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Plasma synthesis of ammonia by asymmetric electrode arrangement
F. Baharlounezhad, M.A. Mohammadi, and M.S. Zakerhamidi

Faculty of Physics, University of Tabriz, Tabriz, Iran

ABSTRACT
The plasma reactors are of great interest in ammonia synthesis because of their green performance, small- 
scale process capabilities, and various design and application options. The purpose of this research is to 
synthesize water-soluble ammonia by plasma electrolysis which utilizes nitrogen atmospheric pressure 
plasma generated by DC discharge. Then, we investigate the influence of the plasma characteristics such 
as the electron temperature and density on the resultant ammonia concentration. For this purpose, the 
model of the Hoffman electrolysis apparatus was designed for separating the anodic and the cathodic 
parts, producing plasma, and finally interacting with an aqueous solution surface. This procedure allows 
us to compare the mechanism of the classical electrolysis with plasma electrolysis. The concentration of 
synthesized ammonia resulting from the reaction of active species in the interaction between plasma and 
the liquid surface on the cathode side of the device was obtained. The plasma electron temperature and 
density were measured by the standard Boltzmann plot method and the Stark broadening of Hβvia optical 
emission spectroscopy (OES), respectively, and their effects on the interaction between plasma and the 
water surface were investigated, which leads to nitrite and ammonia synthesis. The intensity of the 
emitted light varied as the discharge voltage was increased according to 8kV, 9kV, 10kV, and 11kV. As 
a result, the plasma electron temperature, density, and the synthesis of additional water-soluble ammonia 
parameters increase. Multiple parameter linear regression was used to evaluate the effect of varying the 
voltage on these parameters, which was positive.
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Introduction

Plasma as the fourth state of matter is produced by the ioniza
tion of neutral gases, resulting in an equal number of positive 
ions and negative electrons in two forms: thermal plasma (TP) 
and non-thermal plasma (NTP). Thermodynamic equilibrium 
characterizes thermal plasma, which means that all species 
have the same temperature. Non-thermal plasma is not in 
thermal equilibrium where electrons, due to their small mass, 
are usually at the temperature of aboutTe ¼ 1eV, and the 
temperature of the background gas molecules (T0) is close to 
room temperature Te � T0ð Þ. NTP contains extremely reactive 
electrons, ions, atoms, and radicals, allowing it to be employed 
in the production of a variety of materials such as diamonds,[1– 

3] metal nano-particles,[4–6] ceramic nano-powders,[7,8] nano- 
fibers,[9,10] nano-crystals,[11,12] ozone,[13–15] and 
ammonia.[16,17] By nitrogen fixation and a significant increase 
in chemical kinetics, NTP can enable ammonia production at 
room temperature and atmospheric pressure. Glow 
discharges,[18–20] microwaves (MW),[21,22] radio frequencies 
(RF),[21,23] and dielectric barrier discharge (DBD) plasma reac
tors [24–26] have all been used to synthesize ammonia. The RF 
and MW discharges are expensive methods due to vacuum 
equipment. Also, DBD has uncontrollable conditions caused 
by AC current.

In the chemical industry, ammonia is one of the most 
extensively used materials.[27,28] In addition, it is an important 
nitrogen compound in fertilizers preparation,[29] a reducing 
agent in nitrogenization processes,[30] a source of energy 

supply, and a low-cost fuel compared to other fuels.[31] 

Ammonia can be synthesized in many ways, including thermo
chemical synthesis (Haber-Bosch process),[32,33] electrochemi
cal synthesis,[34,35] dense metal membranes,[36] the oxidation- 
reduction cycle of solar thermochemical,[37–39] and non- 
thermal plasma.[40,41] Chemical and plasma physics engineers 
have been interested in using the non-thermal plasma 
approach for the synthesis of ammonia from the mixture (N2 
and H2 gas) through NHx radicals as a clean and small-scale 
alternative in recent decades.

