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Summary 
Plasma (catalyst) - Assisted Nitrogen Fixation: Reactor Development for 
Nitric Oxide and Ammonia Production. 

Nitrogen, which constitutes 78% of the Earth’s atmosphere, is crucial not 
only for the growth of plants and living beings but also for the production of 
industrially important chemicals. Centralized chemical N2 fixation by 
“Haber-Bosch process” is one of the most important chemical processes; it 
sustains over 40% of the global population by producing > 130 million tons 
of NH3 per year. However, it consumes ~1-2% of the world’s total energy and 
emits 300 million tons of CO2. Plasma assisted N2 fixation, via nitric oxide 
or NH3 production, is attractive alternative due to inherent non-equilibrium 
conditions, lower energy demand and the prospect to use an alternative 
energy sources.  

This PhD thesis is the part of the EU funded project “MAPSYN”, which aims 
at investigation of plasma assisted N2 fixation reactions by employing non-
thermal plasma with and without catalysis. Achieving higher energy 
efficiency and product concentration are the key motives of this research 
work. The focus of this thesis is to provide insights into the reactor concepts 
and its operational regimes to enable development of demonstration unit at 
industrial partner’s site at Evonik Industries, Germany. Plasma assisted 
nitric oxide and NH3 synthesis reactions were studied in gliding arc (GA) and 
dielectric barrier discharge (DBD) reactor, without and with catalyst 
respectively.  

Nitric oxide synthesis (chapter 2, 3 and 4): The production of nitric oxide (NOx 

=NO+NO2) was investigated in 2 different prototypes of GA reactor (chapter 
2 and 3) and a catalytic DBD reactor (chapter 4). First electrical 
characterization of the GA reactor was performed to ascertain the optimum 
operating regime for the reactor and the accompanying power source in 
chapter 2. Operation of GA reactor in kHz frequency range with power 
delivered in microsecond pulses was found to be optimum. In the next step 
performance of the GA reactor was explore for range of process conditions 
such as feed mixture (air, air+O2, and N2+O2), O2 % in feed, feed flowrates, 
argon addition, and feed preheating at varying specific energy input aiming 
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chapter 2. Operation of GA reactor in kHz frequency range with power 
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x 

at higher NOx production. It is reported in chapter 2. Based on the improved 
understanding of the GA reactor, it was further intensified by developing an 
advanced version, which had thinner electrodes (to avoid feed bypassing) 
and was more flexible to change the electrode material and electrode 
discharge gap as reported in chapter 3. A systematic study was undertaken 
to establish the effect of electrode material and discharge gap on the GA 
dynamics and the NOx formation, aiming to increase the NOx concentration 
and energy efficiency. Moreover, the performance of GA reactor in terms of 
V-I signal and NOx formation was correlated with gliding arc formation and 
propagation as revealed using high-speed imaging and optical emission 
spectroscopy. Air+O2 gave NOx concentration very similar to N2+O2, so air or 
air+O2 can be used as a feed in container plant. Oxygen content of 40-48% 
was found as the optimum to maximize NOx production. Moreover, lower 
flowrates produced higher concentrations of NOx due to associated higher 
GA processing time. The high-speed photography revealed that the average 
number of GA cycles and GA velocity increases with the gas flowrate, 
emphasizing that the gas flowrate has major impact on the GA dynamics 
and it eventually determines the reaction kinetics. The highest 
concentration of NOx realized was 2 vol% for 1 L/min, while the lowest 
energy consumption of 2.8 MJ/mol was achieved for 6 L/min.  
The NOx production was investigated in a DBD reactor by packing different 
catalyst supports and the metal oxide catalysts as reported in chapter 4. 
The support materials and their particle sizes both had a significant effect 
on the concentration of NOx. This was attributed to different surface areas, 
relative dielectric constants and particles shapes. The γ-Al2O3 with smallest 
particles size of 250-160 μm, gave the highest concentration of NOx. The NOx 
concentration of 5700 ppm was reached at the highest residence time of 0.4 
sec investigated and an N2/O2 feed ratio of 1 was found to be the most 
optimum for NOx production. A 5 % WO3/ γ-Al2O3 catalyst increased the NOx 
concentration further by about 10 % compared to γ-Al2O3. This study 
showed that O2 activation plays a minor role in plasma catalytic N2 fixation 
with the main role ascribed to the generation of microdischarges on sharp 
edges of large-surface area plasma catalysts.  

Ammonia synthesis (chapter 5 and 6): Plasma assisted NH3 synthesis was 
studied in a DBD reactor packed with various catalyst supports (chapter 5) 
and catalysts (metal oxides and Pt group metals in chapter 6). The commonly 

xi 

used catalyst supports, γ-Al2O3, α-Al2O3, TiO2, MgO, CaO, quartz wool, and 
BaTiO3, were explore for the synergetic effect between plasma and these 
materials. All the catalyst supports had substantial effect on the NH3 
production, very similar to NOx synthesis studies. The quartz wool followed 
by γ-Al2O3 produce the highest amount of ammonia, 2900 and 2700 ppm 
respectively, and the particles with average diameter of 200 μm yielded 64% 
higher concentration of NH3 than 1300 μm diameter particles. A feed flow 
ratio > 2 gave higher concentrations of NH3 and improved energy efficiency 
than the stoichiometric feed ratio of 0.33. The feed flowrate had a negligible 
influence, however specific energy input per unit volume showed greater 
impact on the NH3 production. At 0.4 L/min, 3505 ppm of NH3 was produce 
with an energy efficiency of 1.23 g NH3/kWh and per pass N2 conversion of 
0.26%.  

