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Abstract

The study investigated NO reduction by N radicals produced by barrier discharge in nitro-
gen and the possible effect of TiO, catalyst on this reaction. The experiments for NO
reduction were carried out at temperatures ranging from room temperature to 140 °C and at
NO concentrations ranging from 200 to 800 ppm. The experimental results were described
by a model which was based on six main reactions for the calculation of the NO and NO,
concentrations. The analysis of model suggested two simple methods for the estimation of
nitrogen radical production efficiency which in present study was 2 ppm/(J/L). The model
also confirmed that N radicals are used very efficiently in the reduction of NO and this pro-
cess can’t be improved by the catalyst. Nonetheless, experiments showed that the presence
of TiO, catalyst improved the removal of NO. The experimental results can be explained
by surface processes taking place with NO, with the help of other plasma produced nitro-
gen species.
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Introduction

Nitrogen oxides (NO and NO,) are an important class of pollutants which are inevitably
present in flue gases. The main nitrogen oxide constituent in the flue gas is NO which is
hard to remove by absorption or adsorption based methods [1]. One possible route for the
improvement of the NO removal is the non-thermal plasma oxidation of NO-NO, which
can be removed more easily by the conventional nitrogen oxide removal methods [2—4].
The plasma oxidation works when the oxygen content of flue gas during the plasma treat-
ment is above 3% while at lower oxygen content the reductive pathway dominates and
direct decomposition of NO can be achieved by plasma [5, 6]. The reduction by N, plasma
is also an interesting alternative to reduction by NH; or C,H, in the NOx storage and reduc-
tion process [7, 8]. However, the efficiency of plasma reduction of NO in nitrogen remains
smaller than the efficiency of plasma oxidation of NO in oxygen and nitrogen mixture due
to smaller efficiency of N radical production in non-thermal plasmas [9, 10].
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It has been shown that in the case of plasma oxidation the efficiency can be improved by the
use of catalyst [11, 12]. It has been proposed, that the plasma may activate the catalyst by UV
radiation, local temperature increase, plasma produced radicals or other high-energy plasma
species [13—15]. Among these activation routes, the activation of TiO, and other metal-oxide
catalysts by plasma produced oxygen species, e.g. O radicals and O has been demonstrated by
several experiments [16—18]. In the plasma oxidation of volatile organic compounds (VOC),
the reactions with surface bound oxygen species are considerably faster than in gas phase and
this allows to utilize the plasma produced oxygen species (O, O;) more efficiently [19, 20]. In
the plasma oxidation of NO, the oxidation with plasma produced oxygen species is sufficiently
fast but the back-reaction of NO, to NO caused by O radicals starts to limit the oxidation effi-
ciency [21, 22]. In this case the catalyst allows to suppress the gas-phase back-reaction and
improve the efficiency due to additional reactions between NO and oxygen species adsorbed
on catalyst surface [22-24].

Despite the successful use of catalyst in the plasma oxidation, it is not clear whether the
catalyst could improve also the NO reduction process in nitrogen plasma and what could
be the main activation mechanism in such case. It is well established that the NO removal
in nitrogen plasma is caused by NO reduction with N radicals according to the reaction
NO+N—-N,+0 [5, 25-30]. In fact, this reaction can be used to probe the N radical produc-
tion of the discharge [27, 31]. However, the role of other reaction pathways, as well as the
functional dependence between NO reduction and specific plasma input energy, SIE, is not
clear. The reduction reaction by N radicals is fast and proceeds within the time-scale of mil-
liseconds. There is also no back-reaction which could decrease the efficiency of NO reduction.
When other fast reactions with N radicals are not competing with NO reduction reaction, the
removal should be linear function of SIE and the reduction efficiency would be limited by the
efficiency of N radical production [32]. However, the reduction of NO is not a linear function
of SIE [25, 26, 28, 31]. In several studies [28, 31], the NO reduction was fitted by exponential
function which suggest that N radicals are scavenged by other reactions [32, 33]. In this case,
the catalyst could improve the NO reduction when the nitrogen radicals activate the catalyst
surface and the reduction rate is higher on the catalyst surface. Alternatively, the nonlinear SIE
dependence of the removal of NO in nitrogen plasma may be caused by other reasons than the
N radical scavenging and in such case the presence of catalyst could not affect the reduction
process. Nonetheless, it could still be possible to improve the NO reduction in nitrogen plasma
by activating the catalyst surface by other nitrogen species e.g. excited vibrational and elec-
tronic states of nitrogen.