Electrolysis is the process of passing an electric current 
through the material to cause a chemical change. This process 
takes place in an electrolytic cell, a reactor consisting of cath
ode and anode electrodes immersed in a solution containing 
positive and negative charged ions. An electrolytic cell, also 
known as an electrolysis reactor, converts electrical energy into 
chemical energy. Metal conductors are used as electrodes in 
electrolysis reactors. Electrodes are responsible for the trans
mission of electrons in certain circumstances and are also 
engaged in electrolysis processes in others. The cathode is the 
electrode that sends electrons to the anode across the electro
lyte environment, and the anode is the electrode that receives 
electrons from the cathode. Electrolysis is widely used in 
metallurgical engineering [42,43] like electrowinning,[44,45] 

electrorefining,[46–48] and electroplating.[49,50] The electrodes 
of an electrochemical system with asymmetric electrode con
figurations might differ in form, size, material, and design from 
one another.
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It may be noted that the use of plasma electrolysis and 
atmospheric discharge has been continuously investigated in 
the recent past on ammonia synthesis. However, the effect of 
plasma parameters on ammonia synthesis has been less 
explored as per literature. In this study, ammonia has been 
synthesized with NTP in an asymmetric electrode configura
tion resulting from a glow discharge at various electron tem
peratures and densities by varying the discharge voltage. The 
experimental current of this study was in the glow region and 
glow-to-arc-transition, therefore discharged was considered 
glow.[51] Plasma electrolysis produces a highly reactive inter
facial liquid layer in interaction with liquid due to various 
processes driven through electrons, ions, photons, and radicals 
that are produced by the plasma. In this system, electrons are 
generated in the plasma and transferred to the interfacial liquid 
or injected into the interface by electric fields. This few tens of 
nanometers surface layer has been compared to classical elec
trolysis, in which a solid electrode inserts dissolved electrons 
directly into the electrolyte solution. While there are many 
differences between classical electrolysis and plasma electroly
sis, plasma–liquid interactions can be considered in the first 
approximation as the replacement of a metal electrode in an 
electrolytic cell with plasma.[52] The mechanism and chemical 
reactions of the electrolysis and plasma electrolysis methods 
were described and compared. Plasma electron temperature 
and density were determined at different discharge voltages 
by the Stark broadening of the hydrogen Balmer Hβ spectral 
line and the Boltzmann plot using the plasma emission spec
troscopy of glow discharge, respectively. Finally, the ammonia 
synthesis findings were compared to discharge voltage changes, 
and variation plasma electron temperature and density.

Materials and methods

Materials

A pH indicator bromothymol blue (BTB, C27H28Br2O5S) was 
used to display pH changes on the anode and the cathode sides 
of the electrolysis reactor. The aqueous solution of BTB is blue 
in undefined.60, yellow in undefined.00, and green in 

undefined.00–7.60. Distilled water (pH = 6.21), sodium chlor
ide (NaCl), and sodium perchlorate NaClO4ð Þ were used to 
prepare the solutions of the Hoffman reactor. The reactor was 
filled with distilled water which was washed with nitrogen gas 
for one hour. Nitrogen gas produced atmospheric pressure 
plasma of the DC discharge. All the materials in this study 
were the high extra pure grade from Merck.

Instruments and methods

We used the plasma electrolysis method to manufacture 
ammonia at room temperature and atmospheric pressure, 
which includes the interaction of nitrogen plasma with an 
aqueous solution surface, which is different from plasma- 
activated water. Plasma activated water is long process com
pletion time, while the applied method has short time changing 
environmental conditions. In plasma activated water, active 
species and ions lead to acidic pH in the solution, which is 
greater in cathode rather than in anode.[53] The experimental 
setup for this study is shown in Fig. 1. An H-shaped Pyrex glass 
reactor, the Hoffman electrolysis reactor, was used to separate 
the anodic and the cathodic reactions. The Hoffman electro
lysis reactor allows investigating the influence of electron or 
negative ion reactions in interface with the aqueous solution 
surface apart from positive ion reactions. The reactor electro
des were selected from tungsten rods with a diameter of 2 mm. 
The classical electrolysis was performed with tungsten electro
des immersed in the liquid at 8kV. The cathodic tungsten rod 
was inserted into a T-shaped glass tube, 1.5 mm out of the 
aqueous solution surface, for gas flow in plasma electrolysis. 
Despite operating at atmospheric pressure, the cathode side 
was completely protected by nitrogen gas, ambient air and 
oxygen gas did not reach the cathode and were not involved 
in plasma formation. As a result, only the electron temperature 
of the nitrogen gas plasma was calculated. Aqueous solution 
pH was measured with WTW Lab-pH Meter inoLab® pH 7110 
with a numerical precision of 0.01. Nitrogen gas flowed 
through a T-shaped tube to the liquid surface and was ionized 
by applying a high potential difference between the electrodes. 
The mass flow controller was adjusted in 50sccm. The 

