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Plasma-assisted nitrogen fixation is a promising sustainable and clean alternative to the classical Haber—
Bosch process. However, the high energy consumption and low production rate of plasma-assisted
nitrogen fixation limit its application. This study shows that the non-thermal (non-equilibrium)
enhancement of the arc plasma significantly reduces the energy consumption of nitrogen fixation. The
highest energy efficiency with high NO selectivity is observed with a low specific energy input (SEI).
However, the highest production rate is reached at a high SEI. The studied process offers high NO
selectivity (up to 95%) with low energy consumption (~48 GJ per tN) at 0.1 kJ L™ SEI, which is much
lower than the previously reported value of plasma-assisted atmospheric nitrogen fixation and is close to
that of the Haber—Bosch process.

Introduction

Satisfying global energy needs in a fossil fuel-free and sustain-
able way is one of the most significant challenges of our times.
Although fossil fuel-based energy is still an efficient, cheap, and
reliable power source for the chemical industry, the use of
renewable energy to convert base molecules (e.g., H,O, CO,, N,,
and O,) into value-added compounds (e.g., H,, CO, NH;3, and
NO) has attracted considerable interest.'

Nitrogen is an essential element for living beings. The
chemical nitrogen fixation process is one of the major chemical
processes sustaining the global population.*® Since its inven-
tion in the early 1900s, the Haber-Bosch process has been used
to convert N, from air into 500 million tons of ammonia,
nourishing billions of people annually by consuming about 1-
2% of the world's total energy and causing air pollution and
greenhouse gas emissions.*®

The contribution of the Haber-Bosch process to global
warming motivated the scientific community to find a more
sustainable path for N, fixation (NF).*** The development of the
Birkeland-Eyde process in 1903 was one of the earliest attempts
of plasma-based NF; in this process, 1% of the nitric oxide is
produced by a high-temperature arc discharge.”** Subse-
quently, various types of thermal and non-thermal plasma
treatments have been developed for NO,. The produced NO can
either be use to produced nitrate (NO;~) in water well-known
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liquid fertilizer or it can be used for green ammonia produc-
tion by catalytic NO reduction in hydrogen, by providing addi-
tional hydrogen.™***® Recently, the non-thermal plasma
treatment has attracted more attention because its theoretical
energy efficiency is comparable to that of the Haber-Bosch
process.’ Various non-thermal plasma discharge sources have
been proposed for NO, production, including dielectric barrier
discharge, glows, sparks, and arcs; however, these sources
generally have low rate of NO, production along with low
selectivity and high energy consumption.”?** On the other
hand, microwave plasma at a reduced pressure can produce NO
with low energy consumption of ~30 GJ per tN for NF and N,
conversion of 14%.>* However, this energy consumption value
accounts only for the discharge power used in the reactor.
Vacuum equipment is required to induce microwave discharge
at low-pressure, which causes additional costs and lowers the
applicability of this technique to industrial processes.

The atmospheric pressure gliding arc (GA) discharge, which
is typically considered as a “warm” discharge, is an attractive
and promising technique owing to its ability to control the
degree of non-equilibrium characteristics. The production of
NO, with atmospheric pressure GA discharge has been reported
in several previous works. Patil et al*** reported 1% NO,
production with energy consumption of 103 GJ per tN using
a milli-scale GA reactor operated under atmospheric pressure.
In a follow-up study, they improved the NO, concentration to
1.4% by using the same milli-scale GA reactor powered by
a pulsed power supply; however, the NO selectivity was not
improved significantly (~80%). Wang et al* studied the
chemical kinetics of NO, production using a pulsed power GA
discharge. They proposed that the N, vibrational excitation
contributes significantly to NO formation reactions. They
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reported an overall NO, yield of approximately 1%. Pei et al.””**
compared the energy consumptions and NO, yields of dielectric
barrier, glow, propeller arc, and spark discharge sources. They
reported energy consumptions of 200, 138, and 253 GJ per tN for
pin-to-pin DC glow discharge, spark discharge, and arc
discharge, respectively, with less than 0.5% NO, yield and low
selectivity, whereas the theoretical energy consumption for NO,
calculated from the excited states of O and N from non-thermal
electron impact is approximately 20 GJ per tN.’

