Plasma Processes and Polymers

| RESEARCH ARTICLE CEEED

W) Check for updates

PLASMA PROCESSES
AND POLYMERS

Bubbling Water-Treating DBD Plasma Device
Optimization Using Experimental and Computational

Methods

Conner D. Robinson | Nicholas L. Sponsel | Katharina Stapelmann

Department of Nuclear Engineering, North Carolina State University, Raleigh, North Carolina, USA

Correspondence: Katharina Stapelmann (kstapel@ncsu.edu)

Received: 19 November 2024 | Revised: 7 January 2025 | Accepted: 23 January 2025

Keywords: dielectric barrier discharges (DBD) | modeling | non-thermal plasma (NTP) | plasma treated water (PTW)

ABSTRACT

A dry air atmospheric pressure volume dielectric barrier discharge is employed to fix nitrogen in water. Producing nitrate for
use as nitrogen fertilizer is the primary motivation. A 0D chemistry model is developed and informed by the electrical, and
geometric characteristics of the device and the plasma gas temperature. Modeled ozone and nitrate densities are compared to

those measured experimentally in the plasma effluent and treated liquid for a range of gas temperatures. Modeled and measured

ozone densities are in good agreement; however, the model lacks the liquid chemistry to properly represent the measured

nitrate density. A gas temperature-based shift from ozone to NO, producing regimes is observed in both experiment and model,

and the reactions responsible are evaluated.

1 | Introduction

In modernity, the production of nitrogen-based fertilizers
has been enabled by the Haber-Bosch process. While this is
an efficient process, much of the nitrogen content of the
fertilizer is lost to the environment via ammonia volatil-
ization, denitrification, and leaching [1, 2]. This leads to the
production of greenhouse gases and the toxification of
groundwater [3, 4]. It is also an energy-intensive process,
requiring high temperatures (700 K) and pressures (100
atm), which can only be obtained in large-scale industrial
facilities [5]. Transportation from factory to farm incurs an
additional environmental impact, and limits availability.
Atmospheric pressure plasma treatment of water, as an
alternative to the Haber-Bosch process, has the potential to
significantly reduce the environmental impact of producing
nitrogen fertilizer. In this study, we attempt to improve
these methods by optimizing the generation and transport of
relevant chemical species - nitrate - using a water-treating
plasma device.

Numerous applicable chemicals can be produced by atmo-
spheric pressure air plasmas, such as nitrite (NO3), nitrate
(NO3), ammonium (NHJ), and hydrogen peroxide (H,0,). By
producing a plasma in close proximity to water, these species
can be fixed in the liquid. Plasma treated water (PTW, some-
times referred to as plasma activated water (PAW)) has been
shown to be an effective substitute for off-shelf nitrogen-based
fertilizers [5-9].

Many types of plasma devices have been developed to treat
water [10]. Recently, efforts on scaling and efficiency were re-
viewed in [11]. One of the simplest is a surface treating
dielectric barrier discharge (DBD), wherein the water is sus-
pended between two parallel plate electrodes, and the plasma is
generated in a volume just above the water's surface [12, 13].
These designs often use a directional flow of feed gas to promote
the transport of the produced reactive oxygen and nitrogen
species (RONS) to the liquid, improving efficiency—commonly
seen in plasma jets [9, 14-19]. By encasing the electrode in a
gas-flowing nozzle and submerging the end, the plasma effluent
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can be forced into the liquid as bubbles, further improving
RONS transport [20-22]. This often results in plasma generation
within the bubbles themselves, which creates significantly dif-
ferent chemistry due to the higher humidity in the gas and
proximity of the water surface [20, 23].

In this study, we use a bubbling DBD based on a device which
produced almost exclusively nitrate, as per a study by
Tachibana et al. [10], the “water-sealed DBD” or WS-DBD.
Before the work shown here, the geometry of this device was
optimized for nitrate production based on the plasma residence
time of the feed gas and the bubble transport parameters. The
results of this optimization are discussed in the supplementary
materials.

