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Abstract 
The plasma electrolysis method using N2 and O2 injection is an effective and environmentally friendly solution for nitrogen 
fixation into nitrate and ammonia. The reaction pathway, the effect of the N2 and O2 gas injection composition are impor-
tant parameters in understanding the mechanism and effectiveness of these processes. This study aims to determine the 
formation pathway of nitrate and ammonia by observing the formation and role of reactive species as well as intermediate 
compounds. Two reaction pathways of NOx and ammonia formation have been observed. The NOx compound formed in the 
solution was oxidized by ∙OH to NO2, followed by the production of a stable nitrate compound. The ammonium produced 
from the ammonia pathway was generated from nitrogen reacting with ∙H from H2O. The amount of NH3 formed was lesser 
compared to the NOx compounds in the liquid and gas phases. This indicates that the NOx pathway is more dominant than 
that of ammonia. The gas injection test with a ratio of N2/O2 = 79/21 was the most effective for nitrate formation compared 
to another ratio. The results of the emission intensity measurement test show that the reactive species ∙N, ∙N2*, ∙N2

+, ∙OH, 
and ∙O have a significant role in the nitrate formation through the NOx pathway, while the reactive species ∙N and ∙H lead to 
the formation of NH3. The highest nitrate product was obtained at a ratio of N2/O2: 79/21 by 1889 mg L−1, while the highest 
ammonia product reached 31.5 mg L−1 at 100% N2 injection.
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1  Introduction

There is about 78% of the nitrogen in the atmosphere is 
chemically inert which is inaccessible to most organisms. 
Therefore, it must first be converted to a reactive form (such 
as ammonia or nitrate) in a process called nitrogen fixation. 
Industrial nitrogen fixation with the Haber Bosch process 
can be used to produce nitrogenous fertilizer in the form of 
ammonia through nitrogen and hydrogen bonding at high 
temperature and pressure based on reaction Eq. 1 [1]. 

This process occurs at high pressures of 150–200 atm and 
high temperatures of 500 °C, where the reaction is exother-
mic with ΔH = −  92.4 kJ/mol. It often involves the use of an 
iron catalyst with K2O, CaO, SiO2, and Al2O3. Furthermore, 
a catalyst is very important because the nitrogen (N2) bond 
present is included in a very strong triple bond. As a reac-
tant, hydrogen is obtained from natural gas (CH4) through 
the steam reforming process based on Eqs. 2 and 3 [2].

The Haber Bosch reaction requires energy for the steam 
reforming process during the conversion of hydrogen gas 
from natural gas CH4 along with massive CO2 emissions 
[3]. Global NH3 production capacity is expected to expand 
to 289.83 million tons in 2030. By 2022, global energy 
consumption is expected to reach 2–3% of the total pro-
duction, of global annual energy consumption (18.6 GJ 
ton NH3

−1), resulting in approximately 235 million tons 
of CO2 emissions per year [4]. The increasing demand for 
fertilizers, high energy use, and environmental concerns 
caused by emissions from the fixing of N2 in the current 
industry has triggered the emergence of a nitrogen fixation 
process that is sustainable, environmentally friendly, and 
supports energy savings [5]. Several alternatives have also 
been studied, such as biological N2 fixation and nitrogen 
fixation with metal-complex catalysts at ambient pressure 
[6]. Another alternative method that has a high potential to 
reduce environmental impact and increase energy efficiency 
is Plasma Technology which has proven its application in 
various important fields such as catalysis [7], energy storage 
devices [8], and biomedical purposes [9, 10]. Several studies 
revealed that it can fix free nitrogen (N2) with O2 into NOx 
compounds with more efficient and environmentally friendly 
energy (low emission). However, the yield obtained needs 
to be increased and the product is mostly in the form of 

(1)N
2
+ 3H

2
≪ 2NH

3

(2)CH
4
+ H

2
O ≪ CO + H

2

(3)CO + H
2
O ≪ CO

2
+ H

2

gas, which is difficult to further process into fertilizer [11]. 
Plasma electrolysis technology can successfully overcome 
the weakness of plasma technology, where the end product 
of nitrogen fixation is dissolved nitrate liquid with a higher 
conversion [12, 13].

