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ABSTRACT

The research was focused on oxygen nonthermal plasma regeneration of coke-deactivated catalysts used for plasma-catalytic

toluene removal from air. The nonthermal plasma was generated in a packed-bed dielectric barrier discharge reactor at
atmospheric pressure using pellet-shaped catalysts (TiO,, y-Al,03, Pt/y-Al,05, Pd/y-Al,03). Gaseous products of experiments
were continuously analyzed by infrared spectroscopy. Plasma regeneration was compared with ozone and thermal regenera-

tion. The results indicated that the plasma regeneration exhibited the highest coke removal efficiency; however, the regener-
ation was spatially non-uniform, as confirmed by SEM and TGA. The effect of ozone and heat (100°C) was negligible. GC-MS
analysis revealed that coke composed of long-chain alkanes and oxygen- or nitrogen-substituted aromatics was significantly

reduced after plasma regeneration, unlike other regeneration techniques.

1 | Introduction

As it is well-known, plasma catalysis, i.e., a combination of
nonthermal plasma (NTP) with conventional catalysis, can
utilize both a high plasma reactivity along with a high catalyst
selectivity [1]. Therefore, the application of plasma catalysis
may lead to enhanced process efficiency and lower energy
consumption when compared to individual NTP or catalytic
processes [2]. In recent years, the plasma catalysis has shown
promising results in many applications including gas [3, 4] and
water [5, 6] pollution control, carbon dioxide conversion [7, 8],
fuel reforming [9, 10], etc.

However, plasma catalysis does not always yield optimal
results, as its effectiveness can depend strongly on specific
reaction conditions and system configurations. More specifi-
cally, when the application of plasma catalysis is not fully
optimized, the process efficiency and product selectivity can

still be low. For example, the application of plasma catalysis for
dry reforming of methane CH, may result in the formation of
black carbon (e.g., soot or coke) as an undesired by-product
[11, 12]. Another example is the application of plasma catalysis
for the removal of volatile organic compounds (VOCs). In
addition to desired products (e.g., carbon dioxide CO,, water
vapor H,0), the formation of many undesired by-products (e.g.,
ozone O3, nitrogen oxides NOx, carbon monoxide CO, complex
organic compounds) can also be present [13, 14]. The complex
organic by-products (such as benzaldehyde, benzene, formic
acid, benzyl alcohol, nitrophenols) usually adsorb or condense
on the inner walls of the experimental system as well as on the
surface of the catalyst and form solid coke (i.e., carbon-
containing) deposits [15, 16]. As a result, the catalyst is gradu-
ally deactivated, and its activity, selectivity, and overall process
efficiency may be significantly reduced.
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In general, catalyst deactivation, i.e., the loss of catalytic activity
or selectivity over time, is one of the major and inevitable
concerns not only in plasma catalysis but also in conventional
catalysis [17]. There are several causes of catalyst deactivation:
catalyst poisoning, fouling, attrition, crushing, and thermal
degradation. After a decline in catalyst activity/selectivity, the
catalyst can be discarded, recycled, used for another application
or regenerated (restored) [18]. From the economic and en-
vironmental point of view, the last option is the most appro-
priate. The most frequent type of catalyst deactivation is the
fouling of the catalyst surface by coke deposits [18]. In this case,
the conventional regeneration methods include gasification,
chemical washing, hydrogenation, mechanical, and thermal
catalyst treatment [19]. The catalyst gasification and hydro-
genation is the removal of coke deposits by chemical reactions
(oxidation, reduction) when a proper reactant (O,, H,, H,O, or
CO,) is added to the gas mixture. Gasification in the O, atmo-
sphere and, thus, oxidation of the coke deposits is usually a
preferred route, however, the exothermicity of the reaction can
result in catalyst overheating, leading to loss of its surface area
and unwanted chemical reactions [19]. The chemical washing
with chlorobenzene or liquified propane as solvents can also be
used. This method can remove deposits from the catalyst, but
may cause unwanted chemical changes on the catalyst surface,
so it is not generally applicable to all types of deposits.
Mechanical regeneration like ultrasonic cleaning can also cause
irreversible mechanical damage to the catalyst. Finally, a ther-
mal regeneration, although popular due to its simplicity and
effectiveness, has high energy costs as it requires high operating
temperatures (up to 900°C) [18, 20]. Besides, the catalyst over-
heating can often lead to its sintering, i.e., a loss of surface area
or undesired surface chemical reactions [18]. For these reasons,
there has been an increasing interest in inexpensive, economi-
cally, and energetically feasible methods of catalyst regenera-
tion that would preserve the material of the catalyst with
minimal changes to its surface properties.

In addition to the applications of plasma catalysis mentioned
above, the combination of plasma with catalysis may also be
applied for the regeneration of the catalysts. As is widely
known, the NTP can create a highly reactive environment
comprising of many reactive species including ions, me-
tastables, excited species etc. [21]. These species may interact
with the surface of the deactivated catalysts and initiate
chemical reactions leading to catalyst regeneration. In the case
of the fouled catalysts deactivated by undesired coke deposits,
the principle of plasma regeneration lies in oxidation of deposits
with simultaneous recovery of the physicochemical properties
of the catalyst. Under NTP treatment in O, atmosphere, oxygen
reactive species (e.g., ‘0O, O-, O,%, 0,7, O3) along with other
radicals (e.g., ‘OH, ‘H, ‘-HO, generated under humid gas con-
ditions) are considered to play vital roles in plasma-initiated
oxidation of coke deposits [22, 23]. As a result, the plasma
regeneration of coke-deactivated catalysts leads to the formation
of gaseous oxidation products (e.g., CO, CO,, H,0) [23, 24].
Additionally, the interaction between the NTP and the catalyst
has been reported to cause minimal damage to the original
catalyst structure [25], and it may even increase the average
pore size and improve the overall pore structure of the catalyst
[26]. Besides, the NTP can produce the reactive species even at
ambient conditions, i.e., at atmospheric pressure and room

temperature [27, 28]. This represents the greatest advantage in
contrast to other catalyst regeneration techniques, as it allows
for a substantial decrease in energy requirements.

Several authors have investigated the use of NTP generated by
atmospheric-pressure discharges for the regeneration of deac-
tivated catalysts, as reviewed by Pinard et al. [23] or Lee et al.
[29]. The cylindrical (tubular) or pin-to-plate dielectric barrier
discharge (DBD), and glow discharge have been usually used
[23]. DBD in a tubular geometry is very popular arrangement as
it allows for the filling of the reactor with solid catalysts in the
form of small spherical or cylindrical pellets. Hence, the so-
called packed-bed DBD has been the most frequently investi-
gated for catalyst regeneration [30-32].