To improve the applicability of plasma treatment for nitrogen
fertilizer, it is important to understand the mechanisms
responsible for the generation of RONS such that they can be
optimized. To that end, a 0D model of the gas phase chemistry
was created using the Zapdos framework [24]. Modeled results
are compared to experimental ones made using the aforemen-
tioned bubbling DBD plasma device. For this comparison, we
optically measure the gas temperature and ozone density in the
plasma effluent. Liquid phase concentrations of nitrate are also
determined colorimetrically post-treatment. Current and volt-
age measurements are made to determine deposited power,
number of plasma events, and average power per event. Gas
temperature is a dominant factor governing the reactions within
the 0D model and is therefore the primary variable used for this
comparison. Experimentally, the plasma gas temperature is
modulated by adjusting the applied voltage and frequency of the
power supply. Good agreement between model and experiment
was observed, and the significance of gas temperature in gov-
erning the reaction pathways is discussed.

2 | Materials and Methods
2.1 | Plasma Device

The volume DBD used here, depicted in Figure 1, is largely
defined by the separation of the plasma volume and the water
body above, into which the plasma effluent flows. This is
achieved by joining a sealed, 3D-printed plasma chamber to a
PVC tube, with a thin stainless steel filter between to prevent
the water from flowing down and into the plasma chamber.

There is a 2 mm gap between the top (grounded) electrode and
the dielectric covering the bottom (powered) electrode, wherein
the plasma is generated. The powered electrode is a copper pipe
end cap (radius = 29 mm). The grounded electrode is a 1 cm
thick stainless steel plate, well exceeding the size of the pow-
ered electrode (7 cm?). A 0.5 mm thick alumina (AL, O;) ceramic
sheet separates the powered electrode from the plasma volume.
These pieces are assembled within a 3D-printed resin housing,
with quartz glass windows on two opposing sides to allow
optical access to the plasma. Dry air is flowed in from the side of
the chamber and allowed to vent out through a hole located in
the center of the grounded electrode, up through a stainless
steel sparger nozzle (McMaster-Carr 8226T13), and into the
water above. Airflow is controlled by a mass flow controller

Plasma
DI Water Effluent
Volume Bubbles

Sparger

Airflow In Grounded Steel Plate

Plasma Volume

FIGURE1 | The plasma device used here is a parallel plate
dielectric barrier discharge (DBD). This was originally based on the
water-sealed design discussed in [10]. The plasma occurs in a sealed
volume, ensuring the plasma effluent is forced into the water contained
above. The sparger prevents the water from back-flowing into the
plasma chamber and diffuses the plasma effluent into small bubbles,
improving RONS transport into the liquid.

(Alicat, MC-5SLPM-p-PCV30/5M) and kept at 1000 sccm. The
powered electrode is fan-cooled from below to prevent the 3D-
printed material of the housing from overheating. For the ex-
perimental results shown here, 200 mL of deionized water is
treated.

The applied frequency and voltage to the plasma were con-
trolled with an arbitrary function generator (Tektronix,
AFG3052C). This function generator was used to supply a
sinusoidal waveform to a high-voltage amplifier (Matsusada
Precision Inc., AMP-20B20), wherein the signal was amplified
before being sent on to the plasma device. For the results shown
here, the frequency and voltage were varied from 400 to
2400 Hz and 22-39.1 kV,,; however, due to the power limita-
tions of the power supply, the frequency range is reduced for
higher voltages.

2.2 | Electrical Diagnostics

Current and voltage measurements were taken using a current
monitor (Pearson Electronics, Model 6585) and voltage probe
(North Star, PVM-4), whose outputs were collected using a
digital oscilloscope (Tektronix, MDO3104), see Figure 2. Power
is derived from these measurements using an equivalent circuit
model. Power is determined following [25], using:

Pp(t) = Ipg (1) X Ug(t) @

where Uy(t) and I, are the gap voltage and current.

Averaged measurements of the current/voltage were taken
using the oscilloscope's internal averaging function, set to col-
lect 512 samples per measurement. These were used for the
power calculations as they tended to provide more reliable
results than single-shot measurements due to the filamentary
nature of the plasma.
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FIGURE 2 | Simplified diagram of the power supply and electrical
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diagnostics used with the plasma device. A triggering voltage was sent
to the oscilloscope for multi-sample averaged measurements.