Chapter-6 reports the screening of 16 transition metal oxides supported on 
γ-Al2O3 for plasma assisted ammonia synthesis. Moreover, influence of the 
feed ratio (N2/H2), specific energy input and temperature is also investigated 
for all these catalysts. All the catalysts found to have substantial effect on 
the ammonia production. The 2 % Rh from Pt-group and 5 % NiO from 
transition metal oxides produced the highest concentration of ammonia. An 
optimum feed flow ratio found to be between 1 and 2, depending on the 
supported metals. With 2 % Rh at 0.1 L/min, 1.43 vol % of ammonia could 
be produced with an energy efficiency of 0.94 g/kWh and per pass hydrogen 
conversion as high as 6.4 % was realized. Finally, a mechanism for plasma 
assisted catalytic ammonia formation have been proposed and supported 
with the optical emission data. 

In conclusion, this thesis has demonstrated that the N2 could be fixed in the 
form of NOx and NH3 in sizable amounts at substantially lower temperatures 
and at atmospheric pressure by employing non-thermal plasma reactors 
such as GA and catalytic DBD reactor. Furthermore, this work developed 
in-depth understanding of plasma assisted N2 fixation by clearly elucidating 
the interplay between plasma-catalyst and the reactor’s geometrical and 
operational parameters via NOx and NH3 synthesis. These promising results 
could be further exploited for fertilizer production via “Fertilizing with the 
Wind” concept for stranded places e.g. African countries or hydroponics in 
horticulture.  
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air+O2 can be used as a feed in container plant. Oxygen content of 40-48% 
was found as the optimum to maximize NOx production. Moreover, lower 
flowrates produced higher concentrations of NOx due to associated higher 
GA processing time. The high-speed photography revealed that the average 
number of GA cycles and GA velocity increases with the gas flowrate, 
emphasizing that the gas flowrate has major impact on the GA dynamics 
and it eventually determines the reaction kinetics. The highest 
concentration of NOx realized was 2 vol% for 1 L/min, while the lowest 
energy consumption of 2.8 MJ/mol was achieved for 6 L/min.  
The NOx production was investigated in a DBD reactor by packing different 
catalyst supports and the metal oxide catalysts as reported in chapter 4. 
The support materials and their particle sizes both had a significant effect 
on the concentration of NOx. This was attributed to different surface areas, 
relative dielectric constants and particles shapes. The γ-Al2O3 with smallest 
particles size of 250-160 μm, gave the highest concentration of NOx. The NOx 
concentration of 5700 ppm was reached at the highest residence time of 0.4 
sec investigated and an N2/O2 feed ratio of 1 was found to be the most 
optimum for NOx production. A 5 % WO3/ γ-Al2O3 catalyst increased the NOx 
concentration further by about 10 % compared to γ-Al2O3. This study 
showed that O2 activation plays a minor role in plasma catalytic N2 fixation 
with the main role ascribed to the generation of microdischarges on sharp 
edges of large-surface area plasma catalysts.  

Ammonia synthesis (chapter 5 and 6): Plasma assisted NH3 synthesis was 
studied in a DBD reactor packed with various catalyst supports (chapter 5) 
and catalysts (metal oxides and Pt group metals in chapter 6). The commonly 
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used catalyst supports, γ-Al2O3, α-Al2O3, TiO2, MgO, CaO, quartz wool, and 
BaTiO3, were explore for the synergetic effect between plasma and these 
materials. All the catalyst supports had substantial effect on the NH3 
production, very similar to NOx synthesis studies. The quartz wool followed 
by γ-Al2O3 produce the highest amount of ammonia, 2900 and 2700 ppm 
respectively, and the particles with average diameter of 200 μm yielded 64% 
higher concentration of NH3 than 1300 μm diameter particles. A feed flow 
ratio > 2 gave higher concentrations of NH3 and improved energy efficiency 
than the stoichiometric feed ratio of 0.33. The feed flowrate had a negligible 
influence, however specific energy input per unit volume showed greater 
impact on the NH3 production. At 0.4 L/min, 3505 ppm of NH3 was produce 
with an energy efficiency of 1.23 g NH3/kWh and per pass N2 conversion of 
0.26%.  

Chapter-6 reports the screening of 16 transition metal oxides supported on 
γ-Al2O3 for plasma assisted ammonia synthesis. Moreover, influence of the 
feed ratio (N2/H2), specific energy input and temperature is also investigated 
for all these catalysts. All the catalysts found to have substantial effect on 
the ammonia production. The 2 % Rh from Pt-group and 5 % NiO from 
transition metal oxides produced the highest concentration of ammonia. An 
optimum feed flow ratio found to be between 1 and 2, depending on the 
supported metals. With 2 % Rh at 0.1 L/min, 1.43 vol % of ammonia could 
be produced with an energy efficiency of 0.94 g/kWh and per pass hydrogen 
conversion as high as 6.4 % was realized. Finally, a mechanism for plasma 
assisted catalytic ammonia formation have been proposed and supported 
with the optical emission data. 

