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Colossal research on CO, and N, conversion using non-thermal plasma (NTP)
technology has been ongoing since many years. The primary focus is on CO and
NHs production through CO, and N, conversion, respectively, with high
conversion efficiency and low energy consumption with or without catalysts.
Although in the present study, we propose that the NTP can assist in converting
CO5 and N5 to plant nutrients in the form of plasma-treated/activated water. We
used a homemade streamer plasma device and produced plasma-activated water
(PAW) using CO, and N, feed gas, CO,-activated water (CAW) and N,-activated
water (NAW). Later, we used CAW and NAW to treat the radish seeds and evaluate
the germination rate, germination percentage, and seeding growth. To
understand the chemical changes in PAW after the NTP treatment, we
performed a chemical analysis to detect NO3, NOz, NH4*, and H,O, along with
the PAW pH and temperature shift. Additionally, to understand the other species
produced in the gas phase, we simulated chemical reactions using COMSOL
Multiphysics® software. Our results show that NO, and NH, species are less
produced in CAW than in NAW, but CO,-generated PAW offers a significantly
more substantial effect on enhancing the germination rate and seeding growth
than NAW. Therefore, we suggested that CO and H,O, formed during CAW
production trigger early germination and growth enhancement. Furthermore, the
total plasma reactor energy consumption, NOz and NH4* selective production
percentage, and N, conversion percentage were calculated. To our best
knowledge, this is the first study that uses plasma-assisted CO, conversion as
a nutrient for plant growth.

KEYWORDS

atmospheric pressure plasma, carbon dioxide/ nitrogen conversion, plasma agriculture,
simulation, plasma-activated/treated water

Introduction

Human actions such as deforestation and using fossil fuels contribute to climate change
and global warming. Nitrogen is considered an essential component for supporting plant
growth. The chlorophyll molecule, which gives plants the green color and powers
photosynthesis, contains nitrogen. Chlorosis, or the overall yellowing of the plant, is a
sign of low nitrogen levels. The catalytic function of nitrogen affects other minerals. Nitrogen
fertilizers replenish the nutrients that crops lose from the soil. Crop yields and agricultural
output would suffer significantly without fertilizers. Nitrogen fertilizer industries emit
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considerable amounts of CO, and other greenhouse gases. The
large-scale NH; production still relies on the Haber-Bosch (H-B)
process, which consumes 3%-5% of the world’s natural gas
production [1]. Around 1% of the world’s greenhouse gas
emission comes from NH; production [2].

Plasma can activate and convert atmospherically abundant N,
into NO5and NH,", a key component of fertilizer and a necessity for
agriculture. N, fixation is a crucial process [3, 4]. There are generally
two types of resultant products from N, fixation by NTP, namely,
NH; and NOy [5-7]. Plasma-assisted NH; formation requires H, as
a feedstock and usually results in a low NHj yield. Meanwhile, the
NO, generation route has an advantage as it directly uses air as a
feeding gas to produce NO.

The ability of plasma technology to work at room temperature
and atmospheric pressure [8-10] gives an advantage over other
technology for CO, conversion. This technique is simple and
advantageous compared to thermal procedures since reaction
rates are higher and a steady state is obtained more quickly [11,
12]. There are various types of NTP technologies for CO, conversion
such as dielectric barrier discharge (DBD) [13-15], micro-wave
discharge (MWD) [16, 17], and gliding arc discharge (GAD)
[18, 19].

In recent years, plasma agriculture technology has gained much
attention for enhancing agricultural productivity and reducing
resource loss [20-22]. Direct plasma treatment of seeds is a
technique for strengthening germination and plant growth
[23-26]or using plasma-activated water (PAW) for irrigation
[27-34]. It has been demonstrated that PAW helps seed
germination, seedling growth, and plant health [35, 36]. Direct
plasma treatment and PAW treatment reduce a wide range of
microorganisms, including Leuconostoc mesenteroides,
Saccharomyces cerevisiae, Escherichia coli, and Hafnia alvei
[37-39], drug-resistant strains of P. aeruginosa, S. aureus, and
Escherichia Coli [40], and model yeast Candida glabrata [41].
Moreover, PAW treatment can upregulate the plant defense
hormones like jasmonic acid and salicylic acid [42].