The first group of studies focused on the regeneration of cata-
lysts previously deactivated by adsorbed VOCs. Hossian et al.
[30] and Veerapandian et al. [33] both studied the regeneration
of catalysts deactivated by adsorbed toluene using NTP gener-
ated by a packed-bed DBD reactor in dry air. Hossian et al. [30]
showed that the zeolite with adsorbed toluene was effectively
regenerated during the plasma regeneration. Veerapandian
et al. [33] reported that the catalytic activity and CO, selectivity
of plasma-regenerated hopcalite slightly increased, in contrast
to fresh hopcalite, although the specific surface area was
reduced. The observed effect was explained by the higher ratio
of oxygen adsorbed at the surface to oxygen bound in the
hopcalite after the plasma regeneration. Mok et al. [34] inves-
tigated the regeneration of y-Al,O; previously deactivated by
adsorbed toluene using a packed-bed DBD reactor in oxygen.
They demonstrated that the time required to oxidize the ad-
sorbed toluene decreased with the increasing discharge power.
Wang et al. [35] investigated the regeneration of various cata-
lysts previously deactivated by adsorbed toluene using a two-
stage DC plasma upstream configuration at a fixed relative
humidity of 40% and room temperature. They noted that
intermittent use of adsorption and plasma regeneration can
reduce energy consumption and by-products. Kuroki et al. [36]
studied the regeneration of honeycomb zeolite deactivated by
adsorbed toluene by using pulsed NTP. They studied the effect
of gas flow rate on toluene desorption and catalyst regeneration
efficiency and found their increase when a gas flow was stopped
for a certain time. The above-mentioned studies on the regen-
eration of catalysts deactivated by adsorbed VOCs indicates that
upon application of NTP, it is possible to achieve not only
efficient VOC desorption (> 50%), but also high VOC removal
efficiency (typically 70%-100%).

In addition to the regeneration of catalysts deactivated by ad-
sorbed VOCs, the second group of studies demonstrated the
plasma regeneration of coke-deactivated catalysts. For instance,
Jia et al. [37] and Pinard et al. [23] investigated regeneration of
coked zeolites deactivated after pyrolysis of oak using a DBD
reactor with a pin-to-plate geometry at room temperature. Both
groups of authors noted that the efficiency of regeneration is
directly related to the number of active species in the gas phase.
Among the regeneration products, CO, CO,, light organic
compounds and carboxylic acids were observed [37]. Di et al.
[32] studied the plasma-catalytic removal of o-xylene in air
using a DBD reactor filled with Pt-, Pd- and Au/Co50, catalysts
with their subsequent plasma regeneration. The coke-
deactivated catalysts resulting from o-xylene removal were
investigated with or without a simultaneous flow of o-xylene. In
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both cases, they found that oxidation of coke on the catalyst
surface to COx is faster at a higher temperature (80°C). Srour
et al. [38] compared the regeneration efficiency of aged indus-
trial hydrodesulfurization catalyst CoMoP/Al,O; by thermal
and plasma oxidations. It was observed that using the NTP, a
total removal of coke was obtained at a lower temperature
(250°C) compared to conventional thermal regeneration
(500°C). Al-Jalal et al. [39] used low-pressure glow discharge to
regenerate coked-deactivated Pt/Al,O; in He-O, or Ar-O, mix-
tures and performed detailed optical emission spectroscopy
measurements. They demonstrated that O radicals in the glow
discharge dominate the process of coke oxidation, yielding to
emission of ‘H, CO, CO,, and other carbon complexes in the
emission spectra. The review of recent studies suggests that the
NTP regeneration of coke-deactivated catalysts is considerably
more challenging than the desorption of adsorbed VOCs from
the catalysts, particularly under low-temperature conditions.
The number of available results and knowledge remains still
limited even more in a specific case of catalysts deactivated by
flue-gas cleaning processes. This evident knowledge gap high-
lights the need for systematic studies. Further research is,
therefore, essential to clarify the mechanisms and optimize
regeneration strategies under specific NTP operating conditions.

In this work, the plasma regeneration of various coke-
deactivated catalysts was investigated. Firstly, deactivation of
the catalysts was performed by removal of the model target
VOC compound (toluene) from the air using the plasma-
catalytic packed-bed DBD reactor. The toluene removal resulted
in the formation of many products, some of which gradually
accumulated on the catalyst surface and created solid coke
deposits. Secondly, the coke-deactivated catalyst was re-
generated using an identical packed-bed DBD reactor in an O,
atmosphere. The experiments were carried out using several
materials with distinctly different physical and chemical char-
acteristics (dielectric constants, redox properties, etc.), includ-
ing TiO,, y-Al,03, Pt/y-Al,O3, and Pd/y-Al,O3. Out of them, y-
Al,O5 is usually considered to have very limited catalytic
properties for toluene removal, and it is often used as a support
(base) material for supported catalysts [40]. However, certain
studies revealed it may have specific catalytic properties for
other applications [41]. For these reasons and for the sake of
simplicity, we will further refer to all materials tested as catalysts.
TiO, was selected owing to its photocatalytic activity [42], Pt-
and Pd/y-Al,O3 due to their well-known oxidative properties
[43], and y-Al,O5 as reference support with reliable structural
properties [44]. Such broad comparison of various catalysts is
usually absent in existing plasma regeneration studies,
strengthening the novelty of this research approach. The gaseous
products of the toluene removal, as well as the gaseous products
of the regeneration, were monitored using Fourier-transform
infrared (FTIR) absorption spectroscopy. In addition, to directly
address the outlined research gap, a comparison of plasma
regeneration with alternative techniques (ozone and thermal
regeneration) was also performed. It was essential for de-
termining whether catalyst regeneration results from plasma or
merely from secondary effects such as ozone oxidation or heat
exposure. Finally, chemical identification of solid coke deposits
was performed by gas chromatography-mass spectroscopy (GC-
MS) analysis and the surface of the catalysts was analyzed by
scanning electron microscopy (SEM) and thermogravimetric
analysis (TGA).
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FIGURE 1 | Experimental setup for toluene removal ® and plasma
regeneration ®).

2 | Experimental Setup and Methods

The experimental setup is depicted in Figure 1. The experiment
consisted of two steps. Firstly, the experimental setup was
employed for the toluene removal by plasma catalysis (marked
as ® in Figure 1). Secondly, the coke-deactivated catalyst from
the previous step was regenerated by the plasma (®). In both
steps of the experiment, the NTP was generated by packed-bed
DBD reactors of cylindrical geometry. The reactors consisted of
a quartz glass tube with an inner diameter of 14 mm and a
thickness of 2 mm that served as a dielectric barrier. The length
of the tube varied in different experiments (10 or 4.5cm). An
aluminum tape was wrapped around the tube serving as an
external grounded electrode. A brass rod with a diameter of
6 mm placed in the axis of the tube was used as the internal
electrode and was connected to an AC high voltage (HV) power
supply. A gas gap between the internal electrode and the quartz
glass tube was packed with pellets of various compositions with
spherical (TiO,, y-Al,03, Pt/y-Al,05) or cylindrical (Pd/y-Al,O3)
shape with a diameter of 2-4 mm. The tube was closed on both
ends with plugs allowing a gas inlet and outlet. The AC HV
power supply consisted of a function generator (FeelElec FY-
6900), a signal amplifier (RH Sound SK11500) and an HV
transformer. The HV power supply was connected to the
internal electrode of the reactor through a ballasting resistor
(1.22 MQ), which was cooled by a fan. Upon application of HV,
a DBD was generated inside the reactor in the gas gaps among
the pellets. The waveforms of the applied voltage were mea-
sured by a HV probe (Tektronix P6015A) and the discharge
current by a current probe (Pearson Electronics 2877), both
connected to a digital oscilloscope (Tektronix TBS2104). The
discharge power was evaluated by the method of Lissajous
(charge-voltage) figures, which provides an accurate evaluation
of the real power of DBD reactors. The applied voltage was
measured using a HV probe (Tektronix 2220), and the trans-
ferred charge was obtained from the voltage drop across a ref-
erence capacitor (82nF). For each operating point, the
evaluated charge q was plotted against the applied voltage V to
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form a Lissajous figure, and the enclosed area was integrated to
obtain the discharge power P:

P:ffoxdq, @®

where f is the applied voltage frequency (1 kHz) [45-47]. The
gases (synthetic air or oxygen) were supplied from pressure cyl-
inders, and their flow rates were controlled by mass flow con-
trollers (MFC) (Bronkhorst El-Flow Prestige FG-201CV). The gas
analysis was performed by FTIR spectrometer (Shimadzu IR-
Affinity 1S, Shimadzu IRSpirit) using a gas cell with an optical
path length of 10 cm equipped with KRS-5 windows.