The technology also combines the principle of plasma 
formation (ionized gas) and electrolysis reactions in liquid 
electrolyte solutions. The electrolysis process is carried out 
at high voltage, forming a gas envelope at one of the anode 
or cathode poles which in turn triggers the formation of elec-
tric sparks due to the excitation of electrons and generation 
of plasma in the electrolyzed solution [14]. Plasma can pro-
duce large amounts of reactive species, which are capable 
of breaking bonds in H2O, N2, and O2 to form nitrates and 
ammonia [15]. The process through the injection of air in 
the zone of an electrolyte solution has been proven to be 
effective in producing nitrate compounds [14]. It begins 
with electrolysis, which then leads to the formation of a 
plasma either in the anode (anodic plasma) or at the cathode 
(cathodic plasma) as the voltage increases [16]. Plasma elec-
trolysis or also known as contact glow discharge electrolysis 
(CGDE) can break water molecules into large amounts of 
∙OH and ∙H [17]. ∙OH is the strongest oxidizing agent with 
an oxidation potential of 2.8 eV, while ∙H acts as the reduc-
ing agent. Some H2O molecules break down into H2, O2, 
and H2O2 due to attack from H2O+ produced at the anodic 
plasma [18]. Reactive species ∙OH, ∙H, and H2O+ diffuse 
across the plasma layer into the electrolyte stream and then 
react with each other or the active substrate in the solution 
[19]. The addition of oxygen and nitrogen molecules to the 
plasma zone in the plasma electrolysis process has the poten-
tial to produce new reactive species in the form of N radicals 
and O radicals which can form nitrate, nitride, and ammonia 
compounds through the formation of reactive species.

Injection of N2 and O2 gases in the dissolved plasma zone 
also causes the formation of various reactive species in the 
form of ∙OH, ∙H, ∙N, and ∙O based on Eq. 4 [20], Eqs. 5–7 
[21]:

Therefore, this study aims to determine the role of reac-
tive species and their reaction pathways for NO, NO2, NO3, 

(4)H
2
O(g) + e− → ⋅H + ⋅OH

(5)N
2
+ e− → ⋅N + ⋅N + e−

(6)O
2
+ e− → ⋅O + ⋅O + e−

(7)⋅O + H
2
O(l) → ⋅OH + ⋅OH
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and NH3 formation in plasma electrolysis through the injec-
tion of N2 and O2 gases.

2 � Methodology

The materials used in this study include nitrogen and oxy-
gen gas, Potassium sulfate MERCK 1.05153.0500 dissolved 
in distilled water as an electrolyte, and nitrate test reagent 
HACH 2,106,169. Other materials are a cylindrical reactor 
made of glass with a volume capacity of 1.2 L as well as a 
temperature sensor, condenser, power analyzer, AS SUS 316 
DIA 5 mm stainless-steel electrode, and tungsten EWTH-2 
RHINO GROUND measuring 1.6 mm × 175 mm and pow-
ered by a DC power supply. The DC power supply can be 
set at a voltage of 0–1000 Volts and a current of 0–5 A, as 
shown in Fig. 1.

The electrolyte solution used was 0.02 M K2SO4 with a 
gas injection flow rate of 0.8 L min−1 at a voltage of 700 V 
and a power of 400 W. Tungsten as an anodic plasma was 
placed in a glass casing and the length immersed/ contacted 
in the electrolyte solution at the end of the sheath was 5 mm 
long (27.13 mm2 of contact area). The series of experimen-
tal tools used in this study were equipped with nitrogen gas 
cylinders, oxygen, and temperature sensors, limited to 60 °C 
maximum. Some other tools include test equipment, and a 
UV VIS spectrophotometer (BEL Engineering UV-M51 
Single beam spectrophotometer) to test nitrate, nitrite, and 
ammonium. Analysis of the intensity of the emission spec-
trum was carried out with Electron Spin Resonance (ESR) 
spectroscopy connected to an optical probe in a dark room 

to determine the gas formed in the reactor due to the pres-
ence of plasma discharge at the electrode that occurs. This 
is due to the release of plasma at the electrodes as well as 
the removal of other light waves received by the camera. The 
ESR was tuned at 200–1100 nm with very high UV-NIR 
response sensitivity using an ICCD (Intensive CCD) camera 
placed perpendicular to the reactor wall to the plasma source 
within the closest diameter, where the signal time remained 
at 1 ms and the output data is processed by the Maya2000 
Pro spectrometers application to display semi-qualitative 
graphical data [22]. The NH3 gas test was carried out with 
the AR8500 ammonia sensor, while the NOx test used the 
NOx analyzer ECOM J2KN.