In this study, we produce NO, using rotating GA (RGA)
discharge at high air flow rate, which helps reduce the residence
time of active species in the discharge area, thus avoiding the
undesirable oxidation of NO to NO, and enhancing the NO
selectivity. Our novel arc reactor has a nozzle structure that can
focus the arcs into a small volume to increase the energy applied
for gas conversion while decreasing the thermal loss.”*** In
addition, RGA plasma reactor is modelled by means of a fluid
plasma description. The gas flow pattern and gas temperature
distribution in reactor are analyzed. We propose solutions to
enhance the non-thermal characteristics of the arc plasma,
which can significantly reduce the energy consumption and
increase the NO selectivity. The commercialization feasibility of
this technology is evaluated and compared with that of previous
plasma techniques and the classical Haber-Bosch synthesis.

Experimental
Experimental setup

The main components of the experimental setup are an RGA
reactor and an AC power supply. Fig. 1 shows the rotating
gliding arc (RGA) plasma reactor adopted in this study. High
pressure house air at various flow rates from 20 to 170 L min ™"
controlled by a mass flow controller was fed tangentially into
the reactor through two holes at the bottom of the cylindrical
ground to provide a swirling flow to rotate the arc. At
a controlled condition, the arc can be anchored at the nozzle
exit without further elongation into the narrow tube. The
anchoring and heat transfer of the arc produces jet stream with
high temperature and chemically active condition. The arc
discharge was driven by an AC power source Dawonsys (ARC-
10K/1601-01) with a high-voltage transformer that could
supply up to 12 kV and current up to 6 A at a frequency of 20
kHz. A Tektronix P6015A high-voltage probe (1000:1) and
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a Tektronix TCP303 current probe were employed to measure
the voltage and current, respectively. The electrical signals were
monitored using a four-channel PC oscilloscope (Tektronix
TDS5054B). The sampling rate of the voltage and current was 2
million samples per second (or 2 MHz), which was sufficiently
high to perform direct integration with an AC frequency of 20
kHz. Further details about the influence of the air flow rate on
the voltage-current signal for the rotating arc reactor are
provided in the ESI (Fig. S11).

Experiments were conducted under atmospheric pressure
using different input powers between 200 and 2000 W and air
flow rates between 20 and 170 L min'. Fourier transform
infrared spectroscopy (Tensor 27) was performed for real-time
product analysis, and the results were verified by using
a commercially available emission monitoring system (MRU Air
Fair) based on infrared and electrochemical sensors (ESI;
Fig. S21). A thermocouple was placed 200 mm downstream from
the nozzle to measure the downstream gas temperature. The
reactor temperature was measured by infrared (IR) thermal
camera (NEC TH9100) and the thermal images were analyzed by
ThermoNote software to determine the temperature profile of
the reactor. Although the gas and reactor temperatures did not
exactly reflect the temperature inside the reaction chamber
owing to non-uniform temperature distribution inside the
reactor, the thermocouple and IR image measurements could
be used as a relative qualitative comparison of the thermal
environment inside the reactor under different experimental
conditions. The optical emission spectrum from the arc
discharge was recorded using a multichannel spectrometer
(Ocean Optics, Maya 2000 Pro) with a measurement range of
200-1000 nm and resolution 0.5 nm. The RGA reactor modeled
based on the exact design, used experimentally, by using finite
element based code COMSOL® Multiphysics (COMSOL®, Inc.,
Burlington, MA).