21 | Toluene Removal

The first step of the experiment consisted of toluene C,Hg
removal (marked as ® in Figure 1). In this case, synthetic air
(80% N, + 20% O,) with a purity 5.0 was used as a carrier gas.
The air flow was split into two gas lines (marked as ® in Fig-
ure 1), while the total air flow rate was fixed at 0.5 L/min. The
air from the first line was enriched with toluene vapors in the
bubbler and then mixed with the air from the second line in
order to obtain the desired initial toluene concentration
(approx. 3200 ppm). The gas mixture was subsequently led into
a packed-bed DBD reactor with a length of a quartz glass tube of
10 cm. The amplitude of the applied voltage was adjusted to
obtain a fixed discharge power of 6 W (i.e., 720 J/L) regardless of
the catalyst used (TiO,, y-Al,O3, Pt/y-Al,O3, Pd/y-Al,053). The
toluene removal was performed at room temperature with a
fixed duration of 3 h.

During the first step of the experiment, toluene was decom-
posed by NTP into various gaseous and solid products. Toluene
along with gaseous products carbon dioxide CO,, carbon
monoxide CO and formic acid HCOOH were determined both
qualitatively and quantitatively (in ppm units) based on their
previous FTIR calibrations at wavenumbers of 729, 2360, 2169,
and 1105 cm™, respectively. Besides, the production of various
solid products was also observed as they gradually adsorbed and
accumulated on the surface of the catalysts and reactor walls,
creating solid coke deposits.

The performance of the used DBD reactors was evaluated with
the help of the following variables: specific energy input (SEI)
(i.e., energy density), toluene removal efficiency (TRE), energy
cost (EC), carbon balance (CB), and selectivity. They were cal-
culated according to Equations (2) to (6) as follows:

« SEI:

P [W] X 60

SEI [J/L] = 0 [L/min] ’

©)

where P and Q represent the input power and total gas flow
rate, respectively.

« TRE:

¢ [ppm]

TRE [%] = [1 -
¢o [ppm]

J x 100, (3)

where ¢, and c represent the input (initial) and output
concentrations of toluene, respectively.

« EC:

_ SEI[J/L] x 277.8
" TRE X c, [mg/m3]’

EC [kWh/kg] )

where the factor of 277.8 comes from the conversion of J
units to kWh.

« CB:

¢(CO,) [ppm] + ¢(CO) [ppm] + ¢(HCOOH) [ppm]

CB [%] = n X TRE X ¢o[ppm] ©)

X 100,

where ¢(CO,), ¢c(CO), and c((HCOOH) are the concentrations
of the given gaseous products of toluene removal, n is the
number of carbons in the toluene molecule (n=7) and c,
represents the input (initial) concentration of toluene.

o Selectivity (S):

¢(X) [ppm]

S[%] =
%] n X TRE X ¢y [ppm]

x 100, (6)

where ¢(X) is the concentration of the given gaseous product X
of toluene removal.

2.2 | Regeneration of Coke-Deactivated Catalysts

In the second step of the experiment, the coke-deactivated
catalysts from the toluene removal experiments were subse-
quently regenerated to remove solid deposits from their surface
to restore their catalytic activity. Various methods of regenera-
tion were used (plasma, thermal, and ozone) with a fixed
duration of 2h. The length of the quartz glass tube of the
packed-bed DBD reactor for plasma regeneration, as well as the
length of the catalyst bed for thermal and ozone regeneration
was 4.5 cm.

2.2.1 | Plasma Regeneration

The experimental setup for plasma regeneration (marked as
in Figure 1) was almost identical to that for toluene removal. In
this case, the packed-bed DBD was filled with a coke-
deactivated catalyst from the previous toluene removal experi-
ment, while the oxygen with a purity 2.5 was used as a carrier
gas with a flow rate of 0.5 L/min. The plasma regeneration was
performed with a fixed discharge power of 3W (i.e., 360J/L)
regardless of the catalyst used.

222 | Ozone Regeneration

Ozone is known to be a strong oxidizer. During plasma regen-
eration by packed-bed DBD reactors, Os is generated along with
other reactive species and radicals. To understand its individual
contribution, the ozone regeneration of coke-deactivated cata-
lysts was also investigated. The experimental setup for ozone
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regeneration is depicted in Figure 2 and marked as (@). As an O
generator, the packed-bed DBD reactor filled with TiO, pellets
was used and fed by oxygen with a flow rate of 0.5 L/min. The
gas mixture of oxygen and O; was then led into the catalyst bed
filled with coke-deactivated catalysts. The initial ozone con-
centration was approximately 8000 ppm which corresponds to
the steady-state ozone concentration produced during plasma
regeneration. O; was qualitatively and quantitatively deter-
mined based on its previous FTIR calibrations at wavenumber
of 1055cm ™.

2.2.3 | Thermal Regeneration

During the plasma regeneration, the packed-bed DBD reactors
heated up to approx. 70°C at the maximum power. To assess the
potential impact of the plasma-generated heat on the catalyst
regeneration, thermal regeneration was also conducted. The
experimental setup for thermal regeneration is depicted in
Figure 2 and marked as (®. Similar to plasma regeneration,
oxygen was used as a carrier gas with a flow rate of 0.5 L/min.
The gas was then fed into the catalyst bed filled with coke-
deactivated catalysts. The electric oven was used to heat the
catalyst bed, while ribbon heaters were employed to heat the
gas lines and the FTIR gas cell to 100°C, which is slightly above
the temperature generated by the discharge.

2.3 | Advanced Analyses

In addition to FTIR gas analysis, several advanced analyses of
catalysts and solid deposits were also carried out.

2.3.1 | SEM Analysis

The SEM analysis (Tescan MIRA3; Thermo Scientific Apreo2S)
was used to characterize the surface morphology of the fresh,
deactivated, and regenerated catalysts. Secondary electrons

(SEs) were used to obtain micrographs providing information
about the surface topography. In the SE micrographs presented
in this paper, a magnification of X2000 and an electron accel-
erating voltage of 10 kV were applied.

