].
The broad band between 2650 and 2550 cm™! that appears after the plasma catalysis process supports
the formation of formate species as it has been attributed to formic acid [51]. As the energy increases
up to 350 J/L, the 2900-2800 cm~! band loses intensity, the loss being more pronounced for the peak at
2936 cm~!; whereas the peaks at 2964 and 2955 cm ™!, as well as a new peak at 2914 cm~! become more
visible. This latter peak may be attributed either to acetaldehyde [36], or to an intermediate formed
from formaldehyde oxidation or disproportionation to give formate or methoxide, respectively [52,53].

These attributions can be backed by the infrared features in the 2000-950 cm~! region. Significant
overlapping of the peaks in this wavelength range complicates precise identification of surface species
but, based on litterature data, the bands generated on the plasma-exposed surface can be related to
distinct vibrational modes of acetate, formate, methoxy, ethoxy, carbonate and formaldehyde species
adsorbed on the surface of the Ag/TiO,/SiO; catalyst. Thus, we may assign some of the bands as
presented in Table 3.

Table 3. Infrared (IR) bands assignment of the major surface species formed during the PDC process,
in the 2000-950 cm™"! region.

Surface Species IR Band (cm™1) Reference
Acetate 1560-1540/1450-1418 [33,39,46,54-56]
Formate 1870-1828/1590-1550/1380-1350 [42,44,45,47,54,55,57-60]
Methoxy 964/1100-1030 [61,62]

Ethoxy 1456/1380-1390/1190-1090/1065-1050 [37,49,56,63]
Carbonate 1680/1614/1520/1430/1310 [42]

Acetic acid 1736/1675/1535/1453/1415/1341/1296/1025-1050  [44,46,56]
Formaldehyde 1767-1746/1727-1713/1418/1260 [42,43,52,55]

The change in the vibrational spectrum of the catalyst surface following its exposure to
NTP suggests a modification of its composition, which is directly related to the acetaldehyde
decomposition mechanism.

3. Discussion

In this section we will propose a reaction pathway that takes into account acetaldehyde adsorption
and its degradation on the surface with the PDC process. On the basis of the DBD reactor effluent
analysis, and the infrared spectroscopic measurements carried out on the catalyst surface, it is evident
that acetaldehyde undergoes a rather complex chemistry during the process. For this reason, a detailed
description of the acetaldehyde decomposition mechanism is out-of-reach at this point. Alternatively,
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we propose a series of simplified adsorption/degradation routes in order to account for the key
aspects of surface activity that lead to the formation of the different identified surface species, and a
subsequent increase in acetaldehyde degradation, which results in an increase in the amount of
gaseous by-products.

3.1. Acetaldehyde Adsorption Mechanism

In different studies concerning the photocatalytic degradation pathway of acetaldehyde on a TiO,
surface, it has been noticed that, upon adsorption of acetaldehyde, different species are already formed
without illuminating the catalyst. Two compounds, 3-hydroxybutanal and crotonaldehyde, are formed
through an aldol condensation, while bidentate acetate species have been detected to be formed by an
oxidation process occurring on the TiO, surface [40].

As suggested from the spectra analysis of the saturated surface, when acetaldehyde is brought into
contact with the nanostructured TiO,, it will certainly bind to the surface through the oxygen atom of
its carbonyl group. Then, two acetaldehyde molecules adsorbed on neighboring sites can react through
a [3-aldolization reaction to give crotonaldehyde, CH3(CH),CHO [28,31,33,64-66]. It has been shown
that acetaldehyde undergoes aldol condensation forming 3-hydroxybutanal (CH;CH(OH)CH,CHO)
which, upon dehydration forms crotonaldehyde [31,34,40]:

CH3CHO, 45 + CH3CHO,4s —» CHjz — CH = CH — CHO, 45 + H,0 (1)

Formation of acetate species can result from the direct oxidation on the surface of acetaldehyde [30,
32,46,66], and to a lesser extent of crotonaldehyde [40], through a surface oxygen (Os):

CH3CHO,qs + Os = CH3COO,, +H @

Besides, a Cannizzaro disproportionation of two acetaldehyde molecules involving a vacancy
(Vo) and surface oxygen would result in the formation of acetate and ethoxy groups. This pathway
has been proposed for acetaldehyde adsorption on rutile TiO; [33]:

2CH3CHO, 45 + Vo/Os = CH3COO,, + CH3CH,O (3)

Despite the fact that it is difficult to ascertain the presence of ethoxy species from the spectra in
Figure 2, their presence at much smaller levels than acetates cannot be completely ruled out.

Concerning acetone formation on oxide surfaces from aldehydes, two pathways are mainly known.
The first is via a two-step reaction: oxidation to carboxylates followed by the coupling of two carboxylates
to form one molecule of ketone. The second pathway is through the reaction of an adsorbed acyl
group, RC=0, with an alkyl group [32]. Examples of acetone formation from acetaldehyde via these two
pathways have been reported, but they concern studies carried out at temperatures well above the ambient
temperature [32,67-69]. Another possibility is acetone formation through 3-hydroxybutanal. Indeed,
at ambient temperature this compound is very reactive and, either it undergoes fast dehydration on the
surface to form crotonaldehyde; or it can be converted via intramolecular H transfer to 4-hydroxybutan-2-al
(CH3C(O)CH,CH,OH). The latter can be further transferred into acetone (CH3C(O)CH3) and formaldehyde
(HC(O)H) via reverse reaction to aldol condensation [34]:

2CH3CHOadS il CH3CH(OH)CH2CHOadS < CH3C(O)CH2CH20H il HC(O)H + CH3C(O)CH3 (4)

This mechanism is a very plausible one, as it explains acetone and formaldehyde formation after
acetaldehyde adsorption at ambient temperature.
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3.2. Surface Species Formed during the PDC Process: Formation Mechanism

Before turning the plasma on, the catalyst surface is mainly composed of adsorbed acetaldehyde.
Part of this acetaldehyde yields crotonaldehyde (Reaction (1)); acetate (Reactions (2) and (3)), acetone and
formaldehyde (Reaction (4)). DRIFTS measurements carried out on the catalyst exposed to the plasma
reveal that acetaldehyde degradation proceeds with the formation of different surface compounds
such as acetate, methoxy, ethoxy, formate and carbonate species, as well as formaldehyde and formic
and acetic acid. It should be noted that, despite being referred to as formic acid and acetic acid, it is
most likely formate and acetate species on the surface [40]. Indeed, previous studies have shown
that photocatalytic oxidation of acetaldehyde could yield acetic and formic acid that remain adsorbed
on the surface in a dissociated form, i.e., as acetate and formate, respectively (degradation routes
Reactions (5) and (6)) [55,69].
CH3CHO, — CH3COO; + H (5)

CH3CHO, —» HCHO, — HCOO; +H; (6)

The formation of acetate species on the catalyst surface has already been presented in the previous
section. Nevertheless, once the plasma is turned on, two more routes may be considered. One route
involves the acetyl radical resulting from adsorbed acetaldehyde decomposition by the plasma; which in
turn can react with gas-phase oxygen to form acetate species (Reaction (7)) [56]. The other one is the
reaction of gaseous acetaldehyde with an activated surface oxygen (Reaction (8)) [70]—indeed, it has

been shown that the presence of silver atoms enhances the adsorption of oxygen on the catalyst and

. . . b b b
promotes its activation [22,71].%
below below below

CH;CHO, — CH;CO, + H, =2 CH;COO; 7)

CH30H; + O, » CH3COO; +H; (8)

Regarding formate species, its formation through oxidation of different compounds such as acetone
(Reaction (9)) [55], acetate species (Reactions (10) and (11)) [46,55], formaldehyde (Reaction (12)) [55,72-74]
and crotonaldehyde (Reaction (13)) [64] should be considered.