In conclusion, this thesis has demonstrated that the N2 could be fixed in the 
form of NOx and NH3 in sizable amounts at substantially lower temperatures 
and at atmospheric pressure by employing non-thermal plasma reactors 
such as GA and catalytic DBD reactor. Furthermore, this work developed 
in-depth understanding of plasma assisted N2 fixation by clearly elucidating 
the interplay between plasma-catalyst and the reactor’s geometrical and 
operational parameters via NOx and NH3 synthesis. These promising results 
could be further exploited for fertilizer production via “Fertilizing with the 
Wind” concept for stranded places e.g. African countries or hydroponics in 
horticulture.  
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1.1 | Background: nitrogen fixation  
Nitrogen, which makes 78.08% of the Earth’s atmosphere, is an important 
element for growth of plants and living organisms on Earth[1]. Nitrogen 
constitutes a major part of the nucleic acids (DNA and RNA), determining 
the genetic character of all the living beings. It is also found in plant cells, 
chlorophyll, enzyme proteins, and amino acids[2]. To most of the living 
things, this abundant atmospheric nitrogen is not accessible. Because, 
before nitrogen can be used, the strong triple bond of N2 must be broken 
and atomic nitrogen must be chemically bonded with other elements such 
as oxygen and/or hydrogen through N-fixation process[3]. Some 
microorganisms are capable of fixing atmospheric nitrogen and supplying it 
to plants in a process known as biological nitrogen fixation[4,5]. The other 
important source for fixed nitrogen is lightning that result from the electric 
discharge between two clouds, where conditions are optimum for the NOx 
formation[6]. In the beginning of the 20th century, the exploding global 
population lead to intensified agricultural practices and thus the naturally 
fixed nitrogen was no longer sufficient for fulfilling human demands. To cope 
with growing demand of fixed nitrogen, various artificial means of fixing 
atmospheric nitrogen were developed [7,8], which are discussed in the next 
section.  

1.1.1 | Timeline of the N-fixation process development  
The timeline shown in Figure 1.1 outlines the most significant events in 
nitrogen fixation process development[9–11]. Investigation on nitrogen 
containing ammonia dates long back to 1774. Timeline focuses only on the 
chemical nitrogen fixation.  

In the 20th century nitrogen obtained from the artificial processes overtook 
the nitrogen obtained from the natural sources (organic and inorganic), 
thanks to overwhelming efforts put in to fixing atmospheric nitrogen[9]. A 
number of industrial scale processes had been developed, including 
reactions for the production of nitric oxide (NO), ammonia (NH3), hydrogen 
cyanide (HCN) and nitric acid (HNO3), all these efforts could be combined 
into following three main approaches with the leading processes as an 
example; 
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Figure 1.1 Major milestones in chemical nitrogen fixation process development[9–11], 
reprinted from[12] with kind permission of Elsevier B.V.
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1. Combining atmospheric nitrogen and oxygen to form nitric oxide: 
e.g. Birkeland-Eyde electric arc process[13,14] 

2. Use of compounds capable of fixing nitrogen in their structure: e.g. 
Cyanamide acid process[9,15,16] 

3. Combining atmospheric nitrogen with hydrogen to form ammonia: 
i.e. Haber-Bosch process[17,18]  

Prof. Christian Birkeland and Samuel Eyde successfully developed an 
electric arc process in Norway in 1903 to produced nitric oxide from air, 
which was subsequently scrubbed in water to obtain HNO3 as a final 
product. The Birkeland - Eyde process was fixing 38 ktons of nitrogen per 
year in 1928[9]. German scientists Frank and Caro developed the cyanamide 
process in 1895-1898. Nitrogen was fixed in the form of calcium cyanamide 
by reaction of calcium carbide with pure nitrogen. The cyanamide process 
grew rapidly, reaching its peak in 1918, with 35 plants and total rated 
capacity of fixing 350 ktons of nitrogen per year[9]. Both of these processes 
were very energy intensive[19] and eventually taken over by Haber-Bosch 
process developed in 1908 by Haber and commercialized in 1913 by 
Bosch[16,18,20]. Comparatively less energy consumption and higher volumes 
of ammonia produced by Haber-Bosch process were the main reasons. More 
details on this process can be found in section 1.1.2. Significant 
development in technology over the last half century has made it possible to 
reduce the energy consumption of the Haber-Bosch nitrogen fixation 
process by almost 3 times to reach present energy consumption of 30-36 
GJ/ton N-fixed[17]. This chronological progress is shown in Figure 1.2, which 
emphasizes that the dramatic improvements in energy use for ammonia 
production occurred prior to 1950, over the last six decades improvements 
have been incremental[21]. 

1.1.2 | Haber - Bosch process 
Almost all of the nitrogen is fixed on enormous scale with the “Haber-Bosch 
ammonia synthesis process” via reaction of nitrogen with hydrogen at 450-
600oC and 150-350 bar in the presence of a catalyst[17]. As this process 
sustains 40% of the today’s global population, it is considered as the most 
important discovery of the 20th century[18]. Recently, the annual amount of 
nitrogen fixed by Haber-Bosch process has outreached 160 million tons per 
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year, surpassing that fixed naturally in agriculture and have doubled the 
number of human supported per hectare of arable land[7,22]. After the 
invention of the Haber - Bosch process, the global population started 
growing rapidly. Even though there were many other factors, food was the 
important one. The increase in global population and the nitrogen fertilizer 
consumption follow a very similar trend as shown in Figure 1.3, which also 
shows the distribution of fixed nitrogen quantities as reported in 2010[6].  
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Figure 1.2. Comparison of energy consumption for three N-fixation processes[21].  
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Figure 1.3. a: Global population increase and the nitrogen fertilizer consumption 
trends[3], reprinted from[23] with kind permission of Royal Swedish Academy of 
Sciences, b: Quantities of fixed nitrogen in million metric tons per year in 2010[6], 
reprinted from[23] with kind permission of RSC publisher. 
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Chemically fixed nitrogen as ammonia, being the second highest industrially 
produced chemical, is used in many different forms, ranging from nitric acid 
to hydrogen cyanide and used for large scale applications in chemistry, e.g. 
fertilizer, plastic manufacturing, etc[15,24]. The irreplaceable role of ammonia 
in chemical industry is clear from Figure 1.4, which shows the range of 
products derived from it. 