Performance assessment

Performance of the RGA reactor induced NF reaction was
assessed by reviewing the total NO, production, NO selectivity,
and energy consumption analyses. Here, the discharge power,
Pgis, specific energy input (SEI), energy consumption (in GJ per
tN), Eno, and NO selectivity were respectively defined as
follows:

200 mm T.C

$®? mm D34 mm

Outlet mm—

250 mm

Arc
length 16 mm
The nozzle

l

Sampling

Fig. 1 Schematic of the experimental setup using the proposed rotating arc with a nozzle.
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SEI (k] L) = Discharge power (W) x 60/1000 @)
B Air flow rate (L min™) '

Eno, (GJ per tN) =

P is _
0 ais 60 %1072, (3)
—= — x Cno. m) x 107° x 14 mol™
24 1 mol ! No, (ppm) (g )
Selectivityno (%) = — N0 % 100 )
NO Total CNO\. ’

where the voltage (V) and current (J) are in phase; Cyo_ is the
concentration of NO, in ppm; the molar volume of an ideal gas
is 24 L mol ', and the molar mass of a N atom is 14 g mol *. The
factor of 10 arises from the conversion of J g~* to GJ per tN.

Results and discussion

The specific energy input (SEI), defined as the electrical power
per unit of reactant volume, is the main parameter for the
determination of the bulk gas temperature in the reactor
chamber and the control of the non-thermal characteristics of
the arc discharge. For example, an increase in the air flow rate at
a given electrical power results in faster cooling of the arc
column by the airflow; this, in turn, results in a lower arc
temperature and thus, a larger difference between the temper-
ature of the electrons and the gas, which enhances the non-
equilibrium (non-thermal) state. Meanwhile, the change in
the arc length, defined as the distance from the high-voltage
electrode tip to the nozzle, changes the reaction time. The
time of contact between the gas and arc volume is longer for
a longer arc length, resulting in longer reaction time. The
elongation of the arc also results in higher efficiency of
conversion from electrical power to heat or it can provide more
heat for the reactant gas for the same SEI basis.>**

The reactor with nozzle structure produces reactive arc jet
stream down of the nozzle exit with arc inside anchored at the
nozzle exit and depending on the SEI and flow rate, the length of
the plasma jet is controlled resulting in different effective
reaction volume. The reaction volume is defined by the volume
covered by arcs and jet area, as the average temperature of the
bulk reactant in the jet area can be few thousands of Kelvin,
which is sufficient for O, and N, dissociation. The control on
reaction volume by tuning jet area has its significance as most
follow up reactions that involve formation and destruction of
NO and NO, occur in the jet area due to its gradually shrinking
temperature from thousands of Kelvin to room temperature.

Effects of arc length

Fig. 2 shows the total NO, production and NO selectivity as
a function of the flow rate and SEI. The figure reveals that the
total NO, production is higher with a longer arc length (25 mm)
at a lower air flow rate or higher SEI. For example, the total NO,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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production is 1.1%, 0.98%, and 0.90% at SEI of 1.2 kJ L™ with
an arc length of 25, 15, and 5 mm, respectively. The higher NO,
production with a longer arc length might be related to the
change in reaction time scale or residence time of air in the
reaction volume of the reactor because with longer arc length
most of the gas that flows through reactor also experience arc
discharge. The effect of the arc length on the NO, production is
reduced as the flow rate increases at the same power (lowering
SEI), or the gas flow rate can change the residence time of active
species in the arc discharge. The decrease in the difference in
NO, production between different arc lengths at a higher gas
flow rate and lower SEI indicates that the effect of the electrode
length decreases because the difference in the residence time
decreases. A similar phenomenon can be observed in the NO
selectivity (Fig. 2b). At 20 L min " (1.2 kJ L' SEI), the NO
selectivity is 74%, 79%, and 88% for an arc length of 25, 15, and 5
mm, respectively. The decline in the NO selectivity at lower flow
rates shows that the NO, production process is followed by NO
oxidation owing to the higher plasma jet lengths (or longer species
residence time in the arc and jet). Further discussion on the arc
and jet lengths and controllability of the reaction time and average
gas temperature are presented in a subsequent section (gas and
reactor temperature). The NO selectivity increases with the
increase in the flow rate or decrease in SEI; at the air flow of 100
L min ', the NO selectivity is 95%, 93%, and 90% for the arc
lengths of 25, 15, and 5 mm, respectively. A similar decrease in the
NO selectivity with different discharge lengths was observed in
a previously reported air glow discharge.”” The 14% difference in
NO selectivity at arc lengths of 25 and 5 mm at low flow rates
decreased to 4% at an air flow rate of 100 L min~" (0.24 kJ L™ SEI)
as the role of high flow rate to reduce residence time of active
species is more significant as compared to that of arc length.