Sivachandiran and Khacef generated the PAW using a double-
DBD reactor with synthetic air as feed gas to investigate the seed
germination and plant growth in tomato, radish, and sweet pepper
plants. They observed a significant impact of PAW on seed
germination and plant growth [34]. Naumova et al. produced
PAW using underwater electric front-type discharge with
graphite rods as electrodes submerged into the solution. They
reported a 50% increase in germination and root growth [33].
Lamichhane et al. developed PAW using a plasma jet with N,
feed gas. They observed a higher germination rate and stem
length in corn seeds [32]. Proto et al. used PAW produced from
DBD in air. They observed a higher germination rate and plant
growth for soybeans seeds [31]. Sajib et al. studied the effect of PAW
produced from disk-type Cu power electrodes with an O, bubble.
They noted a 10%-15% increase in germination for black gram
seeds [30].

Lindsay et al. produced PAW by coaxial glow discharge with air
as the feed gas. They irrigated marigold, tomato, and carrot branches
and observed a mass increase 1.7-2.2 times that of control [29].
Zhang et al. reported a rise in lentil germination and stem growth.
They used PAW produced by plasma jet with He as feed gas [28].
Terebun et al. produced PAW by using a single-phase gliding arc
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reactor with air feed gas. They found a beneficial effect on carrot seed
germination [27]. Guragain et al. showed that PAW-treated soybean
seeds had higher germination rates and increased shoot lengths and
seedling lengths compared to standard water irrigation [36]. In
another study, the same authors showed increased germination for
radish, fenugreek, and pea seeds treated with PAW produced from a
gliding arc discharge (GAD) reactor generated in the air under
atmospheric pressure [43]. Zhou et al. made PAW using a plasma jet
with N,, He, air, and O, as feed gas to study mung bean seeds’
germination and seedling growth. They observed that O, and air
PAW-treated mung bean seeds had a higher germination index
compared to N,- and He-generated PAW-treated seeds [44]. These
studies suggested that PAW can improve plant growth, mainly when
air is used as feeding gas.

Limited studies were reported where multiple feed gases were
used to produce and test PAW on seeds. To our best knowledge, the
treatment of plant seeds using CO, feed gas plasma-produced PAW
has not been studied yet. Therefore, in the present study, we used
CO; and N, feed gas plasma to create PAW and tested them on the
brown radish seeds. We evaluated the germination rate, percentage,
and seedling growth. Additionally, we focused on the plasma
chemistry generated by CO, and N, plasma to understand the
mechanism behind the enhanced germination and seedling growth.

Materials and methods

Preparation of CO,-generated PAW and N,-
generated PAW

We have built a homemade streamer discharge plasma reactor, as
shown in Figure 1. The distance between the needle tip and the water
surface was set at 3 mm. We applied a continuous sinusoidal voltage of
6.9 and 11kVp-p with a frequency of 24 kHz to the SUS needle
electrode fixed at the outlet of the gas tube on 5mL of water to
produce CO,-activated water (CAW) and N,-activated water (NAW).
We grounded the water through a glass layer that worked as an
insulating material, preventing any arc transition. We supplied CO,
and N, with a purity of 99.99% to the reactor through a gas tube with a
diameter of 4.35 mm at a flow rate of 0.5 L/min. The total power of the
plasma reactor was measured using a Watt monitor (TAP-TST8N),
Sanwa Supply Inc., Okayama, Japan. The power was 10 and 13 W for
CAW and NAW production, respectively [45, 46].

Seed treatment and germination

We bought radish (Raphanus sativus L.) seeds from Nakahara
Seed Co., Japan, 2018, and stored them at 4 °C. We used control and
plasma-treated radish seeds (8 replicates x 30 seeds x 2 times =
480 seeds) for the experiments. The 30 seeds were placed in a 90 cm
Petri dish lined with Whatman filter paper. 6 mL of DI water
(Control), CAW, and NAW were added to each Petri dish, as
shown in Figure 1. The Petri dishes with seeds were kept in a
dark incubator for 24h at 25 °C temperature. The number of
germinated seeds was counted eight times (6, 10, 12, 14, 16, 18,
20, and 24 h) after imbibition. Afterward, the morphometric analysis
of sprouts was performed for all conditions.
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FIGURE 1
Schematic depiction of the study.