2.3 | Optical Diagnostics

A series of optical diagnostics were performed on the plasma,
plasma effluent, and samples of the plasma-treated water,
described in the following sections.

2.31 | Gas Temperature

Optical emission spectroscopy is performed to determine the
plasma gas temperature (T) [26]. Gas temperature has a sig-
nificant impact on chemical reaction rates, making it vital for
comparisons between the experimental results and the 0D
model. To determine the gas temperature, the rotational dis-
tribution of the emission spectrum of the second positive
molecular bands of nitrogen (N(C3II; — B*IlL,, 0 — 0)) are
observed. Equilibrium between the translational and rotational
degrees of freedom of the ground state nitrogen molecules is
assumed due to rotational relaxation in atmospheric pressure
plasmas. Electron impact excitations are limited by the selection
rule A J= 0, +1; thus, the rotational distributions are approxi-
mately equivalent between the ground and excited states of the
nitrogen molecule. The temperature is determined by fitting the
measured spectra to a simulated one. Using this method, we
achieve an uncertainty of +10 K.

The emission spectra of the DBD are measured using an Echelle
spectrometer (ESA 4000plus, LLA Instruments). The echelle
spectrometer features a wide spectral range between 200 and
800 nm and a unique wavelength-dependent resolution. The
resulting FWHM resolution of the spectrometer ranges from
~15 pm at 200 nm to ~60 pm at 800 nm with an attendant pixel
resolution of 5 pm at 200 nm and 20 pm at 800 nm. This
spectrometer was relatively and absolutely calibrated using a
calibrated tungsten ribbon lamp in conjunction with a deute-
rium lamp, following [27].

2.3.2 | Ozone Densities in the Effluent

Optical absorption spectroscopy (OAS) was performed on the
plasma effluent just as it exited the plasma chamber,

approximately 1.5 cm above the grounded plate (with the
sparger and water tank removed) to determine ozone densities.
Absorbance values were obtained using an UV-VIS-NIR light
source (Ocean Optics DH-2000-BAL) in conjunction with a
spectrometer (Ocean Optics QE65 Pro) and a cuvette holder
(Ocean Optics CUV-UV). The measured absorbances can be
directly interpreted as densities based on the Beer-Lambert
Law:

A= logi =efc 2)
Io

where A is the absorbance, I is the measured intensity of light
at a given wavelength, I, is the intensity of light without the
absorbing medium (gaseous ozone for our purpose), ¢ is the
absorption cross-section for the absorbing medium, ¢ is the path
length of light through the absorbing medium (1 cm here), and
¢ is the density of the absorbing medium. Here we take € to be
1.11 x 1077 cm? molecule™ at 255 nm [28].

2.3.3 | Liquid Phase Densities

To determine densities of relevant RONS in the liquid phase,
colorimetry was performed on liquid samples after 20 min of
continuous plasma treatment of 200 ml of deionized water for
the entire voltage-frequency parameter space. In all cases,
NO3, NO3, H,0,, and NHJ were tested for using the commer-
cially available Supelco test kits: 1.09713, 1.14776, 1.18789, and
1.14752, respectively.

The same Ocean Optics equipment as described above was used
for aqueous phase absorption measurements. At least 20 min
elapsed between end of treatment and measurement. Despite
the constant turbulence in the liquid column caused by the
flowing bubbles, varying concentrations had been observed for
samples taken from different depths in the liquid column.
Therefore, before sampling, the entire treated volume of liquid
was removed from the device and thoroughly mixed to ensure
the measured density was not influenced by any spatial gradi-
ents in the liquid. Measured absorbances were compared with
standard curve values (acquired from stock solutions) to obtain
concentrations. Of the four species tested, only NO; was ever
observed. Given the absence of humidity in the feed gas, the
lack of H,0,, and NH} is expected. NO3 also tends to react into
other species, including NO3, over longer time scales
[10, 29-31].