CH;C(O)CH; 2 =2 2HCOO; + HY + CO, )
CH3COO; + H" — HCOO; + H; (10)
CH3COO; — CH30, — CH,0, — HCOO; (11)
HCHO + O, —» HCOO; (12)
CH;3(CH),CHO, — HCOO; + H; (13)

Methoxy species may be formed following different routes, one of which involves methanol,
aby-product of acetaldehyde decomposition by NTP. The proposed routes are direct oxidation of surface
acetate species (Reaction (14)) [46], and dissociative adsorption of methanol (Reaction (15)) [75,76].
Indeed, on the basis of reaction mechanisms derived from model studies carried out under ultrahigh
vacuum conditions on noble metal surfaces, methanol is activated by surface oxygen so that adsorbed
methoxy species can form [77].

CH3COO; — CH30, + CO; (g) (14)

CH30Hg +S — CH30, +H; (15)

where S is a site on the oxide surface.
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Concerning ethoxy species, one possible pathway has already been proposed through the
Reaction (3) route. Moreover, it has been shown that TiO,-supported catalysts may significantly
promote the reaction of acetaldehyde with adsorbed hydrogen formed in previous steps to form ethoxy
species [54,66] (Reaction (16)).

CH3CHO, + Hf — CH3CH,O; (16)

As for carbonate species, they may be produced from acetates (Reactions (17) and (18)) [56,67,70].
Furthermore, an investigation carried out using supported TiO; catalysts in the presence of HyO, [58]
has shown that formate species interaction with the surface can lead to carbonate and acetone formation
(Reaction (19)). This latter possibility should be considered in our case, as NTP is able to generate HyO».

CH;3CO0; + OH; — CO3, + CHy (17)
2CH;CO0; — CH3C(O)CHjs, + CO3%, (18)
HCOO; 222, COZ, (19)

Regarding formaldehyde formation, in addition to Reaction (4) route, other routes may also
be allowed for. These include formation of formaldehyde from acetaldehyde on TiO, surfaces,
either directly or through an acetate intermediary (Reaction (20)) [55], from acetaldehyde oxidation by
surface oxygen (Reaction (21)) [54], from surface ethoxy and methoxy species oxidation (Reactions (22)
and (23)) [44,46,57] and as an intermediate in methanol oxidation (Reaction (24)) [74].

CH,CHO, M%), 1cHO, + HCOOH, (20)
CH;CHO, + 20 —» HCHO, + HCOOH, (1)
CH;CH,O; —» HCHO, (22)

CH30, —» HCHO, + %Hz . (23)
CH3;0H — HCHO, + Hj a4s (24)

It can be seen that routes through Reactions (20) and (21) are not only a possible source of
formaldehyde, but also of formic acid.

Some authors working with photocatalytic degradation of acetaldehyde have also observed that
the initially formed species, 3-hydroxybutanal and crotonaldehyde, are converted to other intermediates
upon illumination of the catalyst. Among the main intermediates, they have identified formic acid,
acetic acid and formaldehyde, and this is in accordance with our results [40,64].

It is important to bear in mind that some of the species identified on the catalyst surface after
the PDC process can also be formed directly in the gas phase. Indeed, gas-phase acetaldehyde
decomposition by NTP can lead to the formation of methoxy radical, as well as acetone, acetic acid and
formaldehyde [78], which can subsequently adsorb on the surface.

3.3. Proposed Simplified Mechanism for Acetaldehyde Decomposition Using the Plasma/Catalysis Process

From the identified gaseous by-products, surface IRbands” assignment and proposed adsorption/
degradation routes—a schematic diagram of the possible pathways for acetaldehyde degradation
over Ag/TiO,/SiO; in the PDC process is presented in Figure 4. It is worth noting that we have not
detected formaldehyde at the exit of the DBD reactor whereas it has been detected on the catalyst
surface. There are two reasons for this: formaldehyde is a short-lived species [77] and it is strongly
adsorbed onto silver catalyst [79].
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Figure 4. Schematic diagram of the proposed reaction pathway of the PDC degradation of acetaldehyde
on Ag/TiO,/SiO;. The line patterns (solid line, dotted line, dashed line) represent, respectively,
either direct routes or routes involving reactions with simple radicals/atoms/sites on the surface
(H/OH/O/Vo/S), routes involving two surface species and routes leading to the formation of by-products
observed only at high energy. Blue color compounds: not detected/identified.

It is very likely that EAF and EmF are formed through the esterification of ethylene glycol (EG) and
formic acid, even if there is no evidence of the presence of EG either on the effluent or on the surface.
However, it is well-known that silver catalysts are commonly used in the manufacturing process
for the direct oxidation of ethylene to ethylene oxide (EO) [80], and EO is a precursor of EG [81,82].
Besides, ethylene and EO can be formed from acetaldehyde decomposition on the surface [83-86]. Thus,
EdF and EmF formation through an EG pathway is very plausible in the PDC process. In addition,
low-energy, electron-induced processes on Me have been proven to induce the formation of methoxy
(CH30) and hydroxymethyl (CH,OH) radicals via electron impact excitation, which, followed by
radical-radical coupling, can lead to EG and formic acid formation [87], therefore explaining EmF and
EdF production with NTP alone.

In this diagram we did not include the pathways leading to CO, and CO formation as there are
many possibilities. The different routes to COx can involve many of the different adsorbed species or
gaseous organic compounds. Nevertheless, it is worth noting that increasing the energy in the PDC
process also increases the selectivity towards CO. In order to explain this result, we have proposed in a
previous work a decarbonylation process of acetaldehyde on the silver-based catalyst [27]. However,
this higher CO selectivity can also be the result of the by-products’ decomposition pathways. According
to a study on the mechanism of the heterogeneously-catalyzed oxidation of organic molecules on metal
oxides, it has been stated that formate ions rather easily decompose to CO over metal oxides [88].
Furthermore, an experimental study of ozone catalytic oxidation of gaseous formaldehyde using a
TiO,-supported catalyst at room temperature has shown that COy selectivity is dependent on the
O3:HCHO ratio and the relative humidity (RH). In this work, for a O3:HCHO ratio of 5 (best ratio)
and 20% RH, 90% of HCHO removal and a CO/CO; ratio of 1.5 were achieved, making CO the major
product [89]. Similar results regarding higher conversion towards CO than CO, where obtained when
using TiO,-supported catalysts for ethanol oxidation; and it is well-known that acetaldehyde is one of
the major intermediate species in ethanol decomposition [70].