NO, concentration and energy cost

Fig. 3 depicts the effect of the electrical power on the NO,
production, energy consumption, and selectivity. It can be seen
that the increase in electrical energy increases the NO,
production; at an SEI of 2.7 kJ L™, 1.3% NO, production is
achieved (Fig. 3a), and this production can be further increased
by increasing the SEI (Fig. S31). The high NO, concentration at
high electrical power with a low flow rate (high SEI) can be
attributed to the extended plasma jet due to the high gas
temperature and high residence time. A previous study showed
that the thermal plasma is related to a high SEI, corresponding
to either high electrical power or a low flow rate.* The highest
NO, yield consumed more than 300 GJ per tN of energy. The
increase in the NO, production is always accompanied by high
energy consumption; hence, a trade-off exists between the NO,
concentration and energy cost in the plasma NF. The higher
NO, production with higher energy consumption demonstrates
that most of the electrical energy is spent on heating the gas or
the electrodes (Fig. 4 and 5). Therefore, the NO, production is
high due to the combined contribution of thermal oxidation
and plasma chemistry. The NO formed during air discharge is
quickly oxidized to NO, owing to the large reaction volume
which lowers the NO selectivity at high SEI (Fig. 3c). However,
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01357b

Open Access Article. Published on 01 April 2021. Downloaded on 6/25/2026 8:23:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Fig. 2

View Article Online

Paper
SEI (kJ/L) SEI (kJ/L)
1.2 . 04 0.2 1.2 0.6 04 0.2
1.2 @ T T T T T 100 ®) v T T v T
a —&—35mm
1.0 —e—dsmm| /é"" : 2———-.
—a&— 55mm 1 { —  —

08 - /
A £ 804
x 2 —a— 35mm

0.6+
g g 70 —e—45mm
= 0.4 § ] b 55mm
s ©
Ll ]

024 60 4

0.0 T T v v T 50 v T v v T

20 40 60 . 80 100 20 40 60 80 100
Flow rate (L/min) Flow rate (L/min)
(c) —=—35mm —e—45mm —a— 55mm
i —— — —— ——
v Smm
8!
. oL 1

(a) Total NO, production and (b) NO selectivity as a function of air flow rate and specific energy input for various electrodes lengths; (c)

schematics of the experimental set up with different electrode lengths.

the NO selectivity is still higher than the NO, selectivity owing to
the dissociation of NO, into NO and O at highly thermal
conditions. The detailed analysis, of NO, formation and loss
reactions is presented in the ESL.{

Fig.3
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The continuous and smooth decrease in the energy
consumption with the decrease in SEI indicates the enhance-
ment in the non-thermal plasma. The control of the degree of
non-equilibrium of non-thermal plasma is more effective
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because the RGA involves properties of both phases.* Generally,
a strong thermal arc is required for higher production, and
a non-thermal arc is required for higher selectivity and energy
efficiency of the plasma chemistry reaction. Depending on the
required chemical processes, the non-equilibrium degree can
be tuned.