Present study was carried out to investigate the effect of TiO, catalyst on the NO removal
in nitrogen plasma. First part of the studies investigated the removal mechanism of NO in the
nitrogen plasma to clarify the efficiency of NO reduction by N radicals. These experiments
were carried out at various NO inlet concentrations and catalyst temperatures. A model was
proposed to numerically fit the NO removal and calculate the N radical production of the dis-
charge. Second part of the study investigated the effect of TiO, catalyst in the removal of NO
by nitrogen plasma and discussed the possible processes taking place on the catalyst surface.
TiO, was used as catalyst because it has been shown earlier that it is activated by plasma pro-
duced oxygen species.
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Experimental Setup

The mixtures of NO and N, were prepared by Alicat Scientific flow controllers. The removal
of NO was carried out by dielectric barrier discharge reactor with coaxial configuration [22,
31]. A stainless-steel tube with 14 mm outer diameter was placed into the quartz tube with
16.3 mm inner diameter. A steel mesh was wrapped around the quartz tube as the second elec-
trode. The length of the active plasma zone was 85 mm. The high voltage was applied to the
inner stainless-steel tube. A signal generator was used to provide the sinusoidal voltage with
varying frequency (100-2500 Hz). The signal was amplified by Industrial Test Equipment Co
power amplifier and a transformer. The power deposited into the plasma was determined by
the method of Lissajous figures [34, 35]. The specific input power (SIE) was calculated by
dividing the deposited power with the flow rate. The breakdown voltage which was used to
calculate the average reduced electric field was also determined from the Lissajous figures. An
electrically heated oven was used to change the DBD reactor temperature which was meas-
ured by the Osensa Innovations fiber-optical sensor FTX-100-Gen. The effect of catalyst was
investigated by pressing the TiO, nanopowder (Degussa P25) on the inner steel tube of the
reactor. The mass of TiO, powder was 0.45 g.

The concentrations of NO and NO, were determined by the optical absorption spectros-
copy in the UV range. The gas from the outlet of DBD reactor was directed through an absorp-
tion cell with 20 cm length having fused quartz windows. The Hamamatsu L2D2 deuterium
lamp was used as the UV source and Ocean Optics USB4000 spectrometer was used to collect
the absorption spectra. The methodology for the determination of NO and NO, concentrations
from the absorption spectra has been described in our earlier studies [24, 36].

Results and Discussion
NO Reduction Without Catalyst

Figure 1 shows the experimentally determined concentrations of NO and NO, as a function
of SIE at various inlet NO concentrations at room temperature. The concentration of NO
decreased monotonically with increasing SIE until practically all NO was removed. The SIE
values where total NO removal was achieved increased together with the inlet NO concentra-
tion. The removal of NO was accompanied with the appearance of NO, at low SIE values.
The NO, concentration reached maximum values at SIE values where nearly half of NO was
removed and started to decrease until diminishing at SIE values where all NO was removed.
Figure 2 shows the concentrations of NO and NO, as a function of SIE at various tempera-
tures. The removal of NO at increasing SIE practically coincided at all investigated tempera-
tures. The production of NO, was also similar in the whole temperature range.

Model Describing the NO Reduction

The experimental results can be explained by a model which considers the following
reactions:

NO+N—->N, +0 (D)
3.1x 107! cm?/s (20 °C and 140 °C) [37]
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Fig. 1 The effect of inlet NO
concentration on the outlet
concentrations of NO and NO,
as a function of specific input
energy at room temperature.