232 | GC-MS Analysis

The GC-MS was used to identify solid coke deposits accumu-
lated on the surface of the catalysts after toluene removal as
well as catalyst regeneration experiments. The catalysts were
immersed in a closed sample containers with 20 mL of iso-
propanol to dissolve the coke deposits. Subsequently, after 72 h
of extraction at room temperature, the sample containers were
opened and placed in a fume hood. Over the next 24h,
approximately 50% of the isopropanol was evaporated to
increase the concentration of deposits in the solvent, and the
residual solution was used for GC-MS measurements. A GC-MS
instrument (Shimadzu GC-2010 & GCMS-QP2010 Plus) equip-
ped with a capillary column (Restek RTX-5MS) was used for
analysis. The injector temperature was set to 300°C, the split
ratio was 30, and the injection volume of a sample was 8 uL.
The initial oven temperature was set to 50°C and held for 5 min.
Then, a heating rate of 10°C/min was set with a maximum
temperature set to 200°C. The total duration of an analysis for
one sample was 20 min. Identification of the molecules in the
mass-to-charge ratio range of 40-500 was performed with GC-
MS software. Measurements using pure isopropanol served as a
reference to exclude solvent signals or other artifacts [48].

233 | TGA

The TGA (Perkin Elmer TGA7) provided accurate tracking of
the weight change of the catalysts under controlled and gradual
temperature increase in a dynamic inert argon atmosphere
(60 mL/min). With controlled temperature increase, a gradual
desorption of solid coke deposits from the surface of the catalyst
occurred. Weight change of the catalysts allowed for a deter-
mination of the relative amount of volatile deposits on both
deactivated and regenerated catalysts. The starting temperature
was set to 40°C and the heating rate to 10°C/min until a
maximum temperature (800°C) was reached. The sample
amount was held in the range of 40-60 mg, for all the studied
catalysts.

3 | Results and Discussion
3.1 | Voltage and Current Waveforms

Figure 3a-d presents the voltage and current waveforms of
packed-bed DBD reactors filled with TiO, and Pt/y-Al,O5 cat-
alysts. Figure 3a,b shows typical waveforms of the plasma
reactors used for toluene removal in synthetic air. The ampli-
tude of the applied voltage was adjusted to obtain a fixed dis-
charge power of 6 W, regardless of the catalyst used, and ranged
from 12 to 13kV. On the other hand, Figure 3c,d represents
typical waveforms of the plasma reactors used for plasma
regeneration in oxygen. In this case, the discharge power was
fixed to 3 W, and the amplitude of the applied voltage was also
adjusted accordingly (from 14 to 16 kV). It is evident that the
current waveforms of reactors in air generally exhibited more
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(c) TiO, and (d) Pt/y-Al,05 in O, (3W).

current pulses with higher amplitudes than in oxygen, as a
result of the electronegative character of oxygen [49].

In general, behavior of packed-bed DBDs is strongly influenced
by the dielectric constant (g,) of the pellets, which plays a key
role in determining the discharge mode. Higher-¢, materials
concentrate the electric field at the contact points between the
pellets, promoting formation of intense and localized micro-
discharges (i.e., localized microdischarge mode). In contrast,
lower-¢, materials result in a more diffuse field distribution,
formation of surface discharges and a smaller degree of mi-
crodischarges localization (i.e., surface discharge mode). In case
of medium-¢, materials, the discharge may exhibit character-
istics of both modes (i.e., mixed discharge mode) [46, 50, 51]. In
addition to g, the local electric field enhancement and, conse-
quently, the discharge mode can be further influenced by other
factors, such as pellet porosity [52] and metal loading of the
catalyst [53]. The dielectric constants of the materials used in
this study are therefore considered as effective permittivity
values reported in the literature for porous catalyst pellets
under DBD conditions (g, = 7-11 for y-Al,03, Pt/y-Al,05 and
Pd/y-Al,05, and ¢, = 20-100 for TiO,) [50, 54, 55]. These
effective permittivities collectively account for the combined
influence of material properties governing the discharge mode
[56]. Based on this, surface discharge or mixed discharge modes
may be expected under our experimental conditions. This
interpretation is consistent with the visual observations of the
discharges as well as recorded current waveforms and Lissajous
figures (not shown). The current waveforms are characterized
by the presence of numerous current pulses with low to
medium amplitudes, depending on the type of catalyst and
carrier gas used. The consistency between the recorded current

Time [ms]

(a-d): Voltage V and current I waveforms of packed-bed DBD reactors filled with (a) TiO, and (b) Pt/y-Al,O; in synthetic air (6 W);

waveforms and the shape of corresponding Lissajous figures
further indicates the absence of intense microdischarges or
arcing and supports the reliability of the power determination,
with the reported power values directly reflecting the energy
deposited into the reactors.

3.2 | Toluene Removal

3.21 | Toluene Removal Efficiency

Figure 4a shows the TRE obtained with different catalysts. The
TREs were found in the order as follows: TiO, (57%) < y-Al,O3
(65%) < Pt/y-Al,03 (74%) < Pd/y-Al,O3 (76%). The highest and
similar TREs were reached by using Pd/y-Al,03 and Pt/y-Al,Os.
Both catalysts are generally characterized by high catalytic
oxidation activity [57], so these results were expected. The TRE
obtained with y-Al,O; was surprisingly found to be higher than
with TiO,. TiO, is a well-known photocatalyst that requires UV
radiation (<400nm) of sufficient intensity for its activation
[42]. In the case of plasma catalysis, it can be additionally
activated by the impact of electrons, ions, or metastables car-
rying sufficient energy [58, 59]. However, few studies reported
that the energy of electrons, ions, and especially the intensity of
UV radiation in the NTP may not be sufficient to activate the
photocatalyst in plasma catalysis [60]. Therefore, the photo-
catalytic activity of TiO, in plasma catalysis is questionable,
especially under conditions of relatively low discharge energy
densities, as we worked with. On the other hand, a relatively
high TRE reached with y-Al,0; may lie in the fact that catalysts
of different properties may affect the generated plasma in var-
ious ways, which in turn may influence TRE itself. It is well-
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FIGURE 4 | (a, b): Toluene removal efficiency (a) and associated energy cost (b) obtained with different catalysts (6 W).

known that the dielectric constant of the catalysts plays a cru-
cial role in the discharge mode of the packed-bed DBD reactor
[51, 61]. Since y-Al,O; has a lower dielectric constant (~7-11)
than TiO, (~20-100), the discharges preferentially propagate
over its surface without the formation of intense and localized
microdischarges typical for materials with medium (such as
TiO,) and high dielectric constants. Additionally, y-Al,O; we
used has a larger specific surface area (~300 mz/g) than TiO,
(~70 m?/g) [13], which may substantially affect the adsorption
capacity for toluene as well as its decomposition intermediates.
Therefore, we assume a different adsorption capacity combined
with dominant surface discharges can potentially explain the
higher TRE achieved with y-Al,0O; compared to TiO,. The
similar result, i.e., higher TRE with y-Al,0; than with TiO,, was
also reported by Iervolino et al. [62]. They also attributed the
observed effect to the greater adsorption capacity of y-Al,Os.

In addition to TRE, ECs obtained with all catalysts were also
evaluated and reached the order as follows: TiO, (29.2 kWh/
kg) > y-Al,0; (25.0 kWh/kg) > Pt/y-Al,O; (22.4kWh/kg) > Pd/
y-AlL,O; (21.7 kWh/kg) (Figure 4b).

The toluene removal by plasma catalysis has been studied by
many authors, as toluene is very often used as a model target
VOC compound. The results obtained are very well documented
in review studies by Vandenbroucke et al. [63], Xiao et al. [64],
and Veerapandian et al. [65].