 

Figure 1.4. Overall picture of nitrogen containing compounds and their 
applications[15,24], reprinted from[12] with kind permission of Elsevier B.V.  

1.2 | Why alternative nitrogen fixation process? 
Over the past century, the Haber-Bosch process has gone through many 
changes and operational optimizations, which have pushed this process very 
close to the thermodynamic limit in terms of the energy consumption[25]. 
However, the Haber – Bosch process still consumes ~1% of the world’s total 
energy use, ~3-5% of the world’s total natural gas output and emits over 300 
million metric tons of CO2[26,27]. Therefore it comes with no surprise that 
ammonia has been identified by the International Energy Agency (IEA) as 
one of 18 chemicals, which contribute 80% to the total energy demand of 
the chemical industry and 75% of GHG emissions[21]. Thus, a sustainable 
route for production of nitrogen containing chemicals is necessary. 
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Looking at the future, world population is rapidly growing and it is expected 
to cross 9 billion by 2050[28,29], so that demand in food will also grow much 
more, which will correspondingly increase the dependency on fertilizer use 
to increase the food production. Thus, the CO2 emission from fertilizer 
production via the Haber-Bosch process will become an alarming factor in 
view of global warming[30]. Moreover, new opportunities in the renewable 
energy production/cost and innovative process design concepts have been 
established recently[12,31,32], leading to new paradigms of production and 
applications of nitrogen containing compounds such as localized fertilizer 
production[33], in NOx abatement from vehicle emissions by Selective 
Catalytic Reduction[34], as a hydrogen fuel[35] and as an energy storage 
chemical[36], etc.  

These new developments demand localized and small-scale sustainable 
production of nitrogen containing compounds, for which the Haber-Bosch 
process will not be economically and environmentally attractive, as 
mentioned above, because of its CO2 footprint and required harsh process 
conditions. Therefore, it is a prerequisite to thoroughly search for an 
innovative and alternative sustainable process for nitrogen fixation, which 
will be assisted by alternative energy sources such as solar or wind. It would 
also be desirable to produce these nitrogen containing products close to the 
point of use (e.g. fertilizer at farmland) and at the point of energy production 
(near wind mill or solar farm)[33,37,38], which is feasible by employing 
container plants[32,39,40]. Moreover, the process based on the alternative 
energy source will achieve considerable reductions in environmental 
footprint and would favour the application of containerized process plants. 
Achieving energy efficiency higher than the Haber-Bosch process is 
unlikely[30], because of its highly optimized operation thanks to century of 
research.  

1.3 | Plasma assisted nitrogen fixation: a potential 
solution? 

1.3.1 | Plasma basics 
Plasma is considered as the fourth state of matter which makes up 99% of 
the visible universe[41,42]. Plasma processes are among the oldest processes 
on the earth and may be involved with the origin of life as demonstrated by 
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Miller and Urey’s experiments in 1953[43,44]. Plasma is generated by 
ionization of gases, which takes place when sufficient amount of heat is 
supplied to a gas. Typically, plasma is generated by driving an electrical 
current through gas. Plasma contains electrons, neutrals, and highly excited 
atomic, molecular, ionic and radical species. Plasma is extraordinary 
multidisciplinary phenomena involving physics, chemistry, electrical 
engineering, and quantum chemistry, etc. Therefore, understanding plasma 
generation and control is extremely challenging. Plasma can be produced 
over a wide range of pressures, temperatures, electron temperatures and 
electron density. Plasmas are generally classified as high temperature (HTP) 
and low temperature plasmas (LTP). In HTP, electron and ions are at the 
same temperature of about 107 K. Low temperature plasmas are subdivided 
into thermal and non-thermal plasmas as shown in Table 1.1[45]. In thermal 
plasma, electron, ions and background gas are at the same temperature of 
about 104 K. Arc plasma and plasma torches works with thermal plasma. In 
non-thermal plasmas, electrons are usually at very high temperatures of the 
order of 105 K because of their smaller mass, whereas ions and background 
gas are at room temperature. Non-thermal plasma can be found in 
atmospheric pressure discharges- pulsed corona, pulsed glow discharge, 
micro-hollow cathode discharge, Dielectric Barrier Discharge (DBD), RF 
discharge, microwave discharge, etc[46]. Non-thermal plasmas exhibit higher 
selectivity compared to thermal plasmas. Non-thermal plasmas are the most 
commonly used plasmas for technological applications. Please refer to 
standard books on plasma physics and plasma chemistry for more 
information[41,42]. 
Table 1.1. Classification of Plasmas[45], reprinted from[12] with kind permission of 

Elsevier B.V. 

Type of 
Plasma 

Low Temperature Plasma (LTP) High 
Temperature 
Plasma (HTP) 

Thermal Plasma Non-Thermal Plasma 

Criterion Te≈Ti≈T≤2X104 K Ti≈T≈300 K 
Ti<<Te ≤105 K 

Te≈Ti≥107 K 

Examples Arc Plasma at 
normal pressure 

Low-pressure glow discharge, 
Barrier discharge, corona. 