The concentrations obtained by
numerical calculations are shown
by solid lines (Color figure
online)

Fig.2 The effect of temperature
on the concentrations of NO and
NO, as a function of specific
input energy. NO concentration is
shown by filled circles and NO,
concentration by empty circles.
The lines show the calculation
results at 20 °C and 140 °C
(Color figure online)

@ Springer

[NO] (ppm)

[NO,] (ppm)

[NO] and [NO,] (ppm)

900

800

700

600

500

400

300

200

100

100

80

450

400

350

300

250

200

150

100

50

L L
100 200 300 400 500

Specific Input Energy (J/L)

°
0 100 200 300 400 500
Specific Input Energy (J/L)
®20C
® 60C
100C
140C
o
0 50 100 150 200 250

Specific Input Energy (J/L)



Plasma Chemistry and Plasma Processing (2019) 39:1191-1202 1195

NO+ 0+ M = NO, + M )
7.5% 10732 cm®s (20 °C) 6x 10732 cm®/s (140 °C) [38]

NO, + O —- NO + O, 3)
1.1x 107" em?s (20 °C) 8 x 10732 cm?/s (140 °C) [39]

NO, + 0O+ M - NO; + M 4)

1.3x 1073 em?s (20 °C) 8.1x 1073 cm?/s (140 °C) [40]

NO, + O - NO, + 0, (5)
1.7x 107" cm?/s (20 °C and 140 °C) [41]

NO, + N - N,0 + O (6)

1.2x 107" ecm¥/s (20 °C and 140 °C) [42].

According to earlier studies [5, 43], the removal of NO in N, is caused by the reduc-
tion with N radicals through the reduction reaction (1) whereas O radicals produced in this
reaction oxidize NO by reaction (2). The O radicals also reduce part of the produced NO,
back to NO by the reaction (3). The results are influenced also by NO, oxidation to NO,
and NO; reduction to NO, by O radicals which is taken into account by reactions (4) and
(5). Furthermore, considerable amount of NO, is converted to N,O by reaction (6).

The effect of these reactions was analysed by solving a set of linear differential equa-
tions based on the reactions (1)—(6). The model additionally assumes that N radicals are pro-
duced uniformly along the discharge tube length with the efficiency Gy. Reasonably good fit
with the experimental results was obtained by assuming Gy value 2 ppm/(J/L) as shown on
Figs. 1 and 2. The results are insensitive to the variation of the reaction rate coefficient (1)
due to its high value. The reaction rate coefficients (2) and (3) influence mostly the amount
of produced NO,. It was possible to get similar result as shown on Figs. 1 and 2 when using
20% lower reaction rate coefficient for reaction (2) and omitting reactions (4)—(6).

The effect of the reactions (1)—(3) on the outlet NO concentration as a function of SIE
is shown on Fig. 3. When considering only the reduction with N radicals by reaction (1),
the NO removal would be linear function of SIE with the assumption that N radical produc-
tion along the reactor is proportional to SIE. This reaction is sufficiently fast and consumes
practically all N radicals as long as there is still NO available in the gas. It is noteworthy
that without NO, the formation of N, from N radicals would be the main loss channel for
N radicals, but its importance diminishes in the presence of NO. At these conditions, the
slope of NO concentration as a function of SIE would correspond to the N radical pro-
duction efficiency Gy. However, the produced O radicals also quickly react with NO by
reaction (2) resulting in oxidative channel of NO removal. Without the presence of back-
reaction (3), the removal efficiency of NO would be two times higher than the production
efficiency of N radicals as shown by black line (1)—(2) in Fig. 3. The presence of the back-
reaction (3) reduces some of the NO, back to NO resulting in the loss of O radicals. Conse-
quently, the NO removal deviates from the straight line marked as (1)—(2) on Fig. 4 and at
higher SIE values the NO removal approaches the line corresponding to reaction (1). The
efficiency Gy can be roughly estimated by dividing the inlet NO concentration with the
SIE value where NO diminishes to zero. In the present study, this value was approximately
2 ppm/(J/L) which was same as used in the numerical calculations. This value corresponds
to approximately 0.8 N atoms per 100 eV which is somewhat larger than the value 0.6 N
atoms per 100 eV obtained in our previous study by using the exponential fit [31]. Same
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Fig.3 Calculated NO removal
and NO, production when con-
sidering only the most important
reactions (Color figure online)

Fig.4 The effect of temperature
on a the breakdown voltage and
b average reduced electric field
in the discharge gap. The tem-
perature is also shown in K for
comparison (Color figure online)
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procedure can be used to compare our results with the results of other studies [5, 25, 44].
The Gy value obtained from these studies was between 0.7 and 2.4 ppm/(J/L) which is
comparable with the value obtained in present study. The highest outlet concentration of
NO, was also comparable with the concentrations obtained in the present study.