Among studied catalysts, Pt/y-Al,0; and Pd/y-Al,05 were used
for toluene removal from dry air by Harling et al. [66]. They
achieved TRE over 95%; however, this was obtained at a higher
gas temperature (300°C), substantially lower toluene input
concentration (200 ppm) and SEI (60J/L) compared to our
system. High activity of Pt/y-Al,0; was also reported by Kim
et al. [67] with TRE of 98%; however, again at lower toluene
input concentration (110 ppm) and lower SEI (210J/L). Low
input toluene concentration of 215 and 220 ppm was also used
by Holzer et al. [68] and Song et al. [69] in dry and humid air,
respectively. They both used y-Al,0; and obtained TRE of ap-
prox. 53% and 65% at ambient temperature; however, with
substantially different SEI of approx. 2400 and 110 J/L, respec-
tively. TiO, catalyst was tested in combination with BaTiO; by
Liang et al. [70, 71]. They reported TRE of approx. 65% at SEI of
340J/L at toluene input concentration of 184 ppm. Combina-
tion of TiO, with BaTiO; was also found to be beneficial as
reported by Wang et al. [72]. While TiO, acted as a

photocatalyst, BaTiO; was utilized to enhance the electric field
in the plasma reactor, what significantly enhanced the toluene
removal. Finally, TiO, in combination with y-Al,O; was
investigated by Zhu et al. [73] with TRE of approx. 88% at
700J/L and toluene input concentration of 263 ppm.

As reported, most of the authors worked with toluene input
concentrations lower than 200 ppm, i.e., one order of magnitude
lower than we worked with (3200 ppm). Only a few authors
have worked with higher toluene concentrations. For example,
both Kang et al. [74] and Chang et al. [75] removed toluene
using the packed-bed DBD reactor filled with TiO, at toluene
input concentration of 1000 and 1100 ppm, respectively [74, 75].
Kang et al. [74] achieved the TRE of 70% at a SEI of 3601J/L,
while Chang et al. [75] reported a maximum TRE of 78% at SEI
of 1000 J/L. Relatively high input toluene concentration repre-
sents conditions that are usually less favorable to achieve high
removal efficiencies [76]. It should be noted here that our
research did not focus on maximizing and optimizing the TRE
and EC values, but basically only on the fouling of the catalysts
during the process of toluene removal from the air for their
subsequent regeneration. Our results on toluene removal serve
here mainly as a reference and are presented along with results
achieved by other groups for a brief comparison. In this sense,
the results obtained are reasonable and provide a good starting
point for future applications where high concentrations of tol-
uene (or other VOCs) are unavoidably present.

3.2.2 | Toluene Removal Products

The FTIR spectra in Figure 5 show both gaseous and solid
products of the toluene removal using Pt/y-Al,O5 catalyst. The
solid products were found as coke deposits accumulated on the
surface of catalysts, reactor walls, inside the gas lines, as well as
on the windows of the FTIR gas cell. The spectrum of solid
products belongs to deposits accumulated on the windows of
the gas cell during the experiment. It was recorded after the
discharge was switched off and the gas cell was flushed with dry
air to remove all gaseous products. On the other hand, the
spectrum of gaseous products was obtained indirectly. Firstly, a
combined spectrum of gaseous and solid products was obtained
after 120 min, before the discharge was switched off. Subse-
quently, the spectrum of solid products was subtracted from the
combined spectrum to obtain a spectrum of only gaseous
products.

Plasma Processes and Polymers, 2026
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FIGURE 6 | (a, b): Carbon balance (a) and selectivity of CO,, CO, and HCOOH (b) for toluene removal obtained with different catalysts.

Among the gaseous products (red spectrum in Figure 5), CO,,
CO, and HCOOH were observed. These products are typical for
toluene oxidation in air. Nitrous oxide N,O was also formed in
small quantities as a result of discharge-initiated reactions of N,
and O,. In the spectra, absorption bands of water vapors H,0O
are also present. These bands may arise from the formation of
H,0 as a product of toluene oxidation or from the desorption of
moisture from the catalysts. On the other hand, the identifica-
tion of solid products is challenging due to relatively low, broad,
and overlapping absorption bands (blue spectrum in Figure 5
from 800 to 2000 cm ™). However, some of the absorption bands
of solid products can be assigned to C=0 and C-O functional
groups [77]. More detailed chemical identification of solid
products was performed by GC-MS and is presented later in the
subsection 3.4.2.

Figure 6a shows the achieved CB for toluene removal for all
tested catalysts in the order as follows: y-Al,O3 (25.5%) < Pd/y-
ALOs (30.5%) < Pt/y-AL,O5 (36.1%) < TiO, (45.7%). The lowest
CB was obtained with y-Al,O;, which indicates the greatest
formation of undesired products (other than CO,, CO, and
HCOOH), mostly in the form of solid coke deposits. On the

other hand, the highest CB was associated with TiO, (Figure 6a),
accompanied by the highest CO, (28.8%), CO (12.7%), and
HCOOH (4.1%) selectivities (Figure 6b). In general, all catalysts
exhibited similar feature with the highest CO, selectivity (from
11.5% to 28.8%), lower CO selectivity (9%-12.7%) and the lowest
HCOOH selectivity (1.8%-4.1%). High CO, selectivity is generally
preferred over CO, as CO, is considered a perfect and non-toxic
oxidation product of VOC removal [78]. In contrast, CO is the
result of incomplete oxidation and, also due to its toxicity, it is
desirable to keep its selectivity as low as possible. However, from
the perspective of the chemical industry, both CO and HCOOH
represent important feedstocks for the production of various fuels
and chemicals [79].

3.3 | Regeneration of Coke-Deactivated Catalysts

As mentioned earlier, solid products from the toluene removal
gradually accumulated on the surface of the catalysts in the
form of coke deposits, and resulted in catalyst fouling and its
deactivation. In the next step, a proper catalyst regeneration
method can effectively remove them from the surface.
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FIGURE 7 | Visual comparison of fresh, deactivated, and regenerated catalysts.

Figure 7 shows photographs of fresh, deactivated (with no
regeneration), plasma, ozone, and thermally regenerated cata-
lysts. A significant accumulation of solid coke deposits of
brownish color can be observed on the surface of deactivated
catalysts compared to their fresh counterparts. Similar deposits
after plasma or plasma-catalytic removal of toluene were also
observed by other authors [48, 70]. From a visual comparison, it
is evident that plasma regeneration achieved the highest
reduction in quantity of coke deposits among all tested regen-
eration methods, although the regeneration was incomplete and
non-uniform. Ozone regeneration caused only a subtle light-
ening of the brownish color of the deposits, while thermal
regeneration led to their melting and darkening (Figure 7).
Formation of gaseous products of the regeneration along with
their qualitative and quantitative characterization is described
in the next subsections 3.3.1-3.3.3.

3.3.1 | Plasma Regeneration

Figure 8 shows an example of FTIR spectra of gaseous products
taken during plasma regeneration. More specifically, compari-
son of the FTIR spectra obtained with Pt/y-Al,O; taken at the
beginning (i.e., after 6 min) and at the end of the experiment
(i.e., after 120 min of discharge operation) is presented. As can
be seen, the gaseous products of regeneration were CO,, CO,
HCOOH, and H,O formed as a result of the oxidation of solid
coke deposits. O3 was also found in the spectra as a typical
product of plasma-initiated chemistry in oxygen [80]. In addi-
tion, other absorption bands also appeared in the spectra and
potentially can be assigned to aromatic C=C and C-H func-
tional groups. Distinct bands between 3000 and 3700 cm™" are
also visible, which can be attributed to the absorption of O-H
functional group [77].