Fusion Plasma, 
Sun, Stars, etc. 
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1.3.2 | Plasma assisted nitrogen fixation reactions 

The most fundamental and basic means of chemically fixing nitrogen is the 
direct reaction of nitrogen with oxygen/hydrogen/carbon under plasma 
conditions. Plasma nitrogen fixation is generally accomplished by the 
reaction of nitrogen with oxygen or hydrogen to produce nitrogen oxide 
(nitric acid) or ammonia, respectively. Nitrogen can also be combined with 
carbon to produce hydrogen cyanide, known as N-assimilation process[3]. 
Nitrogen fixation reactions for nitrogen oxide and ammonia production are 
studied in this work and hence only these reactions are discussed in the 
following sub-sections. 

1.3.2.1 | Plasma nitric oxide synthesis 

In plasma nitric oxide synthesis; the raw materials (air=nitrogen + oxygen) 
are available abundantly and for almost free. The nitric oxide production is 
favored by high temperature processing because of the endothermic nature 
of the reaction (R-1) with minimum thermodynamic energy of 6.4 GJ/t of 
nitrogen[47] and very high dissociation energies of the nitrogen (binding 
energy of 9.77 eV)[48]. The Gibbs free energy for reaction (R-1) is 86.55 
kJ/mole, which is >>0, indicating that it is very difficult reaction to proceed.  

                 ΔH = 90 kJ. mol-1 = 1 eV (R-1)          

Thermodynamic calculations for N2-O2 system in equilibrium at 1 
atmospheric pressure shows that the maximum concentration of NO 
achievable is 6.5 % at 3500K[49]. When this product mixture is cooled down, 
then the final concentration of NO would be significantly lower than 6.5%, 
as dictated by the equilibrium between NO, N2 and O2. Thus, to attain the 
equilibrium concentration of NO in thermal plasmas, very rapid quenching 
following the reaction is necessary[50]. Theoretically, the cooling rate required 
to freeze the equilibrium composition of the NO in the reactor outlet is in the 
order of million K/s[50], which is practically infeasible on industrial scale. 
Therefore, thermal plasma assisted NO production process is difficult to 
realize with high enough product yield at affordable energy input. Thus, 
employing non-thermal plasma reactors, which operates at strong non-
equilibrium conditions could be one of the possible solutions to achieve 
higher NO concentrations than the equilibrium concentration.  
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Miller and Urey’s experiments in 1953[43,44]. Plasma is generated by 
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selectivity compared to thermal plasmas. Non-thermal plasmas are the most 
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Table 1.1. Classification of Plasmas[45], reprinted from[12] with kind permission of 

Elsevier B.V. 

Type of 
Plasma 

Low Temperature Plasma (LTP) High 
Temperature 
Plasma (HTP) 

Thermal Plasma Non-Thermal Plasma 

Criterion Te≈Ti≈T≤2X104 K Ti≈T≈300 K 
Ti<<Te ≤105 K 

Te≈Ti≥107 K 

Examples Arc Plasma at 
normal pressure 

Low-pressure glow discharge, 
Barrier discharge, corona. 

Fusion Plasma, 
Sun, Stars, etc. 
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1.3.2 | Plasma assisted nitrogen fixation reactions 
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reaction of nitrogen with oxygen or hydrogen to produce nitrogen oxide 
(nitric acid) or ammonia, respectively. Nitrogen can also be combined with 
carbon to produce hydrogen cyanide, known as N-assimilation process[3]. 
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kJ/mole, which is >>0, indicating that it is very difficult reaction to proceed.  
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order of million K/s[50], which is practically infeasible on industrial scale. 
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1.3.2.2 | Plasma ammonia synthesis 

The reaction for plasma ammonia synthesis from nitrogen and hydrogen is 
an exothermic reaction (R-2)[17]. In case of ammonia synthesis reaction; 
kinetics favors high temperature for higher reaction rates and 
thermodynamics favors low temperature processing to achieve higher yields. 
However, the dissociation of N2 is a strongly endothermic reaction and 
requires high energy input[17].  

      ΔH = -46.3 kJ. mol-1 = - 0.48 eV  (R-2)    

Despite continuous improvement of the Haber-Bosch process over century, 
it is still energy intensive as explained in section 1.2. It requires minimum 
thermodynamic energy of 22.6 GJ/t of Nitrogen, largely due to the energy 
expensive hydrogen production process[51]. It must be noted that plasma 
ammonia synthesis also relies on energy expensive hydrogen, besides 
readily available nitrogen, which will make plasma assisted ammonia 
synthesis less attractive unless hydrogen is produced using renewable 
energy. An extensive analysis of the literature reported for plasma assisted 
nitrogen oxide and ammonia synthesis is reported in our reviews[12,38] and 
book chapter[23]. 

As can be noted from R-1 and R-2 fixing nitrogen in the form of nitrogen 
oxides has a 3.5 (=22.6/6.4) times lower thermodynamic energy demand. 
However, it is still not possible to produce nitrogen oxides via thermal 
catalysis route and plasma process is the only way out. The historic battle 
between plasma assisted route to produce nitrogen oxide and catalytic route 
to produce ammonia eventually won by the energy expensive ammonia 
molecule in beginning of the 20th century owing to development of Haber-
Bosch process.  