Fig. 1   Scheme of plasma elec-
trolysis reactor

Fig. 2   Emission intensity of reactive species with air injection
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3 � Findings and discussions

The reaction for the formation of nitrate and ammonia 
occurs in plasma zone (plasma gas envelope) in the electro-
lyte solution (Fig. 1), for this reason the discussion begins 
with observing the formation of reactive species and their 
products in the liquid phase. Then the compounds produced 
in the liquid phase can move to the gas phase (above of 
surface solution) due to certain factors, so that the product 
compounds are observed in the gas phase. Furthermore, a 
proposed reaction pathway is made based on observations of 
reactive species and products. The effect of O2 and N2 com-
position on the formation of reactive species and products 
is given at the end of this paper.

3.1 � Formation of reactive species in the liquid 
phase

The injection of N2 and O2 gases from the air with a flow 
rate of 0.8 L min−1 into the anodic plasma zone in an elec-
trolyte solution of 0.02 M K2SO4, a voltage of 700 V, and a 
power of 400 W proved to be effective in producing several 
reactive species in the liquid phase, namely ∙OH, ∙N, ∙N2*, 
∙N2

+, ∙H, and ∙O, as shown in Fig. 2.
Figure  2. shows the light wavelength spectrum of 

the resulting plasma discharge translated into a graph at 
300–850 nm. The wavelengths include: ∙OH (308 nm), 
∙N2*(317, 337, 380, 399  nm), ∙N2

+ (427, 479  nm), ∙H 
(654 nm), ∙N (777 nm), and ∙O (844 nm). For emission 
spectra emitted at various camera positions, the results were 
dominated by excited nitrogen molecules (∙N2*) due to high-
energy collisions of electrons with N2 and O2 molecules. 
Based on the emission spectrum in Fig. 2., ∙OH, ∙O, and 
∙H were produced from H2O molecules in the electrical dis-
charge process through dissociation, ionization, and vibra-
tional excitation/rotation of water molecules [17].

Dissociation

Ionization

Excitation

(8)H
2
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2
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(13)H
2
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2
O → H

2
+ ⋅O + H

2
O

H2O molecules in the gas phase dissociate to form ∙OH 
and then diffuse into the solution. Furthermore, the com-
pound split into ∙OH due to its high-electron energy, which 
was excited by the plasma. The formation of plasma at the 
anode in the electrolyte solution changes the chemical effect 
of the normal electrolysis process, where electron transfer 
occurs between the ion and the electrode, thereby becoming 
a non-faraday process [23]. This non-Faraday effect stems 
from the energy transfer between the high-energy particles 
in the plasma and other species in the electrolyte near the 
plasma-liquid interface. It is also obtained from the reactions 
in the plasma around the anode. These processes increase 
the number of ∙OH and ∙H radicals around the anode in the 
interfacial region of plasma and electrolyte solutions [24]. 
∙OH can also be generated from the ionization of H2O mol-
ecules by electrons, followed by the reaction of H2O+ ions 
with other H2O molecules. However, this reaction is unlikely 
to occur because it requires larger electron energy of 12.6 eV 
compared to the level needed for H2O dissociation of 6.4 eV 
[25]. ∙OH species have the highest oxidation state, which can 
oxidize nitrogen from air to nitrate. This species is largely 
produced by plasma due to gas ionization from the joules 
heating effect [26]. The high conductivity of 5.4 mS in the 
0.02 M K2SO4 electrolyte solution led to a more massive 
release in oxygen bubbles and an increase in the intensity of 
the O emission. Based on Eq. 15, ∙O also plays a dominant 
role in the formation of ∙OH [27].

The roles of ∙N, ∙N2*, ∙N2 + , and •O corresponds to 
Eq. 16 [21], Eq. 17 [28], Eq. 18 [21], Eqs. 19-20 [29].

(14)H
2
O∗ + H

2
O → 2 ⋅ H + ⋅O + H

2
O

(15)⋅O + H
2
O(l) → ⋅OH + ⋅OH

(16)N
2
+ e− → ⋅N + ⋅N + e−

(17)O
2
+ e− → ⋅O + ⋅O + e−

Fig. 3   The concentration of NO3, NO2, and NH3 in the liquid phase
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Species ∙N, ∙N2*, ∙N2
+ are generated from N2 gas acti-

vated in the plasma zone, while ∙O can be obtained from O2 
gas activated by high-energy electrons (e−). Meanwhile, ∙OH 
and ∙H are formed from the reaction of H2O with e- from 
plasma or with ∙O [27].