Figure 1. Experimental setup of DC glow discharge reactor.
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discharge gap on the cathode side on the surface of the aqueous 
solution was 1.5 mm. The reactor of DC glow discharge oper
ated at 8kV, 9kV, 10kV, and 11kV.

Emission spectroscopy was performed with a miniature 
optical spectrometer (UV-Vis-NIR), over the wavelength 
range of 190–850 nm with a wavelength accuracy of ±0.1 nm, 
manufactured by Pooyesh Tadbir Karaneh Co. A double beam 
UV-Vis spectrophotometer (Shimadzu UV-2450), with 
a measuring wavelength range of 190-900 nm and 
a wavelength accuracy of ±.01 nm, was used to record the 
absorbance spectra of ClO�ð Þ and ammonia. Measurement of 
ammonia concentration was done by High-Performance 
Liquid Chromatography (HPLC), D -14163 KNAUER. Nitrite 
anion was confirmed by ion chromatography (930 Compact IC 
Flex, 150 mm version of the Metrosep A Supp 5 - 150/4.0) 
Made by Metrohm company with the particle size of 5 µm.

Result and discussion

Classical electrolysis and plasma electrolysis

The properties of classical electrolysis and plasma electrolysis, 
as well as their products, were compared first, and then the 
reactions were determined. Figure 2 shows two tungsten rods 
immersed in a solution (NaCl, 0.50 M) with a small amount of 
BTB added. The aqueous solution was treated 10 min under 
0.25 mA constant current electrolysis at 8kV.

The electrolyte reaction in sodium chloride solution is 
defined as follows [54,55]  

2H2O lð Þ þ 2e� ! H2 gð Þ þ 2OH� aqð ÞHalf cathodic reaction
(1) 

2Cl� aqð Þ ! Cl2 gð Þ þ 2e� Half anodic reaction (2) 

The reactions indicate the production of H2 gð Þ on the 
cathode side and Cl2 gð Þ on the anode side. There is 
a superiority of the water molecule in competition with the 

positive ion of the water-soluble sodium on the cathode side. In 
contrast, there is a predominance of negative ion of the water- 
soluble chlorine with the water molecule on the anode side. 
Initially, the solution pH was 7.3. As shown in Fig. 2, the liquid 
on the cathode side has changed to blue (pH = 9.00) due to 
hydroxide ions production OH�ð Þ that alkalizes the liquid 
during 10 min. The liquid around the anode is decolorized 
during the electrolysis. This decolorization is due to the partial 
dissolution of chlorine gas Cl2ð Þ in water, hypochlorous acid 
production (HClO), and overcoming hydrogen ion ðHþÞ,[55] 

which results in acidification of aqueous solution (pH = 6.82) 
on the anode side. The equation of the chemical process occur
ring on the anode electrode side is as follows: 

H2O lð Þ þ Cl2 gð Þ ! HCl aqð Þ þHClO aqð Þ (3) 

Figure 3 shows plasma electrolysis of solution (NaCl, 0.5 M) 
containing BTB by nitrogen gas plasma for 10 min after the 
beginning of electrolysis at a constant current of 0.6 mA. As 
can be seen, the aqueous solution on the cathode side has 
changed to blue (alkaline, pH = 10.10), and on the anode side 
to yellow (acidic, pH = 3.51). Chlorine gas production in 
plasma electrolysis is less than in classical electrolysis. 
Therefore, the concentration of production hypochlorous 
acid is low, which does not lead to the decomposition of 
BTB. Hypochlorous acid (HClO) has a high oxidative capacity, 
thus it can breakdown BTB and decolorize the aqueous solu
tion around the anode instead of turning it yellow.[55] 

The amount of discoloration depends on the concentration 
of hypochlorous acid produced during electrolysis. Figure 4a 
shows the calibration curve of the standard solution NaClO4ð Þ

at 0.0010 M, 0.0055 M, 0.0100 M, 0.0550 M, and 0.1000 M con
centrations to determine the quantity of ClO� and Fig. 4b 
represents the absorption spectrum of the aqueous solution 
containing ClO� after the classical electrolysis and plasma 
electrolysis. Obtained results show that the concentration of 
HClO in the classical electrolysis (1.1270 M) was higher than 
plasma electrolysis (0.8640 M).