As can be seen from the comparison of the two spectra, the
absorbances (and, thus, concentrations) of all gaseous products

changed significantly over time. For this reason, we evaluated
detailed time courses of CO,, CO, HCOOH, and O; concen-
trations during all tested regeneration experiments (Figure 9).

During the plasma regeneration, the concentrations of oxida-
tion products (CO,, CO, and HCOOH)) first increased, after a
few minutes reached a maximum, and then gradually decreased
(Figure 9a). With exposure to plasma, solid coke deposits began
to oxidize, leading to a rapid increase in the concentrations of
all oxidation products. Among the tested catalysts, Pt/y-Al,O3
exhibited the highest maximum CO, concentration (2730 ppm),
while y-Al,O; showed the lowest maximum (800 ppm). For CO
and HCOOH, the highest maxima were obtained with TiO, (335
and 350 ppm, respectively), while the lowest maxima with Pd/y-
Al,03 (170 and 50 ppm, respectively). As the plasma regenera-
tion advanced, the catalyst surface was progressively re-
generated, leading to a gradual reduction in the quantity of solid
coke deposits, which was reflected in the declining production
of all oxidation products. The concentration of HCOOH drop-
ped to zero within 50 min of plasma regeneration, while the
concentrations of CO, and CO remained non-zero throughout
the entire regeneration process (Figure 9a). The highest final
CO, concentration was approx. 1350 ppm for TiO,, while the
highest CO concentration was approx. 90 ppm for Pt/y-Al,O;.

On the contrary to oxidation products, O; production under
plasma regeneration usually increased over time (Figure 9a). In
the beginning of the plasma regeneration, the quantity of solid
coke deposits was at maximum, and their oxidation, promoted
by reactive oxygen species (-O, -OH, ...), was the most intense.
The consumption of these species was high, leading to low O3
production. As the plasma regeneration advanced, the quantity
of solid coke deposits reduced, and the consumption of reactive
oxygen species gradually decreased. Due to their abundance,
the O; concentration gradually increased, reaching the steady-
state value of approx. 8000 ppm (for TiO, and Pt/y-Al,05).
However, when comparing the trend of O; concentration
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FIGURE 8 | FTIR spectra of products from plasma regeneration of the Pt/y-Al,O; at different times.

increase for TiO, and Pt/y-Al,Os, we observe that the increase is
slightly slower for Pt/y-Al,O;. This may be attributed to the
moderate activity of Pt catalyst toward O; decomposition [81].

For y-Al,O; (also known as alumina), the steady-state Oz con-
centration was lower (approx. 7000 ppm). The y-Al,O5 is com-
monly used as a support for transition metal oxide catalysts,
effective for catalytic O; decomposition [82]. However, a few
studies investigated the effect of bare y-Al,O; and showed it
may also contribute to the O; decomposition [83, 84]. Thomas
et al. [85] further showed by experiments and calculations that
the O3 decomposition can readily occur on the y-Al,O5 surface.
Several other studies suggest that the O; decomposition on y-
Al,0O5; and metal supported on y-Al,0; may be due to con-
sumption of surface active sites (SS) via reaction:

SS+0; — SS — O + Os. @)

In addition, Oz can be further decomposed at the thus con-
sumed active site to form peroxy species by the following
mechanism [84, 86-88]:

Thomas et al. [85] determined that the surface active sites for
the adsorption and decomposition of O; on alumina are alu-
minum ions (AI**). Based on this, we consider that some degree
of O; decomposition may potentially occur on the alumina
surface and be responsible for a slightly lower steady-state Os
concentration during plasma regeneration of y-Al,Os.

In contrast to the other catalysts, when Pd/y-Al,0; was used,
the O; concentration first increased, but later gradually
declined. Kameya and Urano [83] showed that the addition of
Pd on MnO, catalyst increases the O; decomposition, especially
under humid gas conditions. A review study by Li et al. [81]
reported that in comparison to other noble metal catalysts, Pd
exhibits superior O; decomposition catalytic activity. Other
studies compared the O; decomposition activity of Pd and Pt,
showing that Pd is more active [89-91]. For these reasons, we
speculate that the observed decrease in Oz concentration may

potentially be attributed to this effect. As a result, the final O3
concentration was approximately 4500 ppm, which is signifi-
cantly lower than that obtained with other catalysts (Figure 9a).

The fact that the regeneration efficiency is directly related to the
amount of reactive oxygen species present in the gas phase was
also reported in the studies by Jia et al. [37] and Pinard et al.
[22]. The authors investigated the regeneration of coked zeolites
using a DBD reactor and, similar to our experiments, observed
CO, CO,, light organic compounds, and carboxylic acids among
the regeneration products [37]. Moreover, Di et al. [32] studied
the regeneration of similar (Pt, Pd) supported catalysts using a
DBD reactor and monitored the time course of CO, concen-
tration during the regeneration. They found that even after
130 min of regeneration, the CO, concentration did not
decrease to zero, indicating the oxidation of solid products on
the catalyst surface was still ongoing. A similar conclusion can
be drawn from our experiments, where CO, and CO concen-
trations were still significant after 120 min of the catalyst
regeneration.

3.32 | Ozone Regeneration

Figure 9b shows the time courses of the concentrations of major
gaseous oxidation products (CO,, CO, HCOOH) along with O;
during the ozone regeneration. The catalysts were exposed to a
fixed O; concentration of approximately 8000 ppm. As the fig-
ures show, the O3 concentration first decreased very sharply,
which was accompanied by an increase of oxidation products.
This decrease of O3 can be attributed to its consumption for the
oxidation of solid coke deposits. However, the rate of increase
and the maximum concentration of oxidation products strictly
depended on the catalyst type. While Pt/y-Al,O; and Pd/y-
Al,O; exhibited a significant increase of oxidation products, for
TiO, their concentrations remained low. For example, the CO,
concentration for TiO, increased only slightly, while for Pt/y-
Al,05 and Pd/y-Al,O; it increased rapidly and even reached
values close to the values achieved during plasma regeneration
with the maxima in a range of 2000-2500 ppm. On the other
hand, CO and HCOOH concentrations for all catalysts were
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FIGURE 9 | (a-c): Time courses of the concentrations of major gaseous products (CO,, CO, HCOOH, O,) for different catalysts during: (a)
plasma, (b) ozone, and (c) thermal regeneration.

far from those of the plasma regeneration (CO <90 ppm, activity of Pt catalyst toward O3 decomposition, as mentioned in
HCOOH < 50 ppm). subsection 3.3.1.