Chemical analysis, pH change, reactor
temperature, and energy consumption in
CAW and NAW production

We used the NO,/NOj assay kit from Dojindo Laboratories, Japan,
to analyze the concentration of NO, and NO; in PAW. The
concentration of NH," in PAW was analyzed from the ammonia
assay kit-modified Berthelot from Abcam company. H,O, was
measured using a Pack Test analysis kit, model WAK-H,O,, from
KYORITSU CHEMICAL-CHECK Lab., Corp., Japan. PAW pH was
measured using a HORIBA LAQUA F-72 Benchtop pH/ORP/Ion/
Temperature Meter. We used AS One Thermography TIM-03
(accuracy of + 2° C), which measures temperature using infrared
radiation, to measure the change in water temperature after plasma
irradiation. The total plasma reactor energy consumption (PREC),
PREC for NO; fixation, PREC for NH," fixation, percentage of
NH," selectivity, percentage of NO5 selectivity, and percentage of
total N, conversion [47] are as shown in Eqs (1-8).

The total PREC for total N fixation (NO; + NH,") is

MJy Power 1
( ) ~ Moles [NO; + NH; | per second [mol.s™] 108 [ML]]’

(1)

mol

. MJ
PRECof only Nitrogen flow (m)
_ Power
" Moles [c(NO; + NH?) for N, flow—c(NO; + NH?) for CO, flow]per second [mol.s™']
1

108 [&]

(2)

The PREC for NO; fixation of only nitrogen flow is

( )
mol
Power

= Moles [c(NO3)for N, flow - c(NO;) for CO, flow]per second [mol.s™']
1

o]

(3)
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The PREC for NH," fixation of only nitrogen flow is

MJ

£ (ol
Power

~ Moles [c(NH?) for N, flow — ¢ (NH) for CO, flow] per second [mol.s']

X

e

M]

)

The percentage of NH,4" selectivity for only nitrogen flow is
c¢(NH})

% of NH selectivity = W
¢ 4 3

x 100 %. (5)
The percentage of NO;  selectivity for only nitrogen flow is
c(NOY)

% of NH) selectivity = m
¢ 4 3

x 100 %. (6)

The percentage of total N, conversion is

c¢(NH} + NO3)mol /L
5min

% of total N, conversion =

x Solution volume (L) x 24.5——

—— x 100 %. 7
mol % 0.5 L/ min x ’ @)

The percentage of total N, conversion for only nitrogen flow is

% o f total N, conversion
_ ¢[(c(NO3) for N, flow - ¢(NO;) for CO, flow)mol /L]
- 5min

L
x Solution volume (L) x 24.5—— x 100 %.

1
mol X 0.5 L/min
(8)

Zero-spatial dimension simulation using
COMSOL Multiphysics® software

In this study, the COMSOL Multiphysics® Chemical Reaction
Engineering Module, version 5.6, was used. The Model Wizard was
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(A) Rate of germination of radish sprouts after DI water, CAW, and NAW treatment and (B) mean length (root + shoot) changed after CAW and NAW
treatment. Results are presented as means + SEM.*Significantly different from the control group (p < 0.05). **CAW group significantly differs from the

NAW group (p < 0.05).
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FIGURE 3
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(A) Change in pH of the solution after CO, and N, feed gas plasmas and (B) change in water temperature before and after CO, and N, plasmas.

*Significantly different from the control group (p < 0.05).

TABLE 1 Germination rate of radish sprouts in the presence of CAW and NAW treatment.

Incubation time (h) % germination in control

% germination in CAW-treated seeds

% germination in NAW-treated seeds

0 0 0 0

12 46 55 35
14 65 77 55
16 77 88 80
18 91 96 92
20 100 100 100

chosen with a time-dependent analysis and zero spatial dimension
(0D). The simulation was calculated based on input parameters
entered under Global Definition, as explained in the following
section. For the 0D model, we calculated the mean electron
temperature of 1.22 eV for CO, plasma using the LXCat program
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with the BOLSIG+ and Phelps databases [48-50]. We used an
electron number density of 10'°m™ and a gas temperature of
600K as the input in the model. Spyrou et al. reported the
temperature distribution of nitrogen-neutral molecules in a

secondary streamer discharge [51]. They observed that the
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TABLE 2 Mean total length of radish sprouts in the presence of CAW and NAW
treatment.

Treatment condition

Mean total length of radish sprouts

Control 11 £0.9 cm
CAW ‘ 15 + 1.0 cm
NAW ‘ 13 £ 0.8 cm

neutral gas temperature reached 800 K near the point electrode at a
distance of 0.5 mm. As the distance from the electrode increased, the
temperature decreased and remained constant at around 450 K [51].
Additionally, Komuro et al. performed a 2D simulation of
atmospheric  pressure streamer discharge at 600K gas
temperature in humid air [52]. In the simulation, we assumed a
gas temperature of 600 K and an electron density of 10® m™>.