Figure 2. Aqueous solution (NaCl, 0.5 M), a) before, b) after 3 min, and c) after 10 min the classical electrolysis.

Figure 3. Aqueous solution (NaCl, 0.5 M), a) before, b) after 3 min, and c) after 10 min plasma electrolysis.
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Henceforth, the reactor solution was selected distilled water 
and the reactions leading to ammonia synthesis were investi
gated. Water electrolysis is the process of dissociating water 
molecules into hydrogen and oxygen gases using electrical 
power. The electrochemical reactions that happened on the 
cathode side follow as [56]  

2Hþ þ 2e� ! H2 gð Þ (4) 

2H2O lð Þ þ 2e� ! H2 gð Þ þ 2OH� (5) 

and the dominant electrochemical reaction on the anode 
side are [56]  

2H2O lð Þ ! O2 gð Þ þ 4Hþ þ 4e� (6) 

4OH� ! O2 gð Þ þ 2H2O lð Þ þ 4e� (7) 

The reaction in used plasma electrolysis is different from 
classical electrolysis because in plasma electrolysis, electron 
irradiation to the solution surface is induced by some reactions 
such as decomposition, ionization, charge transfer, and eva
poration. At the cathode, the surface reaction occurs mostly 
along the solution–plasma interface, where free electrons are 
transported from the plasma into the solution, forming a thin 
layer of solvated electrons.[57] In the plasma electrolysis setup, 
nitrogen plasma is produced and current conducted via the 
water. Plasma activation of the water is referred to as plasma- 
activated electrolyte. Around the cathode, hydrogen gas is 
produced via plasma generation between the electrode and 
the water surface.[58] Plasma electron irradiation produces 
hydroxide ion OH�ð Þ. Non-thermal plasma can activate the 
water and nitrogen gas, producing reactive nitrogen com
pounds NOX dissolved in solution as an intermediary for 
ammonia’s (NHþ4 ) electrochemical synthesis. The total concen
tration of NOX increases linearly as a function of plasma 
exposure time. Here, exist of nitrite ionðNO�2 Þ confirmed at 
the cathode electrode side. Nitrite ion is soluble, much more 
easily reduced to ammonia than N2 gas. To produce ammonia, 
a reaction field must be created in which active nitrogen species 
may react with hydrogen gas. Ammonia could only be made 
lower potentials than water reduction, where most electrons 

would approve H2 gases generations.[59] The given conditions 
are provided by the cathode side. These cathodic reactions in 
used plasma electrolysis system are

2H2O lð Þ þ 2e� ! H2 gð Þ þ 2OH� (8) 

2Hþ þ 2e� ! H2 gð Þ (9) 

NO�2 aqð Þ þ 8Hþ þ 6e� ! NHþ4 aqð Þ þ 2H2O lð Þ (10) 

NHþ4 aqð Þ þOH� ! NH3 aqð Þ þ 2H2O lð Þ (11) 

Nitrogen ion from direct ionization by electron impact can 
react with hydrogen gas. A possible ion-molecule reaction 
mechanism for the synthesis of ammonia is shown below [60]  

Nþ þH2 gð Þ ! NHþ aqð Þ þH (12) 

NHþ þH2 gð Þ ! NHþ2 aqð Þ þH (13) 

NHþ2 þH2 gð Þ ! NHþ3 aqð Þ þH (14) 

In this system, nitrogen plasma interacted with the water 
surface at 8kV, 9kV, 10kV, and 11kV for 20 min. The concen
trations of synthesized water-soluble ammonia on the cathode 
side were reported by UV-Vis spectrophotometer at 
5:879� 10� 6M,1:470� 10� 5M,1:176� 10� 4M, and 1:764�
10� 4M respectively. The results were confirmed by HPLC.