24 | Plasma Chemistry Model

The concept of modeling the chemistry of atmospheric air dis-
charge in the presence of water is not a new one [32]. The
intention behind the use of one here is to tailor it to our specific
case, to gain a better understanding of the relevant chemical
reactions for this plasma device. Ideally, the results of
which will aid in the improvement of this device and similar
PTW-producing volume DBDs.

To wit, a 0D chemistry model of the plasma and effluent was
created using the Zapdos application. Zapdos is an open-source
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finite element plasma fluid solver based on the Multiphysics
Object Oriented Simulation Environment (MOOSE) framework
[24, 33, 34]. Zapdos is coupled with CRANE, a chemical
reaction network solver, and the primary feature utilized here.
The reaction network includes 530 reactions and 35 species, see
Table 1.

This model is intended to portray the average chemical
density of the effluent as it exists the plasma chamber, with
the final time step (and the time of the results presented
below) corresponding to approximately the time at which the
effluent reaches the liquid interface, just beyond the sparger
nozzle. A background gas of 79% N, and 21% O, is used to
mimic the composition of air used in the experiment. The
initial electron density is set to 1 X 10** cm=3 with an equal
number of positive ions (90% N3 and 10% O3). A ten nano-
second voltage pulse - a simple spike with 5ns rise and fall
periods peaking at 9.5 kV - is used to model a plasma fila-
ment. This is approximately the time span of the measured
current spikes and this particular voltage was chosen to
match the power deposited into the electrons in the model,
with that of the measured power of a single current spike.
The average power of a single current spike is determined by
integrating the product of plasma current and voltage and is
approximately 0.316 mJ on average.

Following this pulse, the voltage is reduced to zero and the
chemistry is allowed to evolve until ¢ = 0.166 s, where the
model ends. This is the estimated average time between
the plasma filament and the plasma effluent reaching the liquid
interface at the edge of the sparger. The ozone density mea-
surements are made in approximately the same location, to align
with this timing of the 0D model. The time step increases in-
crementally by 1% over the course of the simulation from
1x107!2 s to a maximum of 1 X 1073 s. This simulation is
performed for a range of gas temperatures from 320 to 560 K
(which are held constant for the entire run time), with 20 K
increments.

The majority of the electron impact reactions are the functional
forms provided by Sakiyama et al. [35]. These are partly sup-
plemented with those offered by [36] using corresponding cross-
sections from the Phelps database [37]. General reaction rates
were assembled from [35, 36, 38]. Ion recombination reactions
are based on the schemes provided by [38]. Water/hydrogen
species were not included due to the feed gas being comprised
of dry air and the active plasma region's separation from the
water being treated.

3 | Results and Discussion
3.1 | Experimental Results
3.1.1 | Electrical Diagnostics

Current and voltage were measured for the entire voltage-
frequency space. An example of the measured waveforms for a
single period is depicted in Figure 3. Using the current/voltage
measurements and the method previously described the plasma
power is determined. As one might expect, there is a strong
linear relation of plasma power with both frequency and voltage
(see Figure 4). Due to limitations of the used amplifier, not all
amplitude and frequency combinations were possible.

The number of plasma events was also counted, taking these to
be spikes in current [39-43]. This is used to estimate the
number of plasma filaments which occur in a given volume of
air, as it travels through the plasma. Filaments may occur suf-
ficiently close together (in time) such that they cannot be dis-
tinguished in the current measurement, so this value is an
approximation. This number varies with applied frequency and
voltage from 70,000-210,000 filaments per second. Taking the
plasma region to have the same area as the powered electrode
(2.64 cm?) and the cross-sectional area of a filament to be 0.0314
mm? (a circle with radius = 0.1 mm) then the average filament

15 : — 3

Voltage (kV)
Current (A)

-15 T T — -3
0 100 200 300 400
Time (us)
FIGURE 3 | Example of measured current and voltage waveform

for a single voltage period at 2400 Hz. Spikes in plasma current are
indicative of plasma events [39-43]. These spikes are used to determine
the average number of plasma events occurring in the plasma volume.