Additionally, we included 0.2 fractions of H,O and 0.8 fractions
of N, in the CO, plasma simulation. In the N, plasma simulation, we
kept the water value fraction the same as in CO, plasma and did not
add any CO, fraction. As shown in Figure 1, the discharge was
performed on water, which resulted in water vaporization, so we
included water in the simulation. The presence of N, is included
because our reactor is open from one end (see Figure 1), so air
interferes with the CO, flow (0.5 L/min). Therefore, we added our
assumption parts of H,O and N, in the simulation. We ran the
chemical reaction for the residence time of 300 s. The rate constants
were compiled from the literature described in Supplementary Table
S1 (Supplementary Material).

Result and discussion

Germination rate and seedling growth in the
presence of DI water, CAW, and NAW

The radish seeds were harvested in 2018 and stored at room
temperature (4 °C). We standardized the optimal plasma treatment
time for 5 min to prepare the CAW and NAW in the present study.
The optimal use of time was found through a different experiment.
Figure 2A and Table 1 show that control seeds (DI water), CAW-
treated seeds, and NAW-treated seeds showed maximal germination
of 100% after 24 h. However, 50% of seeds germinated in control
after 13 h, for NAW, after 13.5h, and for CAW, after 12h of
imbibition. Table 1 shows rapid germination in CAW-treated
seeds. 50% of seeds germinated with NAW treatment showed
lower germination compared to the control, although both NAW
and control showed 100% germination after 20 h (Figure 2A). While
higher germination was observed for CAW up to 18 h, later, 100%
germination showed for all treatment conditions. The results
indicate that the PAW affects germination kinetics, depending on
the feed gas. This suggests that the concentration of ROS (reactive
oxygen species) and RNS (reactive nitrogen species) plays a
significant factor in 50% of seeds early germinated in CAW and
delayed in NAW.

Figure 2B and Table 2 show the change in the mean total length of
sprouts (root + shoot) before and after plasma treatment for all treatment
conditions. The average length of sprouts for the control seeds was 11 +
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0.9 cm, whereas after the CAW treatment, it was 15 + 1.0 cm, and after
NAW treatment, it was 13 + 0.8 cm (Figure 2B). The average length of
sprouts after CAW and NAW treatment was significantly higher than in
the control (Figure 2B). For CAW- and NAW-treated seeds, the length of
sprouts increased by 26% and 15% compared to the control (p < 0.05),
respectively (Figure 2B). Additionally, the length of sprouts treated with
CAW was 13% higher than that of NAW-treated sprouts (p < 0.05). We
performed physical and chemical analyses of the PAW to understand this
behavior of CAW.

Change in the pH and temperature of the
reactor and chemical analysis in PAW

Figure 3A shows the change in pH for CAW and NAW compared
to the control. The control DI water has a pH of 6.6, but after the plasma
treatment for 5 min using the CO, feed gas, the pH decreases to 3.8,
while the pH for nitrogen feed gas plasma-treated water reduces to 2.6.
Zhang et al. investigated the germination rate of radish seeds soaked in
electrolyzed oxidizing (EO) water with different pH values (2.5, 3.5, 4.5,
5.5, and 6.5). They observed that seeds soaked at pH 6.5 showed a
slightly higher germination rate compared to those soaked at other
pH values [53]. This suggests that the difference in pH between CAW
and NAW does not account for the faster germination of CAW-treated
seeds. Guragain et al. mentioned that the plasma treatment for 20 min
lowered the pH of deionized water from 6.40 to 4.26. However, treating
radish and pea seeds with PAW (pH 4.26) increased their germination
to 100% and 79%, compared to 93% and 64% for seeds treated with
deionized water (pH 6.40), respectively [43]. Later, we measured the
plasma-treated water temperature changes, as seen in Figure 3B. There
was a 5 ‘C increase in the water temperature for CO, feed gas plasma. In
contrast, an 8 °C increase in water temperature was obtained after N,
feed gas plasma.