It is reasonable to consider that the acidification of the 
solution at the anode side is due to the dissolved hydrogen 
ion Hþð Þ and nitrite, which flown from the cathode to the 
anode. In addition, oxygen gas is generated in the vicinity of 
the anode.[61]

2H2O lð Þ ! O2 gð Þ þ 4Hþ þ 4e� (15) 

NOþH2O! NO�2 þ 2Hþ þ e� (16) 

The concentrations of hydrogen ions Hþð Þ on the anode 
side and hydroxide ions ðOH� Þ on the cathode side were 
calculated using pH and pOH in both electrolysis, and their 
changes, Figs. 5 and 6, were described over time, respectively. 
According to Fig. 5, the maximum concentration of hydrogen 

Figure 4. a) The calibration curve of the standard solution NaClO4ð Þ, b) Adsorption spectra of solution containing ClO� after the classical electrolysis and plasma 
electrolysis.
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ions on the anode side in the classical electrolysis was lower 
than plasma electrolysis. In addition, the concentration of 
hydrogen ions on the anode side in the classical electrolysis 
increased over a shorter time than in plasma electrolysis to 
reach equilibrium. This demonstrates that additional species 
than hydrogen ions, such as nitrite on the anode side, engage in 

the reaction with hydrogen ions in plasma electrolysis. It pro
longs the reaching equilibrium time. NO�2 concentration on 
the anode side was obtained ~0.1 ppm at equilibrium time.

According to Fig. 6, the maximum concentration of hydro
xide ions on the cathode side in the classical electrolysis is 
lower than plasma electrolysis, and it has been elevated for 
a longer period to attain equilibrium than plasma electrolysis. 
It shows that in plasma electrolysis, the production of ammo
nia, and the reaction of the NO�2 andHþ leading to NHþ4 
increase the alkaline property and concentration of the hydro
xide ion. It shortens the reaching equilibrium time. NO�2 and 
ammonia concentrations were obtained ~0.380 ppm and 
~0.200 ppm at equilibrium time, respectively.

The pH-dependent anodic and cathodic half-reactions 
formed during the classical electrolysis and plasma electrolysis 
are presented by the Pourbaix diagram, (E-pH), in an aqueous 
solution. The equilibrium potentials of electrochemical pro
cesses are shown versus pH in a Pourbaix diagram, which 
displays probable stable states in an aqueous electrochemical 
system. The lines that connect the areas on the diagram define 
the thermodynamic stability zones of the products. According 
to the water Pourbaix diagram in Fig. 7, reactions in the 
classical electrolysis on the anode side at potentials above line 
1 and on the cathode side at potentials below line 2 in favor of 
O2 and H2 proceed from H2O, respectively.[62,63] 

The nitrogen Pourbaix diagram in the aqueous electroche
mical system of plasma electrolysis is shown in Fig. 8. In this 
case, in addition to the production of O2 and H2, the reactions 
at potentials below line 3 take place to produce NO�2 on the 

Figure 5. The hydrogen ion concentration changes on the anode side in a) the classical electrolysis and b) plasma electrolysis (The hydrogen ion concentration was 
calculated through solution pH).

Figure 6. The hydroxide ion concentration changes on the cathode side in a) the 
classical electrolysis and b) plasma electrolysis.
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anode side. The reactions above and below line 4 occur to the 
production of NO�2 and NH3 on the cathode side, 
respectively.[64–66] 