TABLE 1 | Chemical species included in the 0D plasma model. 12 neutral species, 4 excited state species, and 18 ionic species are included.
Water and hydrogenated species are not included due to the absence of water in the feed gas, and the separation between the liquid volume and the

plasma chamber.

Ground state neutrals

Excited neutrals

Charged species

N, N, N(?D), N,(A%%])
0, 0,,03 O('D), 0,(a'Ay)
NO,NO,, NO 5

N;0, N;O3, N;O4, N2O s

N+, N3, NI, N7
0+, 0-, 0%, 0%, 03, Of, Oy
NO*, NO-, NO}, NO3, NO3
N,O*, N,O~
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FIGURE 4 | Plasma power, Pp, calculated from the measured cur-

rent and voltage. Power linearly increases with both frequency and
voltage as one would expect.

density per second is 0.825-2.475. The refresh rate of the air
within the plasma volume can be estimated as:

bret = % = 0.31704 s 3)

where 14 is the plasma volume (5285 mm?) and Q is the airflow
rate. Taking this to be the average amount of time a given
volume of air resides within the plasma, then this volume sees
0.262-0.785 filaments on average. This is important for how it
relates to the 0D model, the results of which are discussed in the
chemistry model results section. Only a single pulse is simu-
lated in our model; which is sufficient according to this
approximation.

3.1.2 | Gas Temperature

OES measurements indicate gas temperatures from 340 to 560
K over the frequency-voltage space (Figure 5). Generally, the
simulated spectra were able to obtain good fits to the measured
spectra (Figure 6). These results are well within the expected
range of a volume DBD operated in air [44, 45].

3.1.3 | Species Densities

Results from the liquid phase measurements of nitrate are
shown below in Figure 7 as production Pyo; (mg/min):

Cno; Vi
Pno; = filq 4)

where Co; is the measured concentration, Vjq is the volume of
treated water (200 ml) and ¢ is the treatment time (20 min). The

T T T T T
560 - -
520 -
3
(0]
5 480 - .
©
8
g B Measured
';) Voltage (kV,,,)
&5 4007 —=—22.0
—e—26.3
360 -] —a—30.6
—v— 349
—e— 39.1
320 1 — : T T
800 1200 1600 2000 2400

Frequency (Hz)

FIGURE 5 | Gas temperature results from OES spectra of the N,
(C-B, 0-0) rotational band. The error of +10 K is a product of the fitting
procedure. Comparing the experimental and model results utilize the
gas temperatures as presented here.

—— Simulated
Measured

Normalized Intensity

335.0 335.5 336.0 336.5 337.0
Wavelength (nm)

FIGURE 6 | Measured and simulated spectra of the plasma volume.
Example fit of the C-B (0-0) rotational band for the 22 kV,,, 800 Hz
case, with a fit temperature of 340 K.

other species we tested for (NO3, NH} and H,0,) were never
detected. While varying voltage/frequency of the plasma, it is
observed that the rate of production largely trends with gas
temperature. Nitrate production increases with gas temperature
from 340 K to 420 K before leveling off and eventually
decreasing above 500 K.

The results of the OAS measurements of ozone in the plasma
effluent can be seen in Figure 7 as well, given in number
density. It too demonstrates a strong dependence on the gas
temperature of the plasma; initially high at high gas tempera-
tures, and decreasing to below detectable levels by 460 K, also
known as “discharge poisoning” [46].
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FIGURE 7 | Measured nitrate production and ozone density as a

function of gas temperature. Ozone is initially high at low temperatures,
before quickly decreasing below the detection limit. Nitrate seems to
follow an inverse trend, before eventually leveling off and decreasing at
high gas temperatures.

3.2 | Chemistry Model Results and Comparison
Good quantitative agreement between the model and experi-
ment was achieved for ozone, with the modeled results having a
similar maximum of 6.5 X 10’7 cm~3 and similar trend, as seen
in Figure 8. However, nitrate is not as comparable. At lower
temperatures, the nitrate density roughly trends with produc-
tion until it peaks at 440 K. At which point it sharply decreases,
at a much lower temperature than its experimental counterpart.
Additionally, the density is much lower than what would be
required experimentally, with a maximum of 7.7 X 10'% cm=3,
For comparison, to achieve an average production rate of
1 mg/min, with an airflow rate of 1000 sccm, an average density
of nitrate in the effluent of at least 9.7 X 1015 cm~3 would be
required.

