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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 (TiOp, 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 BaTiOs. 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 (& 34 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 (J 4 mm) was found to
be higher than that of a reactor packed with larger glass beads (& 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
tield 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,Os 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,O3 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,O3 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 TiO,/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 BaTiO3, 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,O03~9, 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
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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)

‘
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Table 1. Cont.

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

TiO, (37 m?/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.

£ Y

Ti0; (70 m?/g) , iy AU 0, (37 m/g)

LYRA3 TESCAN LYRaA3 TESCAN|

Pt/vAI203

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 S
— B

300um |
WA 112x HV: 20KV WD: B5rmm

Figure5. (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)
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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 cem™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



Catalysts 2020, 10, 1476 14 of 22

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 pF.

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
depended on the used catalyst and its properties that determined waiting times of the individual steps
necessary to reach stabilized concentrations.
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Table 2. Properties (dielectric constant, shape, size, specific surface area (SSA) and producer) of used
packing materials (N/A = not available).

Glass

TlOz BaTi03 Pt/YAleg, ‘YA1203 beads ZI‘02
Dielectric 20-100 (~85) 4(2923)%%())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] Q@ 3—4 (sphere) o4
(9 = diameter; 3-4,L3-7 J3-5 34 34 o 5’ 03,148
L = length) (cylinder)
37 (cylinder), .
/el 70 (sphere), N/A N/A 25*5}’31331;5{5] <0.001 9
& 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):

_r
=5

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

SIE (J/L) @

e  Naphthalene removal efficiency (NRE):

NRE (%) = (1 - i) 100, ?)
co

where ¢y 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 =
EE (g/kWh) = SI—ECO , 3)

e Carbon balance (CB) (i.e., the sum of quantified products per amount of removed carbon):

Y Cproducts

CB (%) = Py P

*100, 4)
where  cproducts represents the sum of concentrations of all products, while 7 is the number of carbon
atoms in molecule of naphthalene (10).

4. Conclusions

In this paper, we investigated the removal of tars by plasma catalysis with naphthalene (C;oHg)
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),
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dielectric constant (5-4000), and specific surface area (SSA) (37-150 m?/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
BaTiO3 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,, HO 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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