3.2 � Formation of nitrate, nitrite, and ammonia 
compounds in the liquid phase

NO3 was rapidly formed at the beginning of the reaction for 
up to 35 min. Meanwhile, NO2 as an intermediate product 
was rapidly produced for up to 20 min and then decreased 
again, as shown in Fig. 3. Burlica, et al. [28] stated that the 
equation for NO2 formation is through the dissociation reac-
tion of nitrogen and oxygen with the following mechanism.

The NO compounds formed in reactions (23) and (26) can 
be oxidized to NO2 when using a gas in the form of air, thereby 
increasing the concentration of nitrate formed. The reaction 
between NO2 and ∙OH led to the formation of an acid, as 
shown in the reaction below.

(18)N
2(g) + H

2
O(l) → ⋅N+

2
+ ⋅OH + ⋅H

(19)N
2(g) + ⋅O → NO + ⋅N∗

2

(20)⋅N∗

2
+ ⋅O → NO + ⋅N

(21)⋅N∗

2
+ ⋅O → NO(g)

(22)NO(g) + ⋅O → NO
2(g)

(23)3NO
2
+ H

2
O → 2H+ + 2NO−

3
+ NO

(24)2NO
2(g) → N

2
O

4(g) + H
2
O(L) → HNO

3(l) + HNO
2(l)

(25)NO
2(g) + NO(g) → N

2
O

3(g) + H
2
O(l) → 2HNO

2(l)

(26)3HNO
2(l) → HNO

3
+ 2NO(g) + H

2
O(l)

Nitrite as an intermediate product formed in this process 
was oxidized by ∙OH into more stable nitrate. The production 
of nitrate, nitrite, and ammonia in the liquid phase is shown 
in Fig. 3.

Figure 3. shows that the amount of nitrate formed was more 
than ammonia, the formation of nitrate reaches thousands of 
ppm, while ammonia is formed around tens of ppm. This con-
dition is due to free Gibbs Energy of nitrate formation (ΔGo

f 
-111.3 kJ/mmol), which is much more spontaneous than that 
of ammonia (ΔGo

f -26.6 kJ/mmol) under atmospheric con-
ditions. Furthermore, the number of ∙H species as the main 
constituent of ammonia (Eq. 28) is much lesser than that of ∙O 
species as the main constituent of nitrate, as shown in Fig. 2. 
Nitrate production increased rapidly in the first 5 min of the 
reaction and continued until 35 min, after which it tended to be 
stable until 60 min with a concentration of 1889 mg L−1. This 
stability can be caused by the decomposition process through 
exposure to UV light from plasma [30]. The decreasing pH of 
the solution/acidic (Table 1) during the process also reduced 
the absorption of NO2 into NO3 [14]. Nitrite as an intermediate 
product increased up to the first 20 min and reached 350.3 mg 
L−1. It then declined continuously as it was oxidized to nitrate. 
This decrease also occurs due to air injection and liquid tur-
bulence around the plasma, thereby causing degassing. It also 
led to the dissolution of NO and NO2 in the gas to be pushed 
into the gas phase. Ammonia formed in the liquid phase is in 
dissolved form and ammonium ions with a concentration of 
29.1 mg L−1. The product was formed from nitrogen (∙N) and 
hydrogen (∙H) radicals through the dissociation of H2O [2].

3.3 � Formation of ammonia and NOx in gas 
and liquid phases

Plasma-activated Nitrogen, Oxygen, and H2O gases produce 
many reactive species in solution and form NOx as well as 
NH3 compounds in the liquid phase. Some of the NOx and 
NH3 products move to the gas phase (above of surface solu-
tion) due to several factors, such as degassing, pH of the 
solution, and exposure to UV light from the plasma. Table 1 
presents the ratio of NH3 and NOx formed in the liquid and 
gas phases during the 60 min process.

In the early stages of the process (10 min), NH3 and NOx 
were mostly in the liquid phase (92% for NH3 and 83% for 
NOx), which showed that they were produced in this phase. 