As presented in Section 2.1, except from Ace and the fraction corresponding to the unknown
compounds, the same by-products are obtained with the NTP and PDC processes. This fact allows
the drawing of an initial conclusion concerning Ace and MeF formation. Indeed, at the experimental
conditions used, Ace seems to be generated only on the surface, and most certainly through the
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ketonization of acetic acid/acetate species. In addition, with NTP at 150 J-L~! there is no formation
of MeF, whereas with the PDC process it is already formed at 70 ]-L ™!, and in equivalent amounts
to the other acetate/formate compounds. Thus, it is clear that the catalyst surface promotes MeF
formation. As mentioned earlier, Me can be activated by surface oxygen. In a study on methanol
oxidation over silver catalysts, the authors reported that the catalytic oxidative reaction of methanol
to methyl formate is related to a synergic process concerning oxygen species on the silver surface.
The mechanism proposed in this Os-Me system starts with methanol dehydrogenation to form
adsorbed formaldehyde and methoxy; thereafter, formaldehyde reacts with adsorbed OH or O to form
adsorbed formate, that reacts with methoxy and forms methyl formate [79,90]. Thus, Me formed as
a by-product of acetaldehyde decomposition can be the precursor of MeF, with formaldehyde and
CH;0 as intermediates. In addition, as presented in Figure 1, NTP at 150 J-L~! produces more Me
and AcA than the PDC process. Thus, we can suggest that the lower amount of Me is related to its
decomposition into formaldehyde and CH3O, that will in turn produce MeF; and the lower amount of
AcA is probably related to the preferential decomposition of acetate through other routes than the one
at its origin. From spectra in Figure 3 we have seen that bands corresponding to methoxy, acetate and
formaldehyde are present at 70 J]-L~!, which stresses the feasibility of the proposed mechanisms for
Ace and MeF formation.

Increasing SIE from 70 to 350 J-L! increases acetaldehyde degradation from 33% to 87%,
which leads to an important rise in the concentration of all the identified by-products. CO concentration
increases 8-fold, whereas the other compounds experience a 2.5- to 4-fold increase. This result confirms
the fact that acetaldehyde degradation follows a pathway favoring CO formation. Concerning the
catalyst surface composition, in Figure 3b we can see the emergence of a peak at 2914 cm™!, which has
been assigned in Section 2.3 either to adsorbed acetaldehyde or to an intermediate formed from
formaldehyde oxidation or disproportionation. Considering all the above, this peak could rather
be assigned to the intermediate formed from formaldehyde oxidation to formate species, that will
subsequently lead to the formation of the different formate compounds. This is supported by the loss
of the band centered at 1870 cm™!, attributed to formate species, for which desorption from the surface
may be favored at this energy. Similarly, the growth of a rather broad band in the 1300-950 cm~! region
observed in Figure 3a should rather be assigned to methoxy species that can also promote formate
species formation.

When increasing SIE to 1150 J]-L ™!, two different behaviors among the by-products were observed:
(i) those whose concentration remains rather constant (CO,, MeO, MeF and Ace), (ii) those whose
concentration almost doubled (CO, MeA, EdF, EmF and AcA). Therefore, it seems that once formate/
formaldehyde are formed, the path that would be favored is the one towards formic acid and then EmF
and EdF. Additionally, acetates will be transformed into AcA and MeA rather than into Ace.

4. Materials and Methods

4.1. Catalyst Preparation

Silver nanoparticles deposition was performed following the method presented in a previous
study [91]. In this same study, atomic force microscopy (AFM, Veeco, Munich, Germany), scanning electron
microscopy (SEM, Supra 40 VP, Zeiss, France) and transmission electron microscopy (TEM, 200 kV JEM
2011, JEOL, France) measurements showing a homogeneous dispersion of silver nanoclusters on the
TiO, monolayer can be found. The silver nanoparticles were deposited on 150-um-diameter SiO, pellets
(Sigma-Aldrich silica gel, St. Louis, MO, USA). The pellets were first covered by a size-selected titanium
oxo-alkoxy (TOA, Sigma-Aldrich, St. Louis, MO, USA, 99.999% purity)) nanoparticles monolayer
synthesized in a rapid micromixing sol-gel reactor. Then, the silver nanoclusters (10 nm mean diameter)
were grown on the TOA monolayer by photocatalytic reduction of an Ag* aqueous solution (AgNOj3,
Prolabo, Prolabo, Paris, France, 99.8% purity), under ultraviolet (UV) irradiation (Philips, Haarlem,
The Netherlands, operating at 362 + 10 nm, 8W). Finally, the pellets were washed in distilled water and
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dried at 80 °C for 4 h. A 303 ng_l BET (Brunauer—Emmet-Teller) (Beckman Coulter, Brea, CA, USA,
SA™ 3100) specific surface area was measured.

4.2. Plasma/Catalysis Process

A DBD reactor previously described [27], was used for acetaldehyde removal at room temperature
and atmospheric pressure. The DBD reactor is composed of a quartz cylinder externally covered by a
grounded stainless steel. A sinusoidal high voltage is applied to a stainless steel cylindrical center
electrode through a 5-mm gap. This high voltage is obtained using a voltage amplifier (TREK, 20/20 C,
France), coupled to a frequency generator. Different values of the specific input energy (SIE in J-L7!),
defined as the ratio of the discharge power (W) over the flow rate (L-s™!), were obtained by changing
the frequency of the signal. When using the PDC process, the Ag/TiO,/SiO, nanostructured catalyst
was placed in the plasma discharge zone.

The pollutant mixture was composed of acetaldehyde (1000 ppmC), oxygen (20%) and nitrogen
(balance) (Air Liquide Alphagaz™ 1), and the flow rate was set to 100 mL-min~! (Bronkhorst El-Flow®
Select). The gas was admitted at the bottom of the DBD reactor and flowed upward through the
fluidized bed. At the exit, it was sent to a set of analyzers: gas chromatography (Shimadzu GC-2110,
Shimadzu, Noisiel, France), for quantitative analysis of residual acetaldehyde; gas chromatography
coupled to mass spectrometry, for identification of the gaseous by-products (Shimadzu 2110-GC
coupled to a QP2010S-MS, Shimadzu, Noisiel, France); and an infrared multigas analyzer (MIR 9000,
Environment SA, France), for CO, and CO quantification. The plasma-catalysis experiments were
carried out in two stages: (i) the catalyst surface was saturated by acetaldehyde at room temperature
and atmospheric pressure, and (ii) the plasma discharge was switched on for 30 min to induce
acetaldehyde removal on the surface in the same temperature and pressure conditions. The surface
was then characterized by DRIFTS analysis.

4.3. DRIFTS Measurements

DRIFTS analyses were performed with a Shimadzu IRPrestige-21 spectrophotometer (DLATGS
detector, 100 scans accumulation, and 4 cm™! resolution, Shimadzu, France). A Pike DiffusIR-TM
accessory (Pike, Eurolabo, France) containing a chamber equipped with a KBr window was adapted
on the FTIR spectrophotometer. This chamber can contain a cup with approximately 10 mg of catalyst.
All DRIFTS spectra presented were acquired in transmittance mode.