This discrepancy is unsurprising as the model fails to take into
account the liquid phase chemistry of the numerous RONS
which would contribute to the aqueous nitrate density.
NO,NO,, N;0, N,03, and N,Os can all potentially contribute to
the nitrate density in the liquid [32]. See the supplementary
materials for a list of relevant liquid reactions. Nitrite, nitric
oxide, and nitrous oxide have very low Henry's law constants,
meaning they will not uptake into the liquid as well as the other
listed species, see Table 2 [47]. Therefore they are much more
likely to achieve saturation in the liquid—should their gener-
ation outpace their rate of conversion to nitrate—and harshly
reduce their diffusion into it. Nitrous oxide is unlikely to con-
vert, as it is an already long-lived species [32].

We can still attempt to estimate these other RONS contributions
to the liquid density of nitrate. One potential way this may
effect the results is demonstrated in Figure 8 by the green line.
This fits much better with our measured values and achieves a
more realistic peak density of 4.08 x 10 cm~3. This fit is
obtained via the weighted sum of the species densities:

NO; + NO, + NO X 10% + 2 x N,04

42 x N,Os x 10% + N, Ox 1% ®)

-
N

o
oo
L

+
O

o
N
1
1

Normalized Production/Density
o
[}

00 v T T T L T b # " \EI# I
320 360 400 440 480 520 560
Gas Temperature (K)

FIGURE 8 | Normalized comparison of the 0D model (lines) and
experimental (squares) results. Each data set is normalized respectively.
The modeled results are intended to correlate to the densities of the
plasma effluent upon reaching the liquid interface, which corresponds
to the measured ozone density. The measured nitrate density is in the
liquid, post-treatment. The green dotted line is the weighted combina-
tion of NO, NO,, NO3, N0 3, and N,O 5. The weighting here is arbitrary
and only intended to provide an example for how these species may
contribute to the observed trend in nitrate production.

TABLE 2 | Relevant Henry's Law Constants [47].

Species h

0, 3.24%x1072
03 3.00x107"
N, 1.6 X102
N,O; 6.00 x 10>

N0, 3.69 X 10"

N,Os 4.85x 10"

N,O 5.99x107"
NO 4.40x 1072
NO, 2.80%x 107!
NO; 4.15%10"

This weighting scheme is largely arbitrary; however, it is loosely
based on their relative Henry's law constants and the aqueous
reactions listed in the supplementary materials.

3.21 | Gas Temperature Influence

Nitrogen fixation in the treated water (the production of
aqueous nitrate) is entirely predicated on the formation of
RONS in the gas phase. Which RONS are produced, and in
what proportions, explicitly influence the formation of aqueous
nitrate. It is therefore keenly important to understand the
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reactions and mechanisms responsible for the formation of
these species in the effluent, to optimize their generation and
transport to the liquid. From the modeled results, it is clear the
gas temperature within our range has a significant impact on
the resultant chemistry. These gas temperature-based shifts in
RONS merit some discussion.

The first, and most straightforward effect is observed in ozone.
Ozone is a largely undesired product towards the goal of
nitrogen fixation. In the post-filament effluent, ozone is largely
stable and unlikely to contribute to the density of aqueous
nitrate. It is a known greenhouse gas with a low propensity for
absorbing into the treated liquid Table 3.

In our model, atomic oxygen is the biggest source of ozone,
accounting for over 99% of total formation, irrespective of gas
temperature (R1), and simultaneously one of the biggest
quenchers of ozone (R2). Ozone formation decreases with

TABLE 3 | Key 0D Model Reactions.

increasing temperature, while destruction increases, resulting
in the logarithmic decay observed in Figure 8. This suggests
prioritizing higher gas temperatures, to avoid the production of
ozone; however, it can also be observed in the figure that this
begins to negatively impact the production of nitrate.