Determination of plasma electron temperature and 
density

To determine the plasma electron temperature, the discharge 
spectrum was evaluated for each voltage using the standard 
Boltzmann plot method. The Boltzmann plot is a frequently 
used spectral measurement method, particularly for evaluating 
plasma electron temperature by spectral line emission inten
sity. In this method, four suitable lines of (N I) were selected 
from the spectral lines of nitrogen plasma discharge. The used 
equation for calculation of the plasma electron temperature is 
defined as follows [67,68]  

ln
Ijiλji

Ajigj
¼ �

Ej

kBT
þ c (17) 

where Iji is the intensity of the spectral line, λij nmð Þ is the 
wavelength of the emitted light, which is the probability 
per second that an atom in state j spontaneously emits in 
a random direction and is de-excited to state i, gj is the statis
tical weight of the energy level, Aji s� 1ð Þ is transition probabil
ity, kB ¼ 1:38� 10� 23 J=Kð Þ is Boltzmann constant, T eVð Þ is 
plasma electron temperature, Ej eVð Þ is energy level of the 
upper state for emission and c is a constant value. To create 
the Boltzmann plot, ln Ijiλji=Ajigj

� �
is plotted against Ej in eV, 

using Table 1 data.[69,70] 

Figure 9 shows Boltzmann plot for calculating electron 
temperature from nitrogen plasma emission spectroscopy at 
8 kV.

The electron temperature in glow discharge nitrogen 
plasma has been calculated in the wavelength range λ = 439– 
586 (nm), which according to Fig. 10, values of 0.8702 eV, 
0.9210 eV, 0.9594 eV, and 0.9800 eV were obtained at 8kV, 
9kV, 10kV, and 11kV, respectively.

The Stark effect describes how spectral lines can be divided 
or shifted in the presence of external electric fields caused by 
other particles in the plasma.[71] The Stark effect on hydrogen 
eliminates the degeneracy of states with the same principal 
quantum number (n) and the different angular quantum num
ber (l), resulting in the Stark broadening commensurate with 
the strength of the field. This broadening directly related to 
electron density in plasma discharge is used to determine 
plasma density. The Stark broadening of the hydrogen 
Balmer Hβ spectral line was exerted to measure the electron 

Figure 7. Pourbaix diagram of water in the classical electrolysis.

Figure 8. Pourbaix diagram of nitrogen species and in particular to show NO�2 =NH3 equilibrium.

Table 1. Atomic data of chosen N I lines.

Wavelength 
(nm)

Statistical 
Weight

Transition Probability 
(108s� 1)

Upper Level Energy 
(eV)

439.24 2 0.0102 14.9483
536.7 4 0.00118 13.2388
537.26 4 0.00107 13.2364
585.6 2 0.0076 13.9563
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density by analyzing the full-width at half-maximum 
(FWHM). The FWHM of the Stark broadening relating to 
the electron density is defined by eq. (2) [72,73]  

Δλstark ¼ 4:8 nmð Þ
ne

1023

� �0:68116

(18) 

The Stark broadening of Hβis related to the Lorentz and the 
Van der Waals broadening through eq. (19) [74]  

Δλstark ¼ ΔλLorentz � ΔλVander Waals (19) 

So the Stark broadening is calculated using the Lorentz and 
the Vander Waals broadenings. The Lorentz broadening is 
calculated by the fitting of experimental spectra with Voigt 
profile (the superposition of Gauss and Lorentz broadenings). 
The Van der Waals broadening is because of the dipole 
moment induced by neutral perturber foreign gas species 
interacting with the electric field of the excited emitter atom, 
and it causes line profiles of Lorentzian shape. FWHM of the 
Vander Waals broadening is determined as follows [72,74]  

ΔλVanderWaals ¼ 3:6ð Þ
P atmð Þ

Tg
0:7 Kð Þ

 !

(20) 

where T ¼ 300Kand P ¼ 1atm. Figure 11 presents the typi
cal Voigt-function fitting of the Hβ experimental profile at the 
voltage of 8kV.

Figure 12 shows density changes at voltages 8kV, 9kV, 
10kV, and 11kV with values of 2:162� 1015cm� 3, 
2:497� 1015cm� 3, 2:658� 1015cm� 3, and 2:848� 1015cm� 3, 
respectively.

Voltage–current characteristic and multiple parameters 
linear regression (MLR)

The voltage generated in electrolysis is the difference in elec
trical potential between the cathode and anode sides of the 
H-shaped reactor. Electrolysis has an electrical potential as 
a result of electron competition. According to Fig. 13, the 
voltage – current diagram of water classical electrolysis, the 
current increases with the voltage. In the first part (A), non- 
Faradic region, the current increases slowly with the potential. 
Electrolysis has not begun in this region. The Faradaic region is 
where the current flows through the reactor as a result of 
a reduction or oxidation reaction occurring at the surface of 
electrodes. Current and voltage at point (B) are defined as 

Figure 9. The Boltzmann plot of N I spectral lines used to measure plasma 
electron temperature at 8kv.