An important outcome of the analysis with reactions (1)—(3) is the finding that the
sum of NO and NO, (dashed blue line) coincides with NO concentration without oxida-
tive reactions (black line). The inclusion of reactions (4)—(6) results in small deviation
from the line (shown by dashed blue line) but the deviation remains in the uncertainty
of NO concentration measurements. The slope of outlet NO, (NO+NO,) concentration
[NO,],,=I[NOJ;, — G\-SIE gives another possibility to obtain the Gy and the value deter-

mined from the experiment was again 2 ppm/(J/L).

The Effect of Average Reduced Electric Field on N Radical Production Efficiency

The estimated N radical production efficiencies were practically independent from the tem-
perature within the uncertainty of the measurements. In barrier discharges, the production
of N radicals is a monotonically increasing function of the reduced electric field [9, 43]
which is the ratio of electric field and the gas number density. The gas number density
decreases with the gas temperature and this should result in the increase of reduced electric
field unless the electric field adjusts to lower values.

The average electric field in the discharge gap can be calculated by dividing the break-
down voltage V,, with the discharge gap length d. The breakdown voltage could be obtained
from Lissajous figures. Our results showed that the average electric field decreased with
the increasing temperature but didn’t counterbalance the effect of temperature on reduced
electric field as shown by Fig. 4.

The growth of reduced electric field should result in the increased radical production
efficiency, which was not found by experiments. The discrepancy can be explained by
dominant production of N radicals in the streamed head where the electric field is consider-
ably higher than the field in the channel [10, 45]. The efficiency of N radical production at
SIE values between 100 and 120 J/L should be approximately 0.1 N atoms/100 eV [9, 43]
while the experimental efficiency was 0.8 atoms/100 eV. This experimentally found effi-
ciency corresponds to the reduced electric field value of ~300 Td which shows the strong
contribution of the N radical production in streamer head. The electric field in the streamer
head may not follow the average electric field of the discharge gap.

The Effect of Catalyst

The analysis of the NO removal in nitrogen plasma demonstrated that the produced N radi-
cals are efficiently used for NO reduction and the presence of catalyst should not improve
the reduction by N radicals. Figure 5 shows the effect of catalyst on the removal of NO.
The total NO removal was achieved at similar S/E values as without catalyst while at lower
SIE values the NO removal was increased in the presence of catalyst. The outlet NO, con-
centrations on the other hand were comparable with the concentrations obtained without
TiO, catalyst.

Similar SIE values required for the total removal of NO with and without the catalyst
show that the reduction by N radicals is not improved by the catalyst. This result complies
with the numerical calculations which demonstrated that the NO reduction reaction is the
main loss channel of N radicals. Furthermore, these results also demonstrate the absence of
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Fig.5 Stable outlet concentra- 450
tions of NO and NO, as a func- 400
tion of SIE with and without the
catalyst. Filled‘symbols denote ’E 350
NO concentration and empty g ¢
symbols NO, concentration. —~ 300 o
Lines show the results of cal- O'_N
culations. Solid blue lines show Z, 250
the calculations results where ;‘ 200
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the reaction rate coefficient for 50
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other major channels for NO reduction, e.g. the reduction by excited N, molecules on the
catalyst surface. These reactions, when proceeding independently from NO reduction by N
radicals, would decrease the SIE values where total NO removal is achieved.