Nitrate, being the desired product, is most commonly the end
result of successive oxidation of nitrogen atoms. Initially, nitric
oxide is formed (R3-5), which oxidizes to nitrite (R6-7), and
finally nitrate (R8). Further interactions with atomic oxygen
can revert nitrate back to nitrite (R9). Above 520 K R9 becomes
dominant over RS, resulting in the shift in chemistry present
above this temperature.

Nitrite and nitrate form an equilibrium with the larger species,
N,0s (R10-11), with this equilibrium being defined by the gas
temperature. At low gas temperature (<360 K) N,Os acts as a
storing mechanism for nitrate, protecting it from dissociative

# Reaction Rate Constant Source
R1 Og + Oy + Mg—>03, + M, 34 % 10-% x (@)chmﬁ - [35]
. T,
R2 Og + O3g_)o2g + Ozg 8 X 10—12 X e%"gﬂ)cm.%s -1 [35]
R3 0g + NO, + M;—NO, + M, 63 % 10-% x (l}ﬂ) [35]
g
R4 Oz + N( 2D);—NO, + O( 'D), 12y (3007 [36]
6 X 1074 X T,
R5 Oy + NZ(A3z;)g—>Nog +N, 7% 1071 [36]
R6 0O, + NO, + M,—NO,, + M _ 300\ [35]
s s g g g 31 300
1Xx10 X ( T, )
R7 0, + NO} + M;—NO,, + M _ 300 \*° [38]
g g g g g 25 o [ 300
2 %X 10 X (Tg )
R8 Og + NOy + My—NOs, + M, 9 % 10-% x (3;)_0>2cm6 o1 [35]
g
R9 0y + NO3— 0y + NOy 1.7 x 107 e¢m3 s1 [36]
R10 N205g + Mg—)NO3g + NOzg + 1\/[g 133 x 10-3 X (zﬁ)is y e7171_g000 em? s-1 [35]
g
R11 NOzg + NOsg + Ag—N:05 + A, A=N,:28x107% x (31?*0)3‘5 cm6 -1 [36]
g
3.5
A=0,:28x%x107% x (zﬂ) cmbs 1
g
3.5
A=0360x 10" x (3Tﬂ) cmS s-1
g
R12 O35 + NO3;—NOy, + Oy + Oy 1.0 X 1077 cm3 s~! [36]
R13 NOg + NO;— N0 7.9 x 10712 x (3;—0)_1'4 cm3 s—! [36]
g
R14 NOg + NOy; + A;—>N;035 + Ag A=N,:31x10% x (Zﬂ)m cm6 s-1 [36]
g
7.7
A=0,:31x107*x (;ﬂ) cm® s—!
g
7.7
A=0;:61x1073* x (%) cm® s—1
g
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reactions with oxygen (R9), ozone (R12), and nitric oxide (R13).
This, combined with its high Henry's Law constant and pro-
pensity to return to nitrate in the liquid, makes N,Os the ideal
effluent product. However, the temperatures at which the for-
mation of N,Os is preferred, simultaneously lack the formation
of the prerequisite nitrite and nitrate, resulting in the lower
overall production observed at these temperatures (Figure 8).

As temperature increases, so too does the available nitrogen and
oxygen, causing a general increase in RONS—this trend is most
noticeable in nitrite and nitrate. But as R9 continues to increase
with increasing temperature, the nitrate density decreases to
eventual irrelevance. The disappearance of N,Os precedes
nitrate, due to the lack of its reactant. Nitric oxide and N,O;
replace them, with N,O; forming a new equilibrium with nitric
oxide and nitrite (R13-14). This RONS regime—observable at
540-560 K in Figure 9—results in decreased nitrate production
due to the low Henry's Law constants of nitric oxide and nitrite.
N,0;, similar to N,Os, uptakes into the liquid well and is likely
to convert to nitrite/nitrate once absorbed. Despite the abun-
dance of reactants, the high gas temperature prevents N,O;
from achieving higher densities.