The decrease in the electrical power and the increase in the
flow rate (decrease in SEI) decreases the production of NO,
(both NO and NO,). However, the decrease in NO, production is
higher than that of NO production owing to the lower reaction
volume and gas temperature at higher flow rates, which
prevents further oxidation of NO, resulting in a high NO selec-
tivity (~95%), as shown in Fig. 3c. The higher flow rate with
lower electrical power (lower SEI) enhances the degree of non-
equilibrium in the plasma process, i.e., the temperature of the
electrons is higher than that of the ions and neutral gas. As
previously shown that vibrational excitation of N, molecules has
a great influence on plasma chemistry of gliding arc that facil-
itates the splitting of strong N, triple bond and promotes NO,
formation.>***** When the gas temperature is high at high SEI
the rate of vibrational-translational (VT) relaxation increases,

(a) Front IR view (b) Side IR view

20 L/min

80 L/min

150 L/min

Fig. 5
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(a) Gas temperature as a function of the air flow rate, and (b) heat loss to the high-voltage electrode as a function of SEI.

hence depopulating the vibrational levels. However, the fast
cooling at low SEI (high gas flow, low power) prevents these VT
relaxation processes from taking place and hence relatively long
lifetime of the vibrationally excited molecules promotes NO,
formation. Consequently, at low SEI, due to the combined low
thermal loss and vibrationally-promoted Zeldovich mecha-
nisms in non-thermal plasma resulting in the energy
consumption of ~48 GJ per tN for NF, which is comparable to
that of the classical Haber-Bosch process (~30 GJ per tN) and
significantly lower than for thermal plasma NO, formation.
However, the NO, yield is only ~0.3%. The high energy effi-
ciency at lower SEI is due to the low-thermal plasma effect.”®

Gas and reactor temperature

The concept of non-thermal enhancement was verified by
checking the bulk gas temperature and the heat loss of the
electrodes, which is one of the key factors that decrease the
energy efficiency during the arc discharge (Fig. 4). The heat loss
from the electrodes is calculated by our previously reported
method, which shows that the heat loss due to the high voltage
and ground electrodes are approximately the same. In this

(c) Visible side view and its schematics

Infrared (a) front and (b) side views, (c) visible images and schematic diagrams showing enhanced non-thermal characteristics of plasma.
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study, we only computed the heat loss of the high-voltage
electrode, which is roughly the same as the heat loss of the
ground electrode.®® Fig. 4a shows that, at a low flow rate and
high power condition (high SEI), the temperature of the bulk
gas is very high (~800 °C) at 200 mm downstream from the arc,
indicating the thermal character of arc plasma; the heat loss to
the high-voltage electrode was about 200 J s~ ' (Fig. 4b). The
constant drop in the gas temperature and heat loss as the flow
rate increases with low power (lowering SEI) indicates the
enhancement on the degree of non-equilibrium characteristic
of plasma. The gas temperature in the jet discharge area also
shows a similar trend (optical emission spectroscopic diag-
nostics Fig. 6 and 7).

The decrease in electrical power and increase in flow rate
(lowering SEI) caused the downstream gas temperature to drop
to about 100 °C, which ensured a low energy consumption due
to the reduced heat loss, as confirmed by the infrared images
(Fig. 5a and b). The infrared images at 920 W power and 20, 80,
and 150 L min~* flow rates show that with a low flow rate, the
heat loss to the reactor is high, as indicated by the red (hot) area
in the reactor surface, and as the flow rate increases, the heat
loss to reactor decreases, as indicated by the blue (cold) area in
the reactor surface. The decline in reactor walls temperature
and heat loses due to high flow rate was verified by gas flow
modeling of novel rotating gliding arc reactor (Fig. 8). The gas flow
rate also has a significant influence on the plasma jet length.
When the air flow rate is 20 L min~?, the interaction between the
plasma jet and the external air is weak, and the jet area is large
(~35 mm? area), as shown in Fig. 5c. When the air flow rate is 150
L min~", the plasma jet flow becomes more turbulent; then, the
interaction with the outside air becomes stronger, resulting in
a smaller jet area (~8 mm?), which helps to stop the reaction,
quickly quenching the possible oxidation of NO and decreasing
the thermal loss. The lower jet volume caused by the increased
flow rate is further verified using optical emission spectroscopy
(OES) and gas temperature distribution in the simulated reactor at
various flow rates (Fig. 6, 7, and ESI Fig. S57).
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Plasma diagnostics by optical emission spectroscopy (OES)