Over the last century, several alternative approaches have been developed 
for sustainable nitrogen fixation at mild operating conditions such as 
electron driven electro catalysis and photo catalysis, homogeneous and 
enzyme catalysis, etc[30]. Among these alternative approaches, non-thermal 
plasma (NTP) generated by electricity from renewable sources is considered 
to be a very attractive alternative for small scale and localized production of 
nitrogen compounds[25,33,52]. Moreover, as discussed above and from Figure 
1.5, it can be seen that only NTP assisted nitrogen fixation in the form of 
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nitrogen oxides has lower energy consumption possibility than the Haber-
Bosch process and also gives an opportunity to use sustainable energy 
produced from solar, wind, and biomass[25]. Therefore, developing a nitrogen 
fixation process in the form of nitrogen oxide assisted by plasma offers a 
great potential. The plasma processes are more attractive on a smaller scale 
such as a container or modular plant[12,52], thus opening a new window of 
opportunities for other chemical synthesis as well. Besides, plasma reactor/ 
process offers advantages such as: simple one step processes, can be 
operated and stopped instantaneously, provides high energy density for very 
fast reactions – resulting in smaller units, and is generally non-polluting[53]. 

 
Figure 1.5. Energy consumption for various nitrogen fixing processes, reprinted 

from[25] with kind permission of Elsevier B.V.  

Unfortunately, the reactions taking place in plasma are difficult to control 
and the selectivity is rarely optimum towards the desired products. NTP offer 
a possibility to be combined with heterogeneous catalysis by placing catalyst 
either inside, before or after the plasma discharge, known as Plasma 
Catalysis, which is a rapidly growing research area[52,54–58]. Plasma enables 
reactions at low temperatures and at faster rates, whereas catalysts increase 
reaction selectivity[59–61]. When plasma and catalysts are combined, they 
have very strong interactions and often yield a synergetic effect. Presence of 
a catalyst is known to influence the plasma discharge by enhancing the 
electric field, by changing the discharge type, and by facilitating micro-
discharge formation in catalyst pores. Similarly catalyst’s exposure to 
plasma changes its morphology, reduces metallic oxide to metallic 
catalyst[57,58]. Non-thermal plasma-catalyst systems have been effectively 
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investigated for a range of processes such as CO2 conversion to value added 
products[60,62], CH4 reforming[63–65], volatile organic compound abatement[66–

69], and automotive applications[59,70]. 

The last few decades have witnessed dramatic decrease in the cost ratio of 
electricity to natural gas, which is encouraging to re-visit the plasma 
assisted nitrogen fixation processes. As pointed out in an earlier section, an 
environmentally benign and energy-efficient nitrogen fixation process could 
be developed by employing non-thermal plasmas. Therefore, both reactions 
i.e. nitrogen oxide (R-1) and ammonia (R-2) synthesis are investigated in this 
thesis, aiming to; 

- first benchmark- what is achievable with plasma and present day 
technology, to establish the state of the art for a plasma assisted 
chemical process for localized and containerized plants 

- deal with plasma (catalyst) - assisted nitrogen oxide production, as it 
has a 3.5 times lower thermodynamic energy requirement  

- understand the interplay between plasma and catalyst, which could 
be best achieved via the plasma catalytic ammonia synthesis reaction.  

The main issues for both plasma-assisted nitrogen-fixing reactions are to 
ensure a fast reaction with higher product yield and improved energy 
efficiency[12]. 

1.3.3 | Introduction: gliding arc and DBD reactor  

1.3.3.1 | Gliding arc reactor 

A widely used gliding arc reactor configuration is schematically shown in 
Figure 1.6. A gliding arc reactor consists of two diverging electrodes and an 
arc discharge is generated by applying high voltage across these electrodes. 
Feed gas enters from the bottom of the reactor and leaves from the top as 
shown in Figure 1.6. The arc discharge is ignited at the narrowest gap 
between these electrodes and then, under the influence of the gas flow, 
glides along the electrodes in the direction of gas flow. The arc extinguishes 
when the applied voltage is not enough to sustain the discharge over a longer 
length. A cycle of arc ignition and extinction repeats with every gliding arc 
cycle. A gliding arc plasma is characterized by its strong non-equilibrium 
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due to the continuous upward movement of the arc and its ability to 
vibrationally excite the reaction species, which is the most efficient reaction 
channel to conduct the reactions in plasma discharges[41]. A Gliding arc 
plasma reactors provide a blend of hot quasi-equilibrium plasma (lower part) 
and cold non-equilibrium plasma (upper part) as shown in Figure 1.6. The 
gas temperature is lower than the thermal plasma, but generally higher than 
the conventional non-thermal plasma.  

 
Figure 1.6. A 2D flat gliding arc reactor. 

A gliding arc reactor offers advantages such as atmospheric (or higher) 
pressure operation, higher throughput with greater flexibility and also has 
high selectivity towards chemical reactions[71–73]. Recently, gliding arc 
reactors have been increasingly investigated for a range of high throughput 
plasma processes such as CO2 conversion to value added products[74,75], CH4 
reforming[76,77], and volatile organic compound abatement[78–80]. 

1.3.3.2 | Dielectric Barrier Discharge (DBD) Reactor 

A dielectric barrier discharge (DBD) reactor consists of two parallel 
electrodes, either in plate or in co-axial configuration, separated by a gap of 
few millimetres. Figure 1.7 shows a typical DBD configuration employed for 
chemical processing. A DBD plasma is generated within the discharge gap 
by applying alternating current (with frequency 1-40 kHz, occasionally with 
ns pulses) across the electrodes. The dielectric barrier, made from glass, 
quartz, ceramics, or polymer, can be placed either on one electrode or on 
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both electrodes. The discharge in a DBD reactor proceeds as separate 
current filaments referred to as microdischarges or as a single glow 
discharge. The microdischarges are formed by channel streamers that 
repeatedly strike at the same place, thus appearing to the eyes as bright 
filaments. The short duration of current flow in the microdischarges gives 
low heat dissipation and thus the DBD plasma reactor remains non-thermal 
and at low temperatures.  