5. Conclusions

In summary, we used DRIFT spectroscopy to identify the adsorbed species formed on
an Ag/TiO,/SiO, surface during acetaldehyde adsorption and degradation with a PDC process.
The measurements showed that different species such as acetate, formate, methoxy, ethoxy and
formaldehyde are present on the surface, once it has been in contact with the plasma.

A pathway that considers the formation of these intermediates via the interaction of adsorbed
acetaldehyde, and the plasma-generated species and/or by-products of acetaldehyde decomposition in
the gas phase is proposed. The main carbonaceous intermediates identified allowed more detailed
mechanism for acetaldehyde degradation to be given, as well as the formation of most of the identified
by-products detected in the gas phase leaving the reactor to be explained.

Further investigations are needed to include nitrogenous species detected in the gas phase in
the mechanism of acetaldehyde degradation with the PDC process. It is very likely that in CH3CHO
degradation the presence of methanol, one of the intermediate by-products in CH3CHO oxidation,
combined with oxygen activation by silver atoms on the surface, are key elements in the performance
of the PDC process.
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Abstract: In order to remediate the very poor mineralization of paracetamol in water, even when
well degraded by using a Non-Thermal Plasma (NTP) process at a very low dissipated power,
a plasma-catalyst coupling process was tested and investigated. A homemade glass fiber supported
Fe3* catalyst was immersed in the liquid to be treated in a Dielectric Barrier Discharge plasma reactor.
The plasma-catalysis process, at the same low dissipated power, achieved a mineralization rate of
54% with a full conversion rate of paracetamol at 25 mg L' in initial concentration after 60 min
treatment, thanks to Fenton-like effects. The synergetic effects of the plasma-catalysis coupling process
also improved the Energy Yield by a factor of two. The catalyst before and after use for treatment
was characterized by Brunauer-Emmett-Teller and Thermogravimetric analysis. High-Performance
Liquid Chromatography was used to measure the concentration of treated solution and to investigate
the intermediates. Two of them, namely 1,4-hydroquinone and 1,4-benzoquinone, were formally
identified. Some intermediates are presented in this paper as a function of treatment time and their
UV absorbance spectra. NTP processes with and without catalyst coupling were compared in terms
of acidity, conductivity, and nitrate concentrations in the treated solution.

Keywords: non-thermal plasma (NTP); heterogeneous Fenton catalyst; advanced oxidation process
(AOP); paracetamol degradation; water treatment; mineralization; energy yield

1. Introduction

Currently, significant volumes of water containing pharmaceutical residues are released into the
environment, given the number of existing health care establishments or pharmaceutical industries.
Pharmaceutical residues in surface waters have negative impacts on planktonic species [1] and some
studies indicate that surface water pharmaceutical levels can lead to potential environmental concerns
for aquatic ecosystems [2].

To remove pharmaceutical residues from water, various Advanced Oxidation Processes (AOPs)
have been studied for many years, using electrochemical methods [3], ozonation [4], UV-light in
photocatalytic oxidation [5], Fenton and photo Fenton-like processes [6]. AOP techniques proceed
via reactive oxygen species such as ozone [7], hydrogen peroxide [8], or short-lived species such as
hydroxyl radicals or atomic oxygen [9].

Non-thermal Plasmas (N'TPs) have been tested to treat various organic compounds and drug
residues in water and appear to be a relevant AOP technique [10-13]. They have been used in various
ways and the efficiencies (conversion, energy yield) were found to depend on the reactor configuration,
the nature and concentration of the target molecules, and the water matrix (distilled, pure, or tap
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waters). Besides the removal of the target compound, it is important to achieve good mineralization,
which represents the conversion of the parent molecule into carbon dioxide and water and eventually
other inorganic compounds. A low mineralization degree, in spite of high removal efficiency, means
that the treated effluent still contains large amounts of organic carbon, i.e., the by-products resulting
from the initial compound degradation. These degradation products may sometimes be as harmful
or even more dangerous than the pollutant. In practice, complete mineralization is required only
for highly toxic compounds. However, high mineralization is usually required in order to make the
effluent more amenable to conventional treatment.

Among the papers in the literature on the treatment of pharmaceutical molecules in water
using NTPs, only a few articles concern the degradation of Paracetamol molecules [11,13-15].
Panorel et al. [11] used a Pulsed Corona Discharge to oxidize paracetamol and to achieve complete
degradation in a short time period with an energy yield in the range of 20-70 g (kWh)~! depending
on the power and working gas. Even with a high power, in the range of 200 to 850 W, the Total
Organic Carbon (TOC) removal was only about 20% when the paracetamol conversion reached 100%.
Baloul et al. [13] used a multiple needle-to-plate Dielectric Barrier Discharge (DBD) reactor for the
treatment of paracetamol in aqueous medium with only 0.3 W injected power. In the case of O,-Ar as
injected gas, the conversion rate reached about 100% with an energy yield of around 5 g (kWh)~!. The
best energy yield of 12 g (kWh)~! was obtained for a gas mixture of air-Ar. Their paper also showed
that carboxylic acids and aromatic compounds are the main degradation products of paracetamol
in liquid and very low TOC removal rate was obtained, i.e., a very weak mineralization. Recently,
Pan and Qiao [14] reported that in their experiment using a cylindrical DBD reactor, the 10 mg L
paracetamol concentration was removed completely after 5 min treatment with a TOC removal rate of
46.3% after 20 min treatment under 500 W discharge power and 50 mL-min~" air flow rate. Even with
this short time of 5 min, the large dissipated power of 500 W implied a rather low energy yield of only
0.36 g (kWh)~!1. Moreover, one point reported in the paper requires clarification: the total volume was
1500 mL and the recirculating flow rate was 50 mL-min~!, implying a duration of 30 min to ensure that
all the liquid has passed through the plasma zone, much longer than the duration of 5 min reported.
Furthermore, Iervolino et al. [15] studied the degradation of 25 mg L~! paracetamol in water using a
cylindrical DBD reactor. They obtained a complete degradation and mineralization of paracetamol
within 15 min using pure O, as working gas. However, their best energy yield of 0.59 g (kWh)~! was
much lower than that of 12 g (kWh)~! obtained in our previous work [13].

Coupling several AOPs, such as the Fenton process [16,17] and catalytic ozonation [18], which have
been extensively studied, may increase the mineralization. Heterogeneous catalytic ozonation has been
studied over various materials such as unsupported metal oxides (MnO,, TiO,, Al;Os3), supported
metals, or metal oxides (Fe, Mn, Ni, etc.) [7,19]. The catalytic activity is mainly based on the
decomposition of ozone at the surface of the catalyst leading to the enhanced generation of HO®
radicals. When performing the reaction under oxidative conditions, it was reported that the Fenton
process is particularly efficient for the mineralization of a wide range of organic compounds, as the
presence of oxygen enhances the degradation of the pharmaceutical residues thanks to the occurrence
of auto-oxidation initiated by HO® radicals [20]. Many investigations have focused on the development
of stable heterogeneous catalysts to minimize leaching while increasing catalytic activity and long-term
stability. However, the development of a more reliable process involving catalysts is still necessary [21].