(27)NO
2
+ ⋅OH → HNO

3

(28)⋅N + ⋅H → ⋅NH

(29)⋅NH + ⋅H → ⋅NH
2

(30)⋅NH
2
+ ⋅H → ⋅NH

3

Tabel 1   Ratio of NH3 and NOx in gases and liquid phase

Time (minute) NH3(g)/NH3(l) NOx(g)/NOx(l) Solution’s pH

10 0.08 0.172 5.83
30 0.16 0.163 4.41
60 0.17 0.25 3.1
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Furthermore, the increase in the ratio of NH3(g)/NH3(l) 
and NOx(g)/NOx(l) during the 60 min process indicates an 
increase in the amount of NH3 and NOx released into the 
gas phase from the liquid phase. This was caused by the 
degassing factor due to the turbulence of fluid around the 
plasma. The decrease in the pH of the solution during the 
process due to the formation of nitrate products can also 
cause an increase in NOx in the gas phase. Activated nitro-
gen molecules (∙N2*) with a low excitation energy level of 
6.17 eV can be directly generated by the collision of molecu-
lar nitrogen vibrations with electrons. The released N atom 
then reacts with molecular or atomic oxygen to produce NOx 
and with H to form NH3 [31]. The mole ratio of NH3(g)/
NH3(l) and NOx(g)/NOx(l) products at 60 min reached 0.17 
and 0.25, respectively. This indicates that the ammonia 
formed in the solution was more stable than NOx. The high 
ratio of NOx in the gas phase was due to the low pH of 
the solution reaching 3.1 at 60 min, thereby reducing the 
absorption power of NO2 to NO3 [14]. UV radiation from 
plasma can also cause the nitrate formed in the solution to be 
re-decomposed to NOx, which later escapes to the gas phase 
[3]. Increasing the temperature around the plasma during 
the process can decrease the solubility of NH3 in the liquid. 
Consequently, NH3 moves from the liquid phase to the gas 
phase, which was indicated by the increasing ratio of NH3 
in the gas phase reaching 0.17 at 60 min.

3.4 � Formation pathway of nitrate and ammonia 
compounds

The dissociation reactions of N2, O2, and H2O that produce 
reactive species ∙N, ∙N2*, ∙N2

+, ∙OH, ∙H, ∙O, as well as 
compounds of NOx and NO2

− indicate a reaction pathway 
for the formation of NOx and Ammonia. The role of each 
reactive species in the formation is illustrated in Fig. 4. 

The NOx formation pathway occurs due to the injection of 
N2 and O2 gases into the anodic plasma zone. It produces a 

lot of ∙O that reacts with ∙N, ∙N2*, ∙N2
+ (Eqs. 16–20) to give 

NOx(aq) in the solution. Some of the products are released 
into the gas phase (NOx(g)) through the degassing process, 
while NOx(aq) is oxidized by ∙O and •OH to NO2

−(aq) 
(Eqs. 22–27). Furthermore, the NO2

−(aq) formed is rapidly 
oxidized by ∙OH to a stable nitrate product (NO3

−). The 
ammonia reaction pathway occurs due to the reaction of 
reactive species ∙H with ∙N to form ammonia in solution 
(NH3(aq)) (Eqs. 28–30). Some NH3(aq) becomes ammonium 
ion (NH4

+
(aq)) after reaction with the acid (H+) present.

3.5 � Effect of N2 and O2 composition ratios 
on formation of reactive species 
and nitrate‑ammonia

The previous discussion revealed the role of reactive spe-
cies and the reaction pathway for the formation of Ammo-
nia, Nitrate, and Nitrite. Furthermore, this section aims to 
describe the effect of N2 and O2 composition injected into 
the plasma zone on the number and composition of the reac-
tive species produced. The process was carried out using a 
semi-quantitative approach with peak intensity absorbance 
unit (a.u) data.

If plotted as a number, the emission intensities of reactive 
species from the ESR test results in Fig. 5. are presented in 
Table 2.