 

Figure 1.7. A dielectric barrier discharge reactor with co-axial configuration. 

The DBD reactor has a long history of exploration as they were first used for 
ozone production for drinking water treatment some 100 years ago. Later, 
DBD found a number of industrial applications from pollution control to 
polymer surface treatment. Recently, DBD reactors have been extensively 
employed for plasma-catalysis studies due to ease of coupling a catalyst with 
plasma, low temperature discharge, and the possibility of atmospheric 
pressure operation. In catalytic DBD reactors, discharging near the catalyst 
wall ensures proximity of plasma excited species at the catalyst surface.  

1.4 | The MAPSYN project 
This thesis is a part of the MAPSYN project funded by European Commission 
in its FP-7 framework with a grant agreement number CP-IP 309376, which 
is an acronym for Microwave, Acoustic and Plasma assisted SYNthesis[38,81]. 
The MAPSYN project aims to bring selected innovative energy efficient 
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chemical reaction processes, assisted with novel microwave, ultrasonic and 
plasma systems, up to the manufacturing scale. Two reactions are 
investigated in this project, nitrogen fixation reactions assisted by plasma - 
catalyst and hydrogenation reaction assisted by microwave and ultrasound, 
with the objective of increased product yield and energy efficiency while 
keeping the sustainability, quality and reproducibility at the center. The 
MAPSYN project is focused on innovations at three levels and guided by a 
holistic approach; material innovation, process innovation, and plant 
innovation. Material innovation addresses the need of catalyst, process 
innovation aims to increase productivity and energy efficiency, and finally 
plant innovation looks into distributed/ localized production platform via 
containerized plant such as “Evotrainer”[38]. These are also the objectives 
and approaches followed in this PhD research thesis.   

In total 12 academic, SME and large industry partners were involved in this 
project. The first half of this consortium, Eindhoven University of Technology 
partnered with Evonik Industries, University of Hull (for catalysts), DIFFER 
and Fraunhofer ICT-IMM focused on plasma assisted nitrogen fixation 
process, which was in accordance with the need of interdisciplinary team 
for plasma assisted nitrogen fixation as reported in[82]. Here, inter-
disciplinary approach means learning and creating something new by 
crossing the boundaries and thinking across them. The other half of the 
consortium with 7 partners were focusing on microwave and ultrasound 
assisted hydrogenation reaction[38].  

For the plasma (catalyst) - assisted nitrogen fixation process, two reaction 
routes via oxygen and hydrogen are investigated to produce nitrogen oxide 
and ammonia respectively (as shown in Figure 1.8). The non-thermal plasma 
reactors, which were investigated by combining with and without catalyst, 
are at the heart of these innovative processes assisted by alternative energy 
sources. This thesis aims at investigating plasma (catalyst) – assisted 
ammonia and nitric oxide synthesis process to increase the product yield 
and energy efficiency. To achieve these objectives, it is necessary to develop 
a clear understanding of the influence of various reactor and electrical 
parameters, reaction mechanisms with and without catalyst, unravel the 
plasma-catalyst interaction and factors leading to their synergetic effect, 
thus these aspects are at the focal point of this thesis. These alternative 
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energy assisted chemical processes have also been analyzed by following a 
holistic process design approach, guided by energy, economic and life-cycle 
assessment by Aikaterini Anastasopoulou[40,83,84].  

 
Figure 1.8 Plasma (catalyst) – assisted nitrogen fixation reactions investigated in 
this thesis and concept for their sustainable realization. 

1.5 | Outline of this thesis 
As described in the previous section, the work described in this thesis is a 
part of the MAPSYN project, focusing on the reaction and reactor 
development for plasma (catalyst) - assisted nitrogen fixation process. An 
overview of content of this thesis is given in Figure 1.9. The thesis is divided 
in two parts, first part focuses on nitrogen oxide synthesis (chapter 2 to 4) 
and second part addresses the ammonia synthesis (chapter 5 and 6).  

The production of nitrogen oxide was investigated in two different prototypes 
of Gliding Arc (GA) reactor and a catalytic Dielectric Barrier Discharge (DBD) 
reactor. First electrical characterization of the GA reactor was performed to 
ascertain the optimum operating regimes for the reactor and the 
accompanying power source. Operation of the GA reactor in kHz frequency 
range with power delivered in microsecond pulses was found to be optimum, 
which is reported in chapter 2. In the same chapter, performance of the GA 
reactor is reported for range of process conditions such as feed mixture (air, 
air+O2, and N2+O2), O2 % in feed, feed flowrates, argon addition, and feed 
preheating at varying specific energy input aiming at higher NOx production. 
In chapter 3, based on the improved understanding of the GA reactor, it 
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was further intensified by developing an advanced version of GA reactor, 
which had thinner electrodes (to avoid feed bypassing) and was flexible to 
change the electrode material and electrode discharge gap. A systematic 
study is reported, which unravels the GA dynamics and the NOx formation, 
aiming to increase the NOx concentration and energy efficiency. Moreover, 
the performance of GA reactor in terms of V-I signal and NOx formation was 
correlated with gliding arc formation and propagation as revealed using 
high-speed imaging. A 0D model is also reported, which predicts the plasma 
chemistry taking place in this GA reactor and supported by Optical Emission 
Spectroscopy measurements.  

 
Figure 1.9. Overview of the thesis content. 