Another possible explanation for the increased NO removal in the presence of catalyst
could be the enhancement of NO, production by reaction (2) in comparison of the back-
reaction (3). This effect of catalyst was observed in our earlier studies of NO removal in
oxygen containing plasma [23]. It was proposed that NO is then also oxidized by O radi-
cals adsorbed on the surface whereas the back-reaction does not proceed on the surface.
The calculated yellow lines on Fig. 6 were obtained by tenfold increase of the reaction
rate coefficient for reaction (2). Similar result could be obtained also by decreasing the
reaction rate coefficient for reaction (3). According to the calculations, the NO, concen-
tration should correspondingly increase as shown by yellow dotted line. In experiments
however, the NO, concentration remained practically same. It is possible that this missing
NO, is converted to N,O or reduced to N, by surface reactions with excited N, molecules.
The reduction of surface adsorbed nitrogen oxides by nitrogen plasma has been observed
recently in several studies [7]. However, there is need for additional studies with specific
nitrogen sources to clarify this possibility.
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Fig.6 Time-dependent changes 1000
of outlet NO and NO, concentra- i i
tion at 800 ppm inlet NO concen- NO+NO,
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Another explanation for the differences in NO removal and NO, production in the pres-
ence of catalyst could be the adsorption of NO and NO, on the surface. This effect was also
observed in the NO oxidation in oxygen containing plasma [23]. Indeed, time-dependent
changes occurred in the outlet concentrations as shown on Fig. 6. These changes can be con-
nected with adsorption and desorption effects of nitrogen oxides [23, 46]. It should be noted
that these adsorption and desorption effects were less pronounced at 400 ppm when compared
to 800 ppm. The outlet concentrations stabilized during the first minutes of plasma treatment
when the adsorption and desorption of nitrogen species reached equilibrium. The results in
Fig. 5 are shown for these stable concentrations and therefore, the missing amount of NO and
NO, can’t be explained by adsorption.

The time-dependent changes of NO, concentrations during the removal of NO by nitrogen
plasma in the presence of TiO, were similar with the results obtained during the removal of
NO by oxygen containing plasma [23]. At the beginning of plasma treatment, both NO and
NO, concentrations decreased below the value which was reached after several minutes of
plasma treatment. At the end of plasma treatment, the NO, concentration decreased slowly at
low SIE values whereas at high SIE values the concentration of NO, even increased abruptly
and then started to decrease. The outlet NO concentration remained below the inlet value
until NO, concentration diminished. The results indicate that during the plasma treatment NO
reacts with oxygen species on the TiO, surface and part of the NO, also adsorbs on the TiO,
surface [23]. After the end of the plasma treatment, the NO reacts with the nitrogen oxides
adsorbed in the form of NO;™ and produces gas phase NO, [23, 46]. The amount of adsorbed
and desorbed NO, species increased with the SIE values. The desorption of NO, at the end of
the plasma treatment was observable even at high SIE values where NO and NO, concentra-
tions decreased to zero and the amount of desorbed NO, had the highest values. This suggests
that O radicals produced by reaction (1) adsorbed on the surface and reacted with NO produc-
ing stable NO;™ on the surface.
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Summary and Conclusions

Present study investigated the NO reduction by nitrogen plasma and the possible role of
catalyst in this process. It was found that in the gas phase the reduction of NO by N radi-
cals by reaction NO+N—N,+O is sufficiently fast to prevent the losses of radicals by
other reactions. This means that the NO reduction efficiency in nitrogen plasma is limited
by the production efficiency of N radicals. The oxidation of NO by O radicals formed in
the reduction reaction is important in the S/E range where O radicals and unreacted NO are
simultaneously present. Based on the analysis of the experimental and calculated results,
two simple methods for the estimation of the production efficiency of N radicals of the
nitrogen plasma were proposed.

According to present study, the use of exponential fit for NO reduction as a function
of SIE is not justified in nitrogen plasma when all reactions take place in gas phase. The
deviation from linear dependence comes due to the aforementioned oxidation of some
unreacted NO to NO,. The exponential removal is still possible at conditions where the N
radical recombination on the surface becomes the dominant scavenger of N radicals. This
situation could be most likely encountered in the case of surface barrier discharges where
the plasma channels form only near the surface. It should result in the decreased efficiency
of NO reduction and apparent decrease of N radical production.

The catalyst can’t improve the NO reduction by N radicals because this reaction
is sufficiently efficient. The experiments also pointed out the unlikeliness of NO reduc-
tion by other excited nitrogen species on the TiO, surface. Nonetheless, it is possible that
these processes proceed more efficiently on the surfaces of other catalyst materials. The
improved NO removal in the S/E range where NO, forms is most likely caused by surface
reactions with NO, which is either reduced or converted to N,O.
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