The air discharge optical emission spectra were recorded for the
characterization of the plasma species and measurement of the
temperatures. The light emitted by the air discharge was
collected at three different locations via an optical fiber, as
shown in Fig. 6. The presence of NO-y and N,(C-B) emission
lines in the jet area (Fig. 6a and b) indicates that the plasma jet
is effective in producing the NO, species. The high emission
lines from plasma jet at low SEI (low flow) indicate high reaction
volumes that result in low selectivity of NO, as NO, production
process is followed by NO oxidation owing to the higher plasma
jet lengths. The reduction in the jet volume at low SEI (high flow
rate) as reflected in the continuously decreasing emission lines
resulted in high NO selectivity and high energy efficiency due to
less residence time and heat loss respectively. Further, the fast
cooling at low jet volume also promotes vibrational excitation as
explained in previous section. The increase in the air flow rate
reduced the length and trailing volume of the plasma jet. The
optical emission spectra obtained from the arc area are
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Fig. 6 Optical emission spectra of (a) plasma jet close to reactor nozzle, (b) 10 mm from reactor nozzle, and (c) arc discharge at 200 mm

distance, as shown in (d).
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Fig.8 Streamline plot of the air flow pattern, for inlet gas flow rates of (a) 20 L min™, (b) 60 L min™* (c) 100 L min~tand (d) 160 L min~ The colour
scale at the right indicates the gas velocities in m s~ and applies to all air flows from (a) to (d).

significantly different when compared with those from the jet
area, as shown in Fig. 6c. The emission spectra in the arc
regions show the high intensity of NO-y at low flow rate. As the
flow rate increases, the NO-y intensity decreases, and the N,(C-
B) intensity surprisingly increases. The inverse relationship
between NO-y and N,(C-B) is attributed to the fact that the
spectrometer at point c (Fig. 6d) collects light from both the arc
and jet areas, and the decrease in the NO-y intensity indicates
areduction in the plasma jet volume whereas the increase in the
N,(C-B) intensity reflects the relatively increased emissions
from the arc area. These results support our assertion that the
reaction volume is large at low flow rates, resulting in high NO,
production with low selectivity. These results also verified by
fluid plasma description of reactor (Fig. 8 and 9).

The gas temperature was estimated by fitting the emission
spectra to the simulated spectral lines of the N,(C-B) emission
using SpecAir software.>*** The vibrational temperature does
not show significant variations in the arc and jet areas and
remains at ~6000 K. Fig. 7 only shows the variations in the
rotational temperature. Note that the gas temperature esti-
mated by curve fitting of the emission line shows the trend of
gas temperature versus flow rate and does not represent the
exact values, as the temperature in an arc plasma reactor is not
uniform. The arc column itself contains highly energetic elec-
trons of a few eV, which is most suitable for efficient vibrational
excitation.®” The gas temperature in the jet area, 10 mm away
from the reactor nozzle (at point b in Fig. 6d), continuously falls
as the flow rate increases. This result indicates a reduction in
the reaction volume as observed from IR and visible camera
measurements, which helps to stop reaction quickly, also

© 2021 The Author(s). Published by the Royal Society of Chemistry

quenching the possible oxidation of NO and decreasing the
thermal loss. The lower reaction volume and less thermal loss is
also verified modeling gas flow pattern and temperature
distribution in the reactor and these are in reasonable agree-
ment with the experimental findings (Fig. 8 and 9). The
observed gas temperature in the arc area does not change

x10°
2

Temperature chart (K)

(a) Reactor geometry 1.8

Artificial

heat source

(b) 60 L/min (d) 160 L/min

(c) 100 L/min

Fig. 9 Reactor geometry (a) with a cylindrical shape to act as a heat
source and gas temperature distribution in the reactor for air flow rate
of (b) 60 L min~* (c) 100 L min~* (d) 160 L min™™*.
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significantly owing to the emission contributions of the plasma
jet and arc.