4 | Conclusion

A water-treating dielectric barrier discharge plasma device was
designed in an effort to optimize nitrogen fixation via nitrate for
agricultural applications, considering optimization of the gen-
eration as well as the transport of species. Current-voltage
measurements were used in conjunction with a simplified cir-
cuit model to calculate the total deposited power, number of
plasma filaments, and average power deposited per filament.
OES spectra were compared with numerical simulations to
determine the gas temperature in the plasma volume. Optical
absorption spectroscopy was used on the plasma effluent to
measure ozone density. OAS was also performed on the water
to determine the concentration of nitrate in the treated liquid.

The plasma parameters (gas temperature, filament power,
geometry, and feed gas) were used to inform a 0D chemistry
model. The resulting RONS densities are compared to those
measured experimentally, with good agreement between the

ozone results. The nitrate comparison is less direct; however, it
can likely be rectified by an extension of the model to include a
liquid phase. Given the complex interaction between the plasma
effluent bubbles and the treated water, a more rigorous 1D
model may be required to sufficiently capture the diffusion of
the species.

The reaction pathways leading to shifts in the chemistry
observed in the 0D model were investigated. Nitrate production
in the liquid is observed to maximize when gas temperature
favors the formation of N,Os from nitrite and nitrate. This, in
effect, stores nitrate as N,Os allowing for a higher collective
density and increased production. As temperature continues to
increase, N,Os becomes less stable, dampening this “storing®
effect. At the highest temperatures, nitrate is reverted to nitrite
by atomic oxygen, resulting in a nitric oxide/nitrite/N,Os regime
which is less effective at diffusing into the liquid and forming
aqueous nitrate.

4.1 | Perspective—Optimizing Nitrate
Production

According to the experimental trends (Figure 7) maximum
nitrate production in the liquid closely corresponds to its
maximum gas phase density observed in the model (Figure 9).
This reinforces the obvious conclusion that simply maximizing
the gas phase density of nitrate will maximize its transport to
the liquid. However, this may hamper the devices ability to
achieve higher concentrations of nitrate in the liquid. Once the
liquid becomes saturated with nitrate, based on Henry's Law,
the gas phase nitrate would no longer diffuse into it, and be lost.
This suggests that, to obtain higher concentrations of aqueous
nitrate, other species with good liquid diffusion and a high
propensity to convert to nitrate should be prioritized, such as
N205 or N203.

This may be achieved by targeting a higher or lower gas tem-
perature regime (such as by adjusting the applied power), or by
adjusting the transport time of the plasma effluent to the liquid,
allowing for more (or less) time for the chemistry to evolve into
these larger more stable species in the gas phase. Alternatively,
this low concentration may not be an issue for in-line

T T T T T T T - NO
. N NO2
1084 — — = [ INO3
_ I N203
& M N205
5,1014 E E
>
:‘é
[
[a}
1013 = d
102 T T T T

320 360 400 440

480 520 560

Gas Temp (K)

FIGURE 9 | 0D model results of the some of the most significant RONS for generating nitrate in the liquid phase. Densities are taken from the
final time step at t = 0.166 s. The largest species tend to be favored at lower temperatures. Initially, N,O 5 is dominant, before transitioning to a

nitrate/nitrite regime, then solely nitrite, and finally nitrite/nitric oxide.

8 of 10

Plasma Processes and Polymers, 2025

95U8017 SUOWILWOD SAIES1D) 3l dde ay) Aq pauienoB a1e S3[91Le YO ‘8SN JO'S3|NJ 40} Akelq 1 8UlUO AS|IA UO (SUONIPUOD-PUE-SWLIS)L0D AB 1M ARIq 1 )BU|UO//:SANY) SUOIPUOD PUe SLWB | 84} 89S *[9202/20/S2] Uo Ariqiauliu A8]1M ‘00002 dedd/200T 0T/I0p/L02" A8 | 1M Ake1q 1 Ul UO//:SANY WO} papeoumoq ‘S ‘G20 ‘69882TOT



fertigation. The treated water could be simultaneously with-
drawn and replenished, given some optimal liquid throughput.
Or, if high concentrate solution is still desired, distilling
methods could be applied to achieve this.
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