Recently, studies on the combination of plasma with a catalyst, called the plasma-catalyst process,
have been reported for polluted wastewater treatment [22,23]. They showed that the presence of
cerium-based catalysts as powder dispersed in the aqueous solution improved the mineralization of
phenol. Kusic et al. obtained high phenol removal results by electrical discharge in combination with
FeZSMS5, which was attributed to the catalytic activity of iron [24].

The present study focused on enhancing the mineralization rate for paracetamol degradation
in water using a coupled plasma-catalysis process. For this, NTP-Catalysis coupling based on the
Fenton-like mechanism was chosen. In our experimental conditions, NTP alone produced a small
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amount of HO® due to the extremely low power dissipated. The coupling with the catalyst allowed for
a greater amount of HO® to be produced thanks to the Fenton-like effect of Fe3t, which regenerates HO®
from H,O,. The NTP rector already used in the work of Baloul et al. [13] was used. The manufacturing
protocols of the homemade supported catalyst are described in detail in Section 3 together with the
experimental setup.

2. Results and Discussion

To demonstrate the decisive role of Plasma-Catalysis coupling in obtaining a good mineralization
rate, plasma treatment experiments were conducted with and without coupling to a catalyst for
comparison. The experiments were performed under similar conditions to those in our previous
work [13]. The treatment was performed with an applied square alternative High Voltage (HV) of
+5.9 kV in amplitude and 500 Hz in frequency. The electrical discharge operated under the streamer
regime instead of the spark regime as the latter caused excessive water evaporation and rapid damage
to the electrodes [25]. The injected working gas was dry air with a flow rate of 100 standard cubic
centimeters per minute (sccm) since it was established in the above-mentioned work that O, is
mandatory in a DBD discharge for efficient paracetamol degradation.

A homemade supported-catalyst was immersed in the liquid to be treated in the DBD plasma
reactor. The advantages of using Fe®* salt in a heterogeneous Fenton (i.e., Fenton-like) process rather
than Fe?* (i.e., Fenton) are its lower cost, non-iron-containing sludge generation, and the ease of
catalyst separation and reuse [26,27]. In the current work, the Fenton-like process was initiated by the
in-situ generation of HyO, by the discharge plasma at an initial pH of 6.1 without adding any external
chemical reagent.

2.1. Conversion Rate

In the previous work by Baloul et al. [13], the concentration of paracetamol was measured mainly
by using UV absorption at 243 nm. However, some by-products also absorb at this wavelength; hence,
the concentration of paracetamol residue was overestimated, as proved by High-Resolution Mass
Spectrometry (HRMS) measurements. In the current work, the concentrations were determined from
High-Performance Liquid Chromatography (HPLC) chromatograms of the treated solutions and the
relative error was estimated to be lower than 1%. For instance, in Figure 1, two chromatograms of the
solution after 15 and 45 min’ treatment by plasma alone are presented. The peak with a retention time
of 4.2 min corresponds to the paracetamol molecule. The area of this peak can be used to determine
the concentration of paracetamol through preliminary calibration. The other peaks corresponding to
by-products generated from the paracetamol degradation will be discussed later (Section 2.4).

4.0x10°

3.5:10° ——initial solution
3.0x10° 15 min

2 54105 45 min
2.0x10°
1.5x10%
1.0x10%
5.0x10*

0

Intensity (a.u.)

2 2.5 3 35 4 4.5 5
Retention time (min)

Figure 1. HPLC chromatograms of the solution before and after 15 and 45 min of treatment by NTP
alone (U = £5.9kV, f = 500 Hz, electrode-liquid-gap = 5 mm, Q,;, = 100 sccm, [Paracetamol] = 25 mg L1,
V =40mL).
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The concentrations of paracetamol after plasma treatment with and without catalysis were
determined for four treatment durations, namely 15, 30, 45, and 60 min. The calculated conversion
rates, T (%), using these concentrations are presented in Figure 2a. To obtain a complete conversion,
a duration of 60 min was necessary. This apparently long treatment time should be regarded in
correlation with the low input power (about 0.3 W). Pan and Qiao [14] and Iervolino et al. [15] required
a shorter treatment duration, but with a much higher consumed power and lower energy yield.

100 om,
80 ) T, ® k=5.02102min?
s ' -
60 [S)
T g -
40 5
4 . SIS
0 8- Plasma =7.21107%min .
-5 - M Plasma
—8—Plasma + catalyst ® Plasma + catalyst
0 -6
1
0 15 Tim?éo(min) 45 60 0 5 Tim?feo(min) 45 60
(a) (b)

Figure 2. (a) Conversion rates (mean values of 3 runs for each operating condition) of paracetamol
treatment as a function of treatment time and (b) kinetics of paracetamol degradation by NTP without
and with catalysis coupling (U = +5.9 kV, f = 500 Hz, electrode-liquid-gap = 5 mm, Q,;; = 100 sccm,
[Paracetamol] = 25 mg L1, V=40mL).

Figure 2a also shows that there is an increase in the conversion rate of paracetamol with the
presence of the catalyst compared to the process with plasma alone. This corresponds to a rise of about
40% of the rate constant of the paracetamol degradation with the plasma-catalysis coupling process
compared with the treatment by plasma alone, as shown in Figure 2b.

Before evaluating the exact role of the plasma/heterogeneous Fenton coupling on paracetamol
degradation, the effects of the catalytic activity of the Fe (NOj3)s precursor alone in the removal of
paracetamol were observed. Neither paracetamol degradation nor mineralization was observed even
for a long contact time of 60 min with the catalyst alone. It can therefore be concluded that the
contribution of the catalyst without NTP to paracetamol degradation is negligible.

The enhancement in conversion rates can be ascribed to the presence of Fe>* which drives the
Fenton reaction to the formation of hydroxyl radicals, considered as the highest reactive radical, via the
H,0, produced by the discharge according to the mechanism below [28,29]. Although other radicals
(HO;°®) are produced, their oxidation potential is smaller than that of HO® species.

Fe3t + H,O0, — Fe?T +HO,® +HY, 1)
Fe3* 4+ HO,®* — Fe?t + 0, + HT 2)
H,O, + Fe?t — HO® + HO™ + Fe* 3)
HO® +RH — R* + H,O (4)

HO® +H,0, — H,0 +HO," (5)
HO® + Fe?’T — Fe3t + HO™ (6)

86



Catalysts 2020, 10, 959

Figure 3 illustrates the main reactions of the heterogeneous Fenton-like system in the enhancement
of mineralization. It starts with the in situ generation of hydroxyl radicals from iron oxidation by
H;,0;. The HO® will then react directly not only with the paracetamol in water during plasma/catalysis
coupling but also with the generated by-products. Thus, a decrease in the content of organic carbon is
expected in the presence of catalyst, since the intermediates can be mineralized into CO; and H,O as
final products.