Gas flow pattern and gas temperature distribution inside the
novel rotating gliding arc reactor

The gas velocity streamlines in the RGA reactor with a nozzle (as
used in experiments) were indicated in Fig. 8, calculated by
solving the Navier-Stokes equations for a Newtonian fluid. A
turbulent RANS model (k-epsilon) was used, based on the
commercial software COMSOL® Multiphysics (COMSOL®, Inc.,
Burlington, MA). There are two tangential gas inlets and gas
flow rate was specified according to the experimental condi-
tions. The outlet is defined as a zero-gradient outflow boundary
with no flux at the reactor wall and a no-slip condition.

The air inlet flow rate ranges from 10 to 160 L min~" in the
model. In Fig. 8, the gas velocity streamlines are plotted without
plasma for the four cases with 20, 60, 100 and 160 L min*
airflow in the 3D geometry. The velocity magnitude goes up to
200 m s ' inside the reactor, suggesting highly turbulent air
flow. The air flow coming from the two tangential inlets forms
a high-speed peripheral stream along the reactor walls. The two
tangential inlets in the reactor essentially act as a swirl gener-
ator. For lower air flow rate the velocity magnitude is similar
throughout the reactor that is around 20 m s~ * that causes high
heat loss to walls of reactors as it is also observed in Fig. 4 and 5.
As the air flow rate increases, the air velocity near the walls of
the reactor increases while the inner flow velocity remains
relatively constant, the flow velocity at the sidewall has its
maximum value that is ~200 m s~ for flow rate of 160 L min "
(Fig. 4d). The central part velocity is at a minimum, this low-
speed central air flow surrounded by high-speed flow not only
stabilizes the arc plasma in the center but also provides better
thermal insulation, which reduces heat loss as observed in
Fig. 4 and 5 (main manuscript). Therefore, with high air flow
rate, the outer strong swirl air flow can isolate the arc column
from the reactor more effectively to further reduce thermal loss
and prolongs the lifetime of the reactor. Nevertheless, in
general, the calculated results for heat loss show good agree-
ment with the experiments.

In Fig. 9a, an artificial heat source (cylindrical shape) that
simulates the arc discharge volume was applied to study the gas
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temperature inside the reactor at different gas inlet flow rates.
The artificial heat source was 2000 W, the convective heat loss to
the reactor wall was also included (A = 500 W m~> K™ '). The
spatial distribution of gas temperature for various gas flow rates
are shown in Fig. 9. As is evident with low flow rate, reaction
volume is high due to high temperate condition (Fig. 9b) and
heat loss to the reactor wall is also high as the gas temperature
near the sidewalls of the reactor is ~1400 K. The similar reactor
wall temperature behavior was also observed during IR imaging.
High reaction volume during low air flow rate causes further
oxidation of NO to form NO,, and high heat loss causes high
energy cost as it was observed during NO, production (Fig. 3). As
discussed in the previous paragraph at high flow rate most of the
mass transfer takes place from the walls to the center that
effectively insulates central heat from the sides, so plasma (high
temperature zone) itself can be confined within the inner flow,
which leads to a higher degree of ionization with low energy cost.
Fig. 9d shows gas temperature distribution at a high flow rate, the
reaction volume shrinks (high temperature zone) that prevents
further oxidation of NO, so we get high selectivity. In addition to
lower reaction volume, the cool gas near walls also provides
excellent thermal insulation to plasma (high temperature zone)
that prevents heat loss. Although it might not be completely
accurate because of model limitations, we can conclude, high
flow rate reaction volume is low and plasma can be well insulated
from the side walls. Thus, the walls are almost thermally isolated
from the plasma, protecting them from the high temperature
resulting in low energy consumption. The trends of the simulated
and experimental gas flow pattern and temperature distribution
are in excellent agreement.