Furthermore, to understand the reason behind the decrease in
pH, we measured the concentration of NO,, NO3, and NH," in
water after treatment with CO, and N, feed gas plasma. The NO,
concentration was 0.12 + 0.09 uM for the CO,-treated solution, but
we could not detect any NO, concentration in the N,-treated water
(Figure 4A). We also observed the change in NOj; concentration in
water after CO, and N, plasma treatment (Figure 4B). The NOj3
concentration was 13 + 0.1 uM in CAW and 216 + 5.0 uM in NAW.
As expected, we detected more NO;3 in N, plasma than in CO,
plasma. The presence of NOjs in CO, plasma was due to the
interference of air as one end of the reactor is open. We also
measured the concentration of NH,* produced in the water after
plasma treatment with both CO, and N, feed gases.

Figure 4C shows that NH," concentration in CAW was 10.9 +
4.3 uM, whereas the concentration of NH,* in NAW was 61.47 +
1.4 uM. Our reactor could generate both NO3 and NH,* without H,
feed gas. To calculate the concentration of NO3 and NH,* explicitly
produced by the N, flow, we subtracted the NO; and NH,"
concentrations of CAW from those of NAW to avoid the role of
excess atmospheric N, gas in the reactor. After subtraction, we
obtained 202.6 and 50.5 uM concentrations for NO; and NH,",
respectively, for only N, flow plasma. We also detected H,0,
concentrations of 714.3 + 8.6 and 3214 + 2.7 uM in CAW and
NAW, respectively (Figure 4D). This indicates that CAW had
approximately twice as much H,O, as NAW.
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To closely understand the difference in the production of NO,,
NO;, NH,*, and H,0,, we performed the simulation as follows.

Change in the density of reactive species
with CO, and N, feed gas plasma

To understand the changes in reactive species production as a

function of time, we performed 0D simulation using COMSOL
Multiphysics® simulation software, with 376 reactions and
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81 species (neutral and ions). Many short- and long-lived ROS
and RN species are generated during the 300 s simulation; the time-
dependent changes in the radical densities of reactive species are
shown in Figure 5. We have not included species with densities less
than 10°m™ in Figure 5.

Figure 5A shows the changes in the density of reactive species as
a function of time in CO, plasma. We focused on the reactive species
in Figure 5A that had densities higher than 10° m™ like CO, COs3,
CO4 H,0,, HO,, OH, NH, NH;, NH,*, NO, NO,, and NO;. As we
expected, the density of CO was the highest among all the reactive
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species of 10°* m™, followed by NO3;, NH," (10'* m™ each), and
H,0, (10" m™). The CO density increases as the simulation time
increases and becomes almost constant after the 250 s simulation.
The densities of CO, CO3, CO4 H,0,, HO,, NH, NH;, NH,*, NO,,
and NOj species increase as the simulation time increases, whereas
the densities of OH and NO first increase and later decrease. The
decrease in OH density after 10 s simulation was sharp, while the
decrease in NO density was smoother. This shows that short-lived
species like OH and NO were generated in early simulation and later
converted to long-lived species like H,O,, HO,, NO,, and NO;. The
simulation results revealed that CO, plasma could effectively
produce CO, OH, H,0,, HO,, NH,", NO, NO,, and NOj; with
medium to high densities that were helpful in plant growth.

Figure 5B shows the time depended on changes in the density of
reactive species with N, plasma in the presence of water. N, plasma
generated both ROS and RNS with medium (>10°m™) to high
(>10*' m™) densities. The simulation results showed the highest
increase in densities of NH,” and NO; to 10*° and 10*' m~,
respectively, after 300s simulation. The highest density was
obtained for NO;, and the density was increased as the
simulation time increased. Similar behavior was observed for
NH,", H,0,, OH, NH,*, NO, and NO;. The densities of HO,,
NH, and NHj increased first for 10 s simulation and later decreased.
The decrease in NH and NH; densities contributed to the
production of NH,*, while a decrease in HO, density contributed
to the formation of H,O and OH (see Supplementary Table S1).

These simulation results reveal that CO, feed gas plasma
produces not only CO with a high density but also ROS and
RNS parallelly. Interestingly, the densities of RNS species like
NH," and NOj are very similar, which correlate well with our
experimental results. In the wet experiments (the previous section),
we obtained almost similar concentrations of NH," and NOj in
CAW. Hence, our experimental results were consistent with the
simulation results. Moreover, N, plasma had higher NOx and NHx
species concentrations compared to ROS. We assume that the
concentration of ROS and RNS produced in the gas phase
dissolved in water at a similar ratio (depending on Henry’s
constant). Therefore, the concentrations of species in water are
close approximations of those in the gas phase.