. Paracetamol
Fe(NO,),/GF
Degradation
Fe3+ by-products
HO*
Fes CO,+H,O

H,O,
Figure 3. A possible heterogeneous Fenton-like catalytic mechanism in the plasma system.
2.2. Mineralization Rate

The mineralization efficiency (t7oc) expresses the conversion of the organic carbon into CO,
and inorganic carbons with the generation of H,O. Despite the high removal rates of paracetamol by
NTP alone, no mineralization has yet been obtained. To understand this “high conversion but low
mineralization” phenomenon, Baloul et al. [13] analyzed the treated solution using HRMS and showed
that many organic compounds such as carboxylic acids and aromatic compounds were produced from
paracetamol degradation. These compounds may be a limiting factor for mineralization of the solution
according to Brillas et al. [30].

Figure 4 shows the mineralization rates of solution treated by plasma/catalysis coupling as a
function of the treatment time. The Tyoc was lower than the conversion rate of the paracetamol,
confirming that the pollutant was transformed upon oxidation into other organic by-products. With
the plasma-catalysis coupling, the mineralization rate increased significantly to 30% after 15 min of
treatment and reached a maximum of 54% within 60 min. The mineralization rates obtained are
comparable to those of Slamani et al. [31], who obtained 60.6% of mineralization after 60 min of
paracetamol treatment in water by coupling the Fenton process and a gliding arc discharge, but using
much higher input energy than the one consumed by our process.

60

50

8

TTOC (%)
w
&

10

0
15 30 45 60
Time (min)
Figure 4. Mineralization rates of paracetamol treated by NTP/Fenton-like coupling (U = +5.9 kV,
f =500 Hz, electrode-liquid-gap = 5 mm, Q,;; = 100 sccm, [Paracetamol] = 25 mg L1, V=40 mL)
(Mineralization rate relative uncertainty <1%).
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2.3. Stability and Reuse of the Catalysts

Tests were performed in order to evaluate the stability and the reusability of the catalyst during
successive NTP/Fenton-like treatments. Three successive runs of the experiment were carried out using
the same working conditions as those mentioned above. As shown in Figure 5, the mineralization
efficiency was maintained at a stable level after three successive tests, which proved that the catalyst
had good stability and reusability in these operating conditions. Note that the maximum mineralization
rate reached 54%.

60 M 1st Run BE2nd Run & 3rd Run
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Figure 5. Mineralization rates as a function of the treatment time for each run for paracetamol
degradation by NTP/Fenton-like (U = +5.9 kV, f = 500 Hz, electrode-liquid-gap = 5 mm, Q,j, = 100 sccm,
[Paracetamol] = 25 mg L1, V=40mL).

2.4. HPLC Analyses

Figure 6a displays chromatograms obtained for paracetamol treatments with and without
plasma-catalyst coupling for 30 min treatment time. This figure focuses on the species produced due
to the paracetamol degradation and corresponding to the various peaks observed. It shows that the
plasma/catalysis coupling led to a decrease in the number and area of peaks, which corresponds to an
increase in the mineralization rate in this case. In Figure 6b, a zoom of the HPLC chromatograms is
displayed, where slight variations in the retention times can be observed. In order to check whether two
small shifted peaks corresponded or not to the same molecule, UV-absorption spectra were analyzed,
confirming that there were six molecules from 2 to 2.7 min and that different products are formed in
the solution treated by the coupled process (for instance, P3 and P5 in Figure 6b). This check was
carried out for all the detected peaks.

16,000 3,000
14,000 P 1 ——plasma
12,000 Pl I
. <2001/ \ e asma + catalyst
;; 10,000 ;; 2,000 y:
Z 8000 z
g g
£ 6000 £ 1000
4,000
2,000
§ Plasma + catalyst o
2 3 4 5 6 7 8 2 21 2.2 23 24 25 26 27
Retention time (min) Retention time (min)
(a) (b)

Figure 6. (a) HPLC chromatograms of paracetamol treatments in water at 30 min; (b) zoom of HPLC
chromatograms (U = +5.9 kV, f = 500 Hz, electrode-liquid-gap = 5 mm, Q,j, = 100 sccm, [Paracetamol]
=25mgL~!, V=40mL).
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Figures 7 and 8 show the evolution of the main peaks observed on the chromatograms in terms
of peak area and UV absorbance spectra. Variation in the peak area at a given retention time gives
information on the evolution of the concentration of a given species. Generally, the degradation
products start to be formed soon after the treatment starts, reach a maximum concentration, and then
decrease. With plasma/catalyst coupling, it was observed that many of the detected peaks had lower
areas than with plasma alone and/or are characterized by a faster decline (Figure 7a,d,f). An exception
is the peak at a retention time 2.5 min that only appears for the plasma-catalytic treatment. The peak at
3.4 min is considerably larger in the presence of the catalyst; however, it shows a more pronounced
decrease towards long treatment time. The peak at the retention time at 4.8 min was also promoted
with the coupled treatment, but only for the longest processing time.
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Figure 7. Measured area (mean values of 3 runs for each operating condition) of the main peaks
detected by HPLC for the retention times. (a) 2.05 min, (b) 2.45 min, (c) 3.4 min (1,4-hydroquinone),
(d) 3.6 min, (e) 4.8 min (1,4-benzoquinone), (f) 6.6 min.
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Figure 8. Experimental UV spectra of the main peaks detected by HPLC for the retention times
(a) 2.05 min, (b) 2.45 min, (c) 3.4 min (1,4-hydroquinone), (d) 3.6 min, (e) 4.8 min (1,4-benzoquinone),
(f) 6.6 min.

Based on the literature and on the information obtained from HPLC (retention times, experimental
UV absorbance spectra), the identification of the detected species was attempted. Using commercial
standard solutions, only two species were identified by HPLC analyses: 1,4-hydroquinone and
1,4-benzoquinone, which correspond to the peaks detected at 3.4 and 4.8 min. The hydroxylation of
aromatic rings is due to the collision reactions of the radicals and other plasma species [32]. The initial
attack of HO® on the C-N bond leads to hydroquinone and further oxidation of hydroquinone leads to
1,4-benzoquinone [33,34].

Thanks to standard analyses, the concentration of 1,4-hydroquinone and 1,4-benzoquinone
produced from paracetamol treatment can be estimated. For hydroquinone, in plasma-catalyst
treatment conditions, the maximum concentration was about 0.34 mg L1 (after 15 min of treatment),
while for plasma alone the maximum concentration was lower, with 0.2 mg L™!. For benzoquinone,
the maximum concentrations obtained were about 0.02 mg L~! with or without catalysis coupling.
The other peaks were not matched with other tested standard species, i.e., nitrophenol and acetamide.
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From the results above and the mineralization rates, it can be deduced that most of the species
produced are not detected by HPLC since the used column was not appropriate. Baloul et al. [13],
for paracetamol treatment by plasma alone, showed by using HRMS that carboxylic acids were
produced. These species were no doubt also produced with the plasma-catalyst coupling process
to treat paracetamol, but in smaller quantities due to the partial mineralization thanks to the HO®
produced by the Fenton-like effect. The pathway is assumed to be initiated by the attack of HO®
radicals and the substitution of the amide group, followed by the opening of the aromatic ring with
the formation of carboxylic acids and finally mineralization. The transformation of primary aromatic
products into carboxylic acids [35], such as acetic and formic acids, leads to the production of oxalic
acid and then its mineralization by HO® into CO, and H,O.