Figure 5. shows that the reactive species ∙N, ∙N2*, ∙N2
+, 

∙OH, ∙H, and ∙O occurred at all N2/O2 composition ratios 
except at 100% O2 (N2/O2 = 0/100). This was because the 
ratio did not generate ∙N, ∙N2*, and ∙N2

+ species due to 
the absence of N2 injection (Fig. 5f), thereby leading to the 
absence of nitrate and ammonia products. Figure 5e shows 
that 100% N2 (N2/O2 = 100/0) injection produced the highest 
∙N, ∙N2*, and ∙N2

+ indicating that N2 is effectively activated 
by plasma, while ∙OH, ∙H, and ∙O were obtained from the 
dissociation of H2O molecules. The injection produced the 
highest N and Ammonia species of 23,148 au and 31.5 mg 
L−1, respectively, as shown in Table 2. This shows that ∙N 

Fig. 4   Pathways of nitrate and 
ammonia production
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Fig. 5   Emission intensity of species reactive in different ratio composition a N2/O2 = 79/21, b N2/O2 = 50/50, c N2/O2 = 20/80, d N2/O2 = 90/10, e 
100% N2, f 100% O2

Table 2   Nitrate, ammonia, and 
emission intensity of reactive 
species production in different 
N2/O2 ratio

**in 60th minute

Ratio Nitrate** Ammonia** Emission intensity of reactive species (a.u)

mg L−1 mg L−1 ∙N ∙N2* ∙N2
+ ∙OH ∙H ∙O

N2/O2 = 100/0 863 31.5 23148 26652 21467 20264 13267 10365
N2/O2 = 90/10 980 30.3 20984 25991 19212 21677 12798 11214
N2/O2 = 79/21 1889 29.1 20139 28540 18023 30863 12547 49800
N2/O2 = 50/50 1702 16.8 20415 25782 22871 30287 12664 40356
N2/O2 = 20/80 1146 3.9 10211 13651 11889 31890 13213 50402
N2/O2 = 0/100 – – – – – 22114 12998 12251
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species are the main raw material along with ∙H to form 
NH3 (Eqs. 28–30). The low number of N species at N2/
O2 = 20/80, namely 10,211 au only produced 3.9 mg L−1 
Ammonia, which was much lower than others due to the low 
∙N produced in all ratios.

High ∙O production occurred at N2/O2 = 79/21, N2/
O2 = 50/50, and N2/O2 = 20/80 to produce 49,800 au, 40,356 
au, and 50,402, respectively. Meanwhile, at 100% N2, 100% 
O2, and N2/O2 = 90/10, the amount produced was 10365 au, 
12,251 au, and 11,214 au, respectively as shown in Table 2. 
Injection of N2 without O2 was found to produce only low 
∙O, indicating a synergistic role between them. The role 
of ∙O is very important in the formation of nitrate through 
the NOx pathway (Fig. 4), where high nitrate products are 
produced at the N2/O2 ratio = 79/21. This causes the high 
production of more ∙O. ∙O species play an important role 
in the formation of NOx(aq), while ∙OH species is important 
for oxidizing unstable NOx(aq) to a more stable form of NO3. 
Therefore, high ∙OH produce high Nitrate products, which 
is influenced by ∙O species [27], where high ∙O production 
will produce high ∙OH as well, as shown in Table 2. Low ∙O 
and ∙OH products at the ratio of N2/ O2 = 90/10 and 100% N2 
produce low Nitrate products. The highest Nitrate product 
was achieved at the ratio of N2/O2 = 79/21 by 1889 mg L−1, 
as shown in Table 2.

4 � Conclusion

This study succeeded in showing the presence of reactive 
species ∙N, ∙N2*, ∙N2

+, ∙OH, ∙H, ∙O, and intermediate com-
pounds NOx and NO2

− in the plasma electrolysis process 
with N2 and O2 injection in the anodic plasma zone. The 
pathway for nitrate formation occurs through the reaction 
of ∙N, ∙N2*, ∙N2

+ with ∙O to form NOx and diffuse into the 
solution. NOx is oxidized by ∙OH and ∙O to form Nitrite 
as an intermediate product and further oxidized by ∙OH to 
Nitrate. The ammonia formation pathway occurs between ∙N 
and ∙H reactive species, with the highest yield achieved at 
100% N2 injection. This ratio also gave the highest Ammo-
nia, namely 31.5 mg L−1. The low formation of •H is the 
cause of the reduced formation of NH3 compared to Nitrate. 
N2 injection has been proven to increase the formation of 
reactive species ∙N, ∙N2*, and ∙N2

+, while O2 injection can 
increase ∙O and ∙OH when accompanied by N2 injection at 
certain compositions. Injection of N2 and O2 at a composi-
tion of 79/21 showed the highest ∙OH and ∙O with nitrate 
production of 1889 mg L−1. In future research, the use of 
cathodic plasma is highly recommended to increase the 
amount of ammonia.
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