After an initial sharp decrease of O; concentration, it gradually The situation with y-Al,O; and Pd/y-Al,O; was different. y-
increased until it reached a concentration of approx. 7600 ppm Al,0O5 showed a relatively small initial decrease in O; concen-
when TiO, and Pt/y-Al,O; were used. The observed trend is tration, followed by a slight increase until it reached a stable
quite reasonable. In the beginning, the amount of solid coke value, potentially influenced by O; decomposition on the sur-
deposits was the biggest. When initially exposed to Os, their  face, as also discussed earlier in subsection 3.3.1. Compared to
oxidation was the most intense, associated with the greatest O; other catalysts, y-Al,0; showed concentrations of oxidation
consumption. As time evolved, O; consumption gradually = products at their detection limits, indicating negligible oxida-
decreased, leading to an increase in its concentration at the  tion of coke deposits.

reactor outlet, which was approximately 400 ppm below the
reference value (8000 ppm). This may indicate that a small
amount of the produced O3 was likely still used in the oxidation
of coke deposits. Nevertheless, a considerable amount of un-
oxidized coke deposits remained on the surface of the catalysts.
Furthermore, the O; concentration increases much slowly for
Pt/y-Al,O5 than for TiO,, which is consistent with the moderate

In the case of Pd/y-Al,O3, a small increase of O3 concentration
(to approx. 6200 ppm) was followed by a slow decrease (to ap-
prox. 5500 ppm). Thus, the O; reference concentration was not
achieved by the end of the experiment. The explanation could
be based on the catalytic decomposition of O; over the Pd cat-
alyst [81], as also discussed in the previous subsection 3.3.1.
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Moreover, additional measurements with fresh catalysts were
conducted to assess their individual activities toward O;
decomposition. These measurements showed that catalyst
activity increases in the following order: TiO, < y-Al,O3 < Pt/y-
Al,O5 < Pd/y-Al,03, what correlates with the results presented
above. Further details are provided in the Supporting Infor-
mation (Figure Sla-d).

When comparing the results obtained with plasma and ozone
regenerations (Figure 9a,b), the production of oxidation prod-
ucts (CO,, CO, and HCOOH) was lower with ozone regenera-
tion for all catalysts. Along with the visual appearance of
catalysts (Figure 7), our results indicate that O; has a very
limited effect on catalyst regeneration, and its role in the oxi-
dation of solid coke deposits is not crucial. Therefore, the main
role in plasma regeneration presumably plays other oxidants,
such as reactive oxygen species (e.g., ‘O, ‘OH, ...). Similar find-
ing was also reported by Jia et al. [37], who stated that the active
species responsible for catalyst regeneration are the short-lived
oxygenated species and not ozone. Al-Jalal et al. [39] also
demonstrated that -O atoms dominate the process of oxidation
of coke. Moreover, Kim et al. [92] performed a similar com-
parison of oxygen plasma and ozone regeneration of Au/TiO,
deactivated catalysts by toluene or propylene. They showed that
the oxygen plasma treatment exhibited more rapid catalyst
regeneration than the O; treatment. The fact that the O; is not
the main oxidizing agent responsible for coke oxidation at low
temperature was also reported by Pinard et al. [23].

3.3.3 | Thermal Regeneration

Figure 9c shows the time courses of all gaseous oxidation
products during the thermal regeneration. For the TiO, catalyst,
HCOOH was identified as the only oxidation product with a
significant concentration increase at the beginning (with a
maximum concentration of approx. 165 ppm), followed by its
rapid decrease, while the formation of other products was
negligible. In contrast, for the Pt/y-Al,05, Pd/y-Al,Os, and y-
Al,O5 catalysts, the concentrations of all oxidation products
remained negligible. These findings suggest that the heat pro-
duced by the discharge has a minimal or negligible effect on the
catalyst regeneration.

When comparing plasma, ozone, and thermal regeneration in
terms of energy demand, plasma and ozone regenerations ex-
hibit identical energy demand (E = 1.1 kWh per one regener-
ation), as the same HV power supply was used for plasma
generation and ozone production. However, ozone regeneration
is insufficiently effective in coke removal, despite comparable
energy demand. Thermal regeneration requires significantly
lower energy input (E = 0.26 kWh per one regeneration) but is
ineffective under the studied conditions. Consequently, plasma
regeneration represents the most relevant regeneration
approach when both energy use and regeneration efficiency are
considered.

3.4 | Advanced Analyses
34.1 | SEM Analysis

Figure 10a-e presents the SE-SEM micrographs of the fresh,
deactivated, plasma, ozone, and thermally regenerated Pt/y-

Al,O; catalyst. The SE-SEM micrographs of the fresh
(Figure 10a) and deactivated catalyst (Figure 10b) show signif-
icant differences in the surface morphological features. The
deactivated catalyst had a heavily fouled surface, exhibiting
distinct features of solid coke deposits. After ozone regeneration
(Figure 10d), there is no evident change in the quantity and
shape of the coke deposits. Furthermore, thermal regeneration
resulted in melting and hardening of the coke deposits, forming
a continuous layer on the catalyst surface (Figure 10e). On the
contrary, plasma regeneration led to a reduction of coke de-
posits (Figure 10c). In Figure 10c, it is visible that some areas of
the surface are still occupied by the coke deposit (bottom left)
similar to the one in Figure 10b, while the other looks like the
fresh catalyst surface (top right) as in Figure 10a. It is clear that
the plasma regenerated the catalyst surface non-uniformly and,
thus, only partially. In practice, it is quite rare for any catalyst
regeneration method to completely remove all foulants from
the surface, but regeneration of a significant proportion of the
original catalyst surface is desirable [19]. In this sense, the
plasma provides an effective alternative to conventional
regeneration techniques.

Non-uniform regeneration of the catalyst surface may result
from varying discharge characteristics at different locations
inside the reactor and, thus, at different locations on the surface
of pellets of catalyst. The discharge properties are influenced by
many factors, such as the dielectric constant or the shape of the
pellets. Materials with a low dielectric constant support for-
mation of surface discharges propagating along the surface of
the pellets, whereas materials with a high dielectric constant,
promote formation of localized microdischarges between the
pellets [51, 93]. Regardless of the pellet material, the electric
field is enhanced at the contact points of individual pellets,
constraining the discharge and limiting the pellet surface area
exposed to the generated plasma and produced reactive species.
This effect becomes stronger with increasing dielectric constant
of the material [51, 93]. In addition, the electric field en-
hancement also occurs at the sharp edges of the pellets
(especially with cylindrical shape), which further contributes to
the spatial localization of the discharge. The nature of the dis-
charge is, thus, closely related not only to the physical proper-
ties but also to the shape of the pellets [94]. Therefore, the
properties of the pellets significantly affect the propagation and
characteristics of the discharge and the production of reactive
species in the packed-bed DBD reactors. Varying characteristics
of the discharge, along with its localization, may jointly con-
tribute to non-uniform catalyst regeneration. This may be par-
tially eliminated, e.g., by implementing a systematic mixing of
the pellets within the reactor. This would help to redistribute
the pellets, fostering more uniform conditions for their regen-
eration and enhancing the overall regeneration efficiency.

34.2 | GC-MS Analysis

As mentioned earlier, the GC-MS analysis was performed to
identify the chemical composition of solid coke deposits accu-
mulated on the surface of the catalysts after both toluene
removal and catalyst regeneration experiments. Figure 11a,b
presents the measured chromatograms with peaks assigned to
the compounds identified in the coke deposits on the deacti-
vated, plasma, ozone, and thermally regenerated Pt/y-Al,O3
catalyst. Most of the chromatogram peaks for deactivated, ozone
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e) thermally regenerated

FIGURE 10 | (a-e): SE-SEM micrographs of: (a) fresh, (b) deactivated, (c) plasma, (d) ozone, and (e) thermally regenerated surface of Pt/y-Al,Os.

and thermally regenerated Pt/y-Al,O; had the same retention
time, indicating a comparable chemical composition of coke
deposits (Figure 11a). The analysis revealed the presence of
compounds from the group of long-chain alkanes and aromatic
hydrocarbons. Out of the alkanes, tetradecane and
5-isobutylnonane were recognized. Most of the identified
compounds include a functionalized molecule of toluene, ben-
zene or phenol with additional oxygen (e.g., ‘OH) or nitrogen-
containing (e.g., NO,) functional groups, e.g., nitro-toluene,
nitro-cresol, nitro-phenol, dibenzyl-ether, benzaldehyde, ben-
zoic acid, etc. The products found in the gas phase (CO, CO,,
HCOOH) can be, thus, considered as final products of ring-
opening reactions.