2.5. pH and Conductivity of the Treated Solution

Figure 9 shows the pH and conductivity changes of the samples treated by NTP/Fenton-like
coupling compared with the ones with plasma alone. The presence of the catalyst leads to less
acidification of the samples (i.e., higher pH values, see Figure 9a) and less pronounced increase in the
conductivity (Figure 9b) compared to the treatment by plasma alone. For the treatment with plasma
alone, the pH of the solution decreases from 6.1 to 3.7 and the conductivity increases from 2.6 uS-cm™!
to 122 uS-cm™!, where it appears to stabilize within 60 min. In comparison, with the plasma/catalyst
coupling, the final pH and conductivity in the treated solution are 4.35 and 49.5 uS-cm™! for a treatment
of 60 min. The observed changes in the pH can be explained by the production of carboxylic acids in
the solution, while the rise of nitrites or nitrates, discussed below, could explain, among other factors,
the observed trends of conductivity.

7 140 -8-Plasma
B Plasma & Plasma + catalyst
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©
2 S 40
(&)
1 20
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Figure 9. pH (a) and conductivity values (b) of the solutions treated by NTP/Fenton-like coupling
compared to those with NTP alone (U = 5.9 kV, f = 500 Hz, electrode-liquid-gap = 5 mm, Q,;; =
100 sccm, [Paracetamol] = 25 mg L1, v=40mL, pHo =6.1, 0p = 2.61 uS~cm_1).

Nitrites and nitrates are produced during the plasma treatment as displayed in Figure 10. It can
be seen that with plasma/catalysis coupling, the concentrations of nitrates and nitrites are lower,
or even below the detection threshold which was 4 mg L~ for nitrate (the case of 15 min treatment by
NTP/Catalyst), than those with plasma alone.
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Figure 10. Concentrations of (a) Nitrates (4 mg/L is the threshold value), (b) Nitrites, (¢) Hydrogen
peroxide, and (d) Ozone of the treated samples by NTP/Fenton-like compared with the NTP alone
(U =+59KkV, f =500 Hz, electrode-liquid-gap = 5 mm, Q,;; = 100 sccm, [Paracetamol] = 25 mg LI,
V =40 mL).

The generation of nitrites or nitrates can be explained by the following pathways. The excited
species in the discharge plasma undergo dissociation, forming NO and NO, in the gas phase that may
be transformed into the inorganic acids HNO3; and HNO; in liquid (Equations (7)—(12)) [36-38]. Note
that the concentrations of these acids depend on many parameters such as the concentration of the
excited species formed in the gas phase and their transformation into mineral acids in the liquid phase.

e +0, >0+ O+e”
e—+ Ny = *N +*N + e—

*N +*0 - NO
*O+ NO — NO,
NO, + H,O — NO3;~ +2H"
HO®* + NO/NO; — HNO,/HNOj3
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The presence of NO3— and NO,— can be explained by the dissolution of NO, in water (Equation (13).
Nitrous and nitric acids are highly unstable, and they convert into NO,— easily (or dissociate into
NO;— or NO3;— (Equation (14)) depending on the pH of the solution [36]:

NOy(aq) + NOy(aq) + H2O(y = NO,~ + NO3z™ +2H" (13)
HZO —+ — -
HNO3;/HNO, "& H' +NO;™/NO, (14)

H,0O; and O3 were also detected in the treated liquid as shown in Figure 10c,d, respectively. These
species are produced by the reactions in the discharge starting from H,O and O, as shown in the
equations below [39,40]:

e" +H,O —» *H+ *OH +e” (15)
*OH + *OH — H,0, (16)
H,O, + UV — °OH + *OH (17)
‘0O+0; + M - O3+M (18)

The oxidative species H,O,, HO®, and O3 are well-known to react with organic molecules.
The presence of H,O, in the treated solution confirms the availability of this species to participate in
the Fenton-like mechanism in order to promote the generation of HO® and improve the degradation
and mineralization rates of paracetamol and other aromatic by-products. As the Fenton-like effects
require HyO; to produce HO®, one may expect a lower concentration of HyO, in the process with the
catalyst, but our measurements (Figure 10c) are not in accordance with the mentioned expectation.

According to Equations (19) and (20) [36], H,O, and O3 in the solution can oxidize nitrite to
produce NO3—, which are considered as blocking reactions for pollutant degradation:

NO;” + O3 > NO3™ + Oy (19)

NO,™ + H,O, - NO3~ + H,O (20)

These different sources of hydrogen peroxide production are important for the initiation of the
heterogeneous Fenton process in the coupling process with plasma.

2.6. Energy Yield

Typically, in these experiments, the power consumed was 0.31 W with plasma alone and
0.21 W for NTP/catalysis coupling. The Energy Yield (EY) for the plasma alone was in the range of
2.9-4.4 g-(kWh)~!, and is shown in Figure 11a as a function of the treatment time, while Figure 11b shows
the energy yield as a function of the conversion rate. The EY of the NTP/catalysis coupling system was
higher (160 to 200%) than that with plasma alone, indicating that the catalyst significantly improved the
EY of the NTP process. Figure 11b showed that the coupling process simultaneously resulted in a better
conversion rate and better energy yield. Note that because the calculation used the total dissipated
electrical energy, of which only a portion was used for the degradation of paracetamol, so the rate given
in this paper is then the mean EY of the process, but not the mean EY of paracetamol degradation.

Even with a much higher input power, Panorel et al. [11] obtained a higher EY (up to 28 g-(kWh)~!
with air as working gas) since the treated volume was 40 L, much bigger than the one used in the
present work. In the work of Pan and Qiao [14], with a large dissipated power of 500 W and a treated
volume of 1.5 L, their EY should be one-tenth of ours. However, carrying out a direct comparison of
EY remains difficult since the experimental devices, the treated volumes, and the concentrations of
paracetamol are very different.
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Figure 11. (a) Energy yield (means of 3 measurements) as a function of treatment time and (b) EY vs.
conversion rate for NTP alone and NTP/Fenton-like coupling treatments (U = +5.9 kV, f = 500 Hz,
electrode-liquid-gap = 5 mm, Q,;; = 100 sccm, [Paracetamol] = 25 mg L1, V=40mL).

3. Materials and Methods

3.1. Reagents

Paracetamol (Acetaminophen, BioXtra > 99%), sodium dihydrogen phosphate monohydrate
(NaH,PO4-H,0), orthophosphoric acid (H3PO4 85%), Aluminum oxide nanopowder (13 um primary
particle size), and iron (III) nitrate nonahydrate (Fe(NO3)3-9H,0) were supplied by Sigma Aldrich®
(France). Acetonitrile, nitric acid (HNOj at 70%), and ultrapure water (HPLC gradient) were obtained
from Fischer Scientific® (France). All chemicals were used without any additional purification.
Commercial standards for HPLC analyses were supplied by Sigma Aldrich® (1,4-benzoquinone
Supelco®, hydroquinone ReagentPlus® > 99%, spectrophotometric grade p-nitrophenol, maleic acid
Reagentplus® > 99%, oxalic acid > 99.0% (RT), acetamide~99% (GC)).