Figure 10. Temperature of resulting plasma at 8kv, 9kv, 10kv, and 11kv.

Figure 11. The typical Voigt-function fitting of the Hβ experimental profile of 
N I spectral lines used to measure plasma density at 8kv.

Figure 12. Density of resulting plasma at 8kv, 9kv, 10kv, and 11kv.
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background current and dissociation potential, respectively. At 
potentials above point (B), Faradic region (C), the current 
increases substantially. The transition current occurs at (4 V, 
0.011A). In practical situations, there is a small current in the 
electrolysis reactor at operating voltages less than the dissocia
tion potential. The fitting results show two distinct linear 
trends previously reported.[75,76] 

The voltage versus current plot of plasma electrolysis is 
shown in Fig. 14. By applying a small voltage in the region 
(A), ions and electrons are created by background ionization 
and current is established in the reactor. At this stage of the 
electrical discharge, known as dark discharge, not enough 
visible light is emitted. As the voltage rises further, the dis
charge reaches the corona area, region (B), where there is not 
enough current to break the gas. Only small unstable points of 
corona form around the electrode. When the voltage reaches 
the threshold value (breakdown voltage), 5kV, the background 
gas breaks, and the discharge proceeds by reducing and then 
increasing the voltage to the region of transmission to the glow 
(C). Eventually, the current and the excitation of the back
ground gas are high enough that lead to the formation of 
plasma in the glow region (D). The V–I curve exhibits the 
transition trends as a low-pressure DC discharge.[77] 

Plasma temperature is defined as the thermal kinetic energy 
per particle in (eV or °K). Plasma electron density refers to the 
concentration or count of ionized gas particles (electron) in 
a given volume. Multiple parameters linear regression were 
used to obtain impact percentage of plasma electron 
density neð Þ, plasma electron temperatureðTeÞ, and ammonia 
concentration ðcAmmoniaÞat voltages 8kV, 9kV, 10kV, and11kV. 
Multiple parameters linear regression is a statistical technique 
in which several descriptive variables are used to predict the 

outcome of a response variable. Use of (MLR) for Plasma- 
electrolysis, voltage Vð Þ as the response variable, plasma elec
tron temperature and density, and ammonia concentration as 
descriptive variables, eq. (21) was obtained 

V ¼ ð1:80369Þþ 2:635ð ÞTeþ 4:662ð Þne þ 1:8991ð ÞcAmmonia

(21) 

Increasing voltage had a positive influence of 28.65% on 
plasma electron temperature, 50.70% on plasma electron den
sity, and 20.65% on ammonia concentration under these 
conditions.

Conclusions

In the present study, the synthesis of water-soluble ammonia 
by plasma electrolysis was investigated utilizing nitrogen atmo
spheric pressure plasma by DC discharge and the model of the 
Hoffman electrolysis apparatus. Then, the influence of plasma 
characteristics such as electron temperature and density was 
shown on the resultant ammonia concentration. The following 
conclusions were drawn from this study

(i) In plasma electrolysis, in addition to the species of the 
classical electrolysis, the other active species were pro
duced. The formation of nitrogen gas plasma made by- 
products, nitrite, and ammonia, by chemical processes 
in water.

(ii) The by-products produced during plasma electrolysis 
were known as the cause of time differences in the 
concentration variations of hydrogen and hydroxide 
ions in comparison with classical electrolysis.

(iii) The voltage increased, the ionization rate and conse
quently plasma electron density enhanced which raised 
plasma electron temperature. High density and tem
perature had a constructive effect on the population 
involved in the reactions between plasma and the water 
surface. Increasing the applied voltage enhanced the 
electron temperature and density, followed by the con
centration of water-soluble ammonia.

(iv) The impact percentages of increasing voltage on 
plasma electron density (50.70%), temperature 
(28.65%), and ammonia concentration (20.65%) were 
positive, respectively.
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