Later we calculated the total PREC, NH,* and NOj selective
production, and N, conversion for N, feed gas plasma.

Total plasma reactor energy consumption,
percentage of NH4* and NOg3 selective
production, and N, conversion percentage

The total PREC for N, conversion to NO3 and NH," using Eq
(1) with N, feed gas was 2837 MJ/mol, while the PREC for CO, feed
gas for N, conversion was 30620 MJ/mol. As discussed above, the
presence of N, in the reactor or dissolved N, in the water caused the
production of NH,*, NO,, and NOj in the CO, feed gas plasma. We
used Eq 2 to evaluate the total PREC of only N, flow and obtained a
PREC value of 3127 MJ/mol. We also assessed the PREC for NO3
and NH," conversion for only N, flow as 3908 and 15663 MJ/mol,
respectively. Later, we calculated the percentage of selective
production of NH,* and NOj; from Eqs 3, 4, which was 20% and
80%, respectively. Furthermore, we calculated the total N,
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conversion using Eqs 7, 8 as 0.0013% and 0.0012%, respectively,
for N, feed gas plasma. In an earlier study, N, plasma jet containing
5-10% H,O vapor discharged on 5 mL water resulted in 95% NHj;
production with 0.0008% N, conversion without a catalyst [47]. In
the reported work, the feed gas with H,O vapor (5-10%) was
introduced in the plasma jet, while we did not introduce water
vapor with the feed gas in the present study.

The results show that the difference in the concentration of RNS
and ROS between CO, and N, feed gas plasma can cause a difference
in germination and seedling growth, as shown in the previous
section. Our germination results correlate well with a prior report
by Zhou et al., where they provided evidence that O, and air PAW
are more efficient in enhancing the germination of mung bean than
N,-produced PAW [44]. They explained that the high density of
ROS generated in air and O, plasma was responsible for the
enhanced germination in mung beans [44].

The high concentration of RNS in N, plasma was apparently due
to the substantial presence of N,. Meanwhile, ROS production was
higher in CO, plasma because the production of O by dissociation
from CO, could react with water vapor to produce H,O,. The high
concentration of H,O, production in CAW compared to NAW also
contributed to the early germination and seedling growth. Wojtyla
et al. reported that H,O, was required for numerous signaling
activities throughout the plant life cycle [54]. They also stated that
applying H,O, externally could increase seed germination [55, 56].

In recent years, CO has been demonstrated to belong to the
most critical cellular elements influencing a broad range of
biological processes across plants and animals [57]. CO acts as
a compound that affects seed germination [58], inducing stomatal
closure [59] and root development [60]. In addition, Wang and
Liao mentioned that signaling molecules like NO, phytohormones
(IAA, ABA, and GA), H,0,, and other gas signaling molecules
exhibit cross-talk with CO [61]. As shown above, the pH of CAW is
3.8. It is highly possible that the dissolved CO can convert to a
stable acid solution such as formic acid and carbonic acid in a
CAW solution. Fan et al. demonstrated the electrochemical CO,
reduction to formic acid solutions [62]. As previously reported, the
combination of NH," and NOj is better for plant growth than
NH," or NOj5 alone [63]. Hence, CO with H,O,, NO;, and NH,*
added the secret ingredient to the cocktail of reactive species in
CAW, resulting in enhanced germination and seeding growth
compared to NAW and control. Although the total PREC for
N, conversion is high in our reactor, in our future study, we will
focus on decreasing the PREC of the reactor to make it more
feasible for commercialization. Douat et al. showed for the first
time the medical application of CO generated by a He plasma jet
with a 1% CO, admixture [64], and our study showed the role of
plasma-generated CO in agriculture for the first time.

Conclusion

In this investigation, we have shown that CO, and N, can be
converted to plant nutrients in the form of H,0,, NO;, NH,*, and
CO, which helps germinate and grow radish sprouts. We found that
adding CO in CAW enhanced early germination and seedling
growth. NAW has a high concentration of RNS even though
NAW-treated seeds showed a lower germination rate. By
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contrast, the CAW solution has less RNS but more ROS, especially
H,0, and CO, resulting in early germination and seedling growth of
radish sprouts. We conclude that RNS is vital for plant growth, but
ROS and CO can accelerate plant growth. Finally, we suggest that
plasma-assisted CO, and N, conversion to plant nutrients is a
valuable alternative that can increase agricultural products and
reduce carbon emission.
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