3.2. Catalyst Preparation

Commercial Glass Fiber (GF) tissue, 300 g/m?, was used as a support for iron oxide deposition via
the wet impregnation method. To prepare the supported catalyst, the four steps below were carried
out. Note that drying and calcinations were done under ambient air, except for the last calcination
which used pure oxygen (in step c).

(a) GF cleaning: The GF tissue was cut in a circular shape with a diameter of 110 mm. In order to
remove residual carbon coming from the fabrication process of the GF, it was calcined at 600 °C
for 4 h. The GF was washed repeatedly with distilled water until it no longer released any carbon
into the water. The non-release of carbon was checked by measuring the Total Organic Carbon
(TOC) of the washing water.

(b) Washcoating of the GF: The washcoat solution was prepared with 15 g of alumina, 0.7 mL of
nitric acid, and 20 mL of ultrapure water. The mixture was kept under vigorous stirring for 12 h
at room temperature [41], then GF was dipped in the washcoat solution. The washcoated GF
tissue was dried at 100 °C for 12 h then calcined at 400 °C for 4 h. This step creates a bearing layer
for the iron precursor.

(c) Iron impregnation: The alumina-washcoated GF tissue was dipped into an aqueous solution
containing 1 g of iron (III) nitrate nonahydrate, and then dried for 16 h at 100 °C. The GF tissue
was calcined under an oxygen flow rate of 1 mL-min~! at 400 °C for 4 h.

(d) Catalyst storage: The final catalyst was washed several times with distilled water then stored in
closed glass dishes at 100 °C.
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3.3. Catalyst Characterisation Using BET and TGA

The specific surface area of the catalyst was measured using the Brunauer-Emmett-Teller (BET)
surface area method. The BET surface area of the materials was determined from nitrogen adsorption
at =196 °C obtained with an ASAP 2020 Micromeritics apparatus. Beforehand, the samples were
degassed at 250 °C for at least 24 h under a residual vacuum of at least 6 um Hg (0.8 Pa).

Table 1 shows the specific BET surface area (Sggt) of Fe/GF before and after 90 min of use in the
plasma/catalysis coupling process. It can be seen that there is a very slight increase in the surface area
of the catalyst after use.

Table 1. S ggt) of Fe/GF before and after 90 min of use in the plasma/catalysis coupling process.

Virgin Glass Fiber Catalyst (Before Use) Catalyst (After Use)
SeeT) (M?/g) 0 10 14

Thermogravimetric analyses were performed using a Netzsch STA 449 JUPITER F5. A mass
of approximately 0.040 g of sample was placed in the thermobalance under a 160 mL min~! argon
flow. Systematically, a blank experiment was carried out, under the same conditions, in order to
determine the correction required for the base-line. The procedure consisted of a temperature increase
at a 20 °C min~! heating ramp from ambient temperature to 900 °C (to study a larger temperature
domain), followed by cooling to room temperature at a cooling rate of 10 °C min~!. The TGA analyses
(not shown here) indicated that there was no difference in the thermogram of each material studied
with a mass loss of approximately 1%.

3.4. Experimental Setup

The Non Thermal Plasma (NTP) reactor shown in Figure 12 was already described in a previous
paper [13]. Briefly, a Dielectric Barrier Discharge (DBD) reactor with multiple needle-to-plate
configurations was placed inside a cylindrical recipient made of Polyvinyl Chloride (PVC). High-Voltage
(HV) was applied to the 12 stainless steel needle electrodes with 0.4 mm of inner diameter. The working
gas (air) was introduced through the hollow electrodes at a flow rate of 100 sccm. The grounded
electrode was a copper thin film deposited on a dielectric epoxy plate. The volume of the solution
of paracetamol to be treated was 40 mL prepared in ultrapure water at a concentration of 25 mg L
maintaining a distance between the electrodes and the surface of the liquid of 5 mm.

Plasma
Discharge

A

Gas Inlet

High Voltage -

_— Liquid

Dielectric

Grounded
Electrode

Catalyst

Figure 12. Scheme of catalyst coupled non-thermal plasma reactor.

For NTP/Catalysis coupling, the catalyst was dipped into the liquid above the dielectric,
as illustrated in the inset in Figure 12. The discharges were generated above the liquid by a HV
amplifier (Trek® 20/20C) with a frequency of 500 Hz driven by a function generator (TTI® TG4001).
Electrical measurements were performed using high-voltage (PMK-14KVAC PHV4-3272) and current
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(P6015A Tektronix®) probes connected to an oscilloscope (DPO 3054 Tektronic®). A capacitor of
0.5 nF was inserted in the discharge circuit in order to determine the dissipated power using the
Lissajous method.

3.5. Analytical Methods & Instrumentation

A High Performance Liquid Chromatography system (HPLC, NEXERA i-Series LC2040C 3D,
Shimadzu Corporation, France) with an SPD-40V UV-Vis detector was used to detect paracetamol and
its intermediates. The analyte separation was carried out on a 150 X 3.0 mm reverse-phase Shim-pack
GIST-HP C18 (Shimadzu®) column with a spherical particle (Octadecyl groups) size of 3 um diameter.
The column temperature was set at 40 °C. The mobile phase (5:95 v/v) was a mixture of Acetonitrile
(ACN): Ultrapure water (20 mM NaH,PO,-H;0) at pH 2.8. The flow rate was 0.6 mL-min~! and a
programmed gradient system was used (5% of ACN for 0.5 min. then ACN increased up to 70%
until 10 min and kept stabilized until 13 min; finally, a decrease of ACN down to 5% at 13.5 min).
To detect paracetamol molecules, the UV-detection wavelength was 246 nm with a running time of
20 min per sample to determine the retention time and peak area of paracetamol. The concentration of
paracetamol residue was calculated using a pre-determined calibration curve.

The paracetamol conversion rate T (%) for a given treatment time was calculated from the following
(Equation (21)):

T :(1 - E)><100 (21)
Co
where Cy and C; are the concentrations of paracetamol in mg L~! before and after treatment duration .

The mineralization of paracetamol was characterized by Total Organic Carbon (TOC) removal,
which was determined by a TOC-Lcsh/csn (Shimadzu®) analyzer based on the high-temperature
combustion oxidation method. The removal ratio of TOC (troc), indicating the mineralization rate,
was calculated by (Equation (22)):

. _( _ [TOC]t

[TOC]O)X 100 (22)

where [TOC] is the initial TOC of the paracetamol solution in (mg L~1), [TOC]t is the TOC value at
treatment time f (min).
The Energy Yield of the process was evaluated from the following expression (EY):

g ): (Cp — Cp)xV

EY( kWh At.P

(23)
where Cy and C; are the concentrations of the pollutant before and after treatment, At (in h) is the
treatment time; V is the volume of the treated solution (L) and P is the power dissipated in the discharge
(in kW). EY corresponds to the mass of paracetamol removed per kWh.

The concentrations of nitrites, nitrates, hydrogen peroxide, and ozone in aqueous phase were
measured with a photometer MultiDirect (Lovibond®). The values of pH and conductivity of the
solutions before and after treatment were measured with an Accumet AB200 (Fisher Scientific®).
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