It is important to keep in mind that similar molecular structures
can give similar mass spectra, and thus some molecules may not
necessarily be properly distinguished. This can be, for example,
a case when molecules differ only in the position of the func-
tional group on the benzene ring (e.g., 2-nitro-m-cresol, 5-nitro-
o-cresol). In the chromatograms, the presented compounds are
those with the highest match provided by GC-MS software. In
Table 1, the chemical names of the presented compounds are
assigned to their structural formulas.

The studies by Liang et al. [70] and Huang et al. [15] analyzed
the plasma-catalytic removal of toluene from the air, focusing
on detailed analysis of byproducts and toluene decomposition
pathways. Among the products, Huang et al. [15] observed CO,
CO,, H,0, HCOOH, benzene, benzaldehyde, and nitrobenzene.
Both papers suggested possible pathways for toluene decom-
position. It likely begins with an electron impact reaction that
initiates toluene breakdown through H-abstraction from the
methyl group. This reaction results in the formation of the
benzyl radical that may react with ‘O or -OH to form benzal-
dehyde with further oxidation to benzoic acid. The aromatic
intermediates may further react with ‘O, ‘OH, ‘H, or NO,,
leading to cleavage of the aromatic ring or formation of func-
tionalized molecules, such as nitrobenzene, nitrophenol, cre-
sols, etc. After the ring-opening reactions, small molecular mass
compounds, such as CO, HCOOH and acetic acid, are pro-
duced. The reactions proceed by a series of oxidation steps
mediated mainly by ‘O and -OH, finally leading to the formation
of CO, and H,O. Our analysis indicates that the products and
intermediates from toluene removal are consistent with those
identified by Liang et al. [70] and Huang et al. [15] Therefore,
we can conclude that toluene decomposition in our system
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TABLE1 |

(a, b): GC-MS analysis of coke deposits from deactivated (i.e., without any regeneration), plasma, ozone, and thermally regenerated

Structural formulas and chemical names of presented compounds.

Benzaldehyde

5-Isobutylnonane

m-Di-tert-butyl-benzene

49

o o-Nitro-phenol
NO,

o

Tetradecane

E

H .
0 2-Nitro-m-cresol
NO,

Q

p-Nitro-toluene

NO, 2-Nitro-p-cresol

o-Nitro-toluene

3-Methyl-5-nitro-phenol

Dibenzyl-ether

4,6-Dinitro-o-cresol

adheres to the generally proposed reaction pathways for its
plasma-catalytic decomposition.

Nevertheless, the chromatogram peaks obtained with the
plasma-regenerated catalyst were less numerous and their
retention times and intensities were significantly different
(Figure 11b). Hence, plasma regeneration significantly reduced
the number of compounds that residual coke deposits consisted
of and effectively oxidized them into gaseous products.
Although a quantitative analysis of products was not performed,

lower intensities of chromatogram peaks indicate that the
products identified in coke deposits on the surface of the
plasma-regenerated catalyst may have a lower concentration
than that obtained with ozone and thermally regenerated
catalysts.

Finally, the analysis revealed differences in the composition of
coke deposits on various catalysts. This is consistent with the
results of Rodriguez et al. [95], who reported a different nature
of coke formed with each catalyst tested.
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343 | TGA

During the TGA, the weight change of the pellets of catalyst was
monitored as deposited products gradually desorbed from their
surface in response to linear heating. Figure 12 presents the
weight change of fresh, deactivated and plasma-regenerated Pt/
y-Al,O3 catalyst. Below 100°C, the weight change can be at-
tributed to a release of moisture or other adsorbed impurities
from the catalysts, as the thermal regeneration experiment (at
100°C) revealed no major volatile products connected to the
coke deposit decomposition indicated by the FTIR. Although
the weight change of the fresh catalyst is initially faster
(probably due to its greater adsorption capacity and, thus,
greater moisture content compared to deactivated and plasma-
regenerated catalysts), it slows down at higher temperatures.
Up to 140°C, the deactivated and plasma-regenerated catalysts
exhibit the same weight change, still probably attributed to the
release of moisture. Above 140°C, the weight of the deactivated
catalyst ultimately decreases faster than that of the plasma-
regenerated one, which we attribute to the gradual release of
volatile products associated with the coke deposits. The analysis
confirmed that the plasma-regenerated catalyst contained a
smaller quantity of volatile coke deposits compared to the de-
activated catalyst, which is in correlation with our previous
analyses and observations.

4 | Conclusions

This study demonstrated the potential of oxygen NTP for the
regeneration of coke-deactivated catalysts. The plasma was
generated by a packed-bed DBD reactor operated at atmo-
spheric pressure. Various pellet-shaped materials of distinct
catalytic properties (TiO,, y-Al,Os, Pt/y-Al,Os;, and Pd/y-
Al,03) in the pellet form were used in plasma-catalytic VOC
removal from the air with toluene as a model target com-
pound. Its removal led to the formation of various products,
some of which gradually accumulated on the catalyst surface,
creating solid coke deposits that resulted in catalyst
deactivation.

Three regeneration techniques (plasma, ozone and thermal) of
coke-deactivated catalysts were tested and their efficiency

compared. Out of them, the plasma regeneration showed the
highest efficiency in oxidizing and removing the coke deposits.
The results further indicate that ozone has a very limited effect
on catalyst regeneration, and its role in the oxidation of solid
coke deposits is not crucial. The effect of heat (100°C) was also
found to be negligible. Despite its superior performance, the
plasma regeneration was found to be partial and spatially non-
uniform, as revealed by SEM and TGA analyses. GC-MS anal-
ysis of the coke deposits indicated the presence of long-chain
alkanes (e.g., tetradecane) and aromatic hydrocarbons with
additional oxygen- or nitrogen-containing functional groups
(e.g., nitro-toluene, nitro-cresol, nitro-phenol, benzaldehyde,
benzoic acid, etc.). The plasma regeneration significantly
reduced the chemical diversity of these compounds in contrast
to other regeneration techniques.

Although plasma regeneration represents a promising and en-
vironmentally friendly alternative to conventional methods for
regenerating coke-deactivated catalysts, further optimization is
needed to achieve uniform and advanced regeneration of the
catalyst surface. A possible approach to improve uniformity is
the implementation of systematic mixing of the catalytic pellets
within the reactor. This would help redistribute the pellets
during the plasma regeneration, promoting their balanced ex-
posure to plasma-generated reactive species and thereby fos-
tering more uniform conditions for catalyst regeneration and
enhancing the overall regeneration efficiency. To comprehen-
sively evaluate the overall effectiveness and feasibility of plasma
regeneration, the next research stage should focus on the
repetitive use of plasma-regenerated catalysts for plasma-
catalytic VOC removal.
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