Benchmarking of our results against results from other
studies

To benchmark our results against those reported in available
literature, we performed a comparison, as shown in Table 1. The
operating conditions (flow rate, SEI) and results for NO,
production (concentration, energy consumption, and selec-
tivity) are compared among the previous results and our work.
Our results yield the highest NO, concentration among all the
available gliding arc atmospheric plasma results. At the flow
rate of 20 L min~" and SEI of 2.7 k] L ™", we achieved the highest

Table 1 Overview of operating conditions (flow rate, power, SEI) and results of NO, production (concentration, energy consumption, and
selectivity) reported in literature and in our study with different plasma sources

NO, con. Energy cons.
Reactor type Flow rate (L min™") SEI (k] LY (%) (GJ per tN) Selectivity (%) Reference
RGA 20 2.721 1.8 497 60 This work
20 0.6 0.79 131 89 This work
170 0.636 0.74 148 90 This work
170 0.077 0.28 48 95 This work
Propeller arc 3 2.66 0.4 253 — 27
Shielded sliding discharge 1 0.1 1714 75 39
Gliding arc 2 1.4 0.9 286 — 26
Milli scale gliding arc 1 0.58 0.95 103 — 24 and 25
DBD with y-Al,O3 catalyst 1 0.0027 0.5 1286 70 20
Gliding arc plasmatron 10 2.74 1.5 257 93 34
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NO, concentration of 1.8% with energy consumption of 497 GJ
per tN. As the SEI was decreased to 0.6 k] L™ " by decreasing the
power, the energy consumption decreased to 131 GJ per tN.

At the air flow rate of 170 L min~* 0.74% NO, concentration
was obtained with energy consumption of 148 GJ per tN at 0.636
kJ L' SEL At this flow rate, the further decrease in SEI to 0.077
k] L' owing to the decrease in power resulted in the lowest
energy consumption value of 48 GJ per tN. The results of the
milli-scale gliding arc show a similar trend, i.e., for the same gas
volume and SEI. However, for this reactor, the energy
consumption was higher at 103 GJ per tN whereas that in our
work was ~48 GJ per tN. Our energy consumption is much
better than other reported set-ups mentioned in Table 1, but
worse than the low pressure MW plasmas, as working at low
pressure requires pumping, which requires additional cost and
makes it less viable for industrial applications, in addition, they
have not been reproduced since then.*® The generation of low-
cost NO using air plasma is very promising for sustainable
agriculture. The promising results obtained in the RGA on
a small scale are encouraging for further research to be per-
formed on reactor up-scaling.

Conclusions

This plasma-assisted nitrogen fixation demonstrated that the
increase in the degree of the non-equilibrium condition of the
RGA air plasma can replace the traditional Haber-Bosch
process in the near future. The energy consumption for
nitrogen fixation in our system is ~48 GJ per tN, and the
selectivity of NO is 95%, which is comparable to that of the
classical Haber-Bosch process (~30 GJ per tN). The very high
energy efficiency with a high flow rate (~170 L min~") of the
RGA indicates its superiority over other low-thermal plasmas. It
should be emphasized that this low energy consumption is
achieved at low SEI with very low NO, concentration. However,
further work is needed to get low energy consumption without
sacrificing the high conversion rate of N, by tuning RGA rectors
the reactor geometry so that more gas molecules experience arc
discharge. Therefore, we still have much room to lower the cost
with high NO, concentration by optimization of the discharge
condition for the possible replacement of the traditional
Haber-Bosch process.
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