In chapter 4, the NOx production in a DBD reactor packed with different 
catalyst supports and the metal oxide catalysts is reported. The support 
materials and their particle sizes both shown a significant effect on the 
concentration of NOx. This was attributed to different surface areas, relative 
dielectric constants and particles shapes. The γ-Al2O3 with smallest particles 
size gave the highest concentration of NOx, which was subsequently loaded 
with active metal oxides. A 5 % WO3/ γ-Al2O3 catalyst increased the NOx 
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ascertain the optimum operating regimes for the reactor and the 
accompanying power source. Operation of the GA reactor in kHz frequency 
range with power delivered in microsecond pulses was found to be optimum, 
which is reported in chapter 2. In the same chapter, performance of the GA 
reactor is reported for range of process conditions such as feed mixture (air, 
air+O2, and N2+O2), O2 % in feed, feed flowrates, argon addition, and feed 
preheating at varying specific energy input aiming at higher NOx production. 
In chapter 3, based on the improved understanding of the GA reactor, it 
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was further intensified by developing an advanced version of GA reactor, 
which had thinner electrodes (to avoid feed bypassing) and was flexible to 
change the electrode material and electrode discharge gap. A systematic 
study is reported, which unravels the GA dynamics and the NOx formation, 
aiming to increase the NOx concentration and energy efficiency. Moreover, 
the performance of GA reactor in terms of V-I signal and NOx formation was 
correlated with gliding arc formation and propagation as revealed using 
high-speed imaging. A 0D model is also reported, which predicts the plasma 
chemistry taking place in this GA reactor and supported by Optical Emission 
Spectroscopy measurements.  

 
Figure 1.9. Overview of the thesis content. 

In chapter 4, the NOx production in a DBD reactor packed with different 
catalyst supports and the metal oxide catalysts is reported. The support 
materials and their particle sizes both shown a significant effect on the 
concentration of NOx. This was attributed to different surface areas, relative 
dielectric constants and particles shapes. The γ-Al2O3 with smallest particles 
size gave the highest concentration of NOx, which was subsequently loaded 
with active metal oxides. A 5 % WO3/ γ-Al2O3 catalyst increased the NOx 
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concentration further by about 10 % compared to γ-Al2O3. This study 
showed that O2 activation plays a minor role in plasma catalytic N2 fixation 
with the main role ascribed to the generation of microdischarges on sharp 
edges of plasma catalysts.  

Plasma-catalyst assisted NH3 synthesis is investigated in a DBD reactor 
packed with various catalyst supports (chapter 5) and 16 transition metal 
oxide catalysts (chapter 6). The commonly used catalyst supports, γ-Al2O3, 
α-Al2O3, TiO2, MgO, CaO, quartz wool, and BaTiO3, were explore for the 
synergetic effect between plasma and these support materials. All the 
catalyst supports had substantial effect on the NH3 production, very similar 
to NOx synthesis studies. Chapter 6 focuses on thorough investigation of 16 
transition metal oxides supported on the optimum performing γ-Al2O3 
support. Effect of various catalyst and process parameters are investigated 
to great extent on the ammonia synthesis and the synergetic effect.   

In the conclusions and recommendations chapter (chapter 7), the results 
obtained for NOx and ammonia synthesis are compared for energy efficiency 
and productivity with literature reported values. Major lessons learnt and 
parallels between plasma assisted NOx and ammonia synthesis have been 
drawn. Finally recommendations on further improvement of GA and 
catalytic DBD reactors have been outlined together with the new window of 
opportunities for containerized plasma assisted nitrogen fixation processes 
such as in “Fertilizing with the Wind” concept for stranded places e.g. 
African countries and for hydroponics in horticulture. 
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CHAPTER 2 
PLASMA ASSISTED NITROGEN OXIDE PRODUCTION 
FROM AIR IN A GLIDING ARC REACTOR: 
CHARACTERIZATION FOR ELECTRICAL AND PROCESS 
PARAMETERS 

This chapter has been adapted from:  

Patil, B. S., F. J. J. Peeters, Medrano J. A., Gerard van Rooij, Gallucci F., Lang, J., Wang, Q., 
Hessel, V., (2016) Plasma nitrogen oxide production from air at atmospheric pressure using a 
pulse powered milli-scale gliding arc reactor. Submitted to AIChEJ. 

Patil, B. S., Rovira Palau, Joan, Hessel, V., Lang, J., Wang, Q., (2016) Plasma nitrogen oxides 
synthesis in a milli-scale gliding arc reactor: investigating the electrical and process 
parameters. Plasma Chem. Plasma Proc. 36(1), 241-257. 

Abstract  
This chapter focuses on the production of NOx from air and air+O2 is 
investigated in a pulsed powered milli-scale gliding arc (GA) reactor, aiming 
at a containerized process for fertilizer production. First, the electrical 
parameters of the gliding arc reactor, such as frequency, pulse width, and 
amplitude of input voltage are investigated. Influence of process parameters 
such as feed mixture, flowrate, feed preheating, and effect of Ar and O2 
content in feed are also investigated at varying specific energy input. The 
findings are correlated with high-speed imaging of the GA dynamics. 
Increase in frequency, pulse width and input voltage amplitude resulted in 
an increased specific energy input, which lead to increase in NOx production. 
An O2 content of 40-48% was optimum, with an enhancement of ~20% in 
NOx production. Addition of Ar and preheating of the feed resulted in lower 
NOx production. The volume covered by GA depends strongly on the gas 
flowrate, emphasizing that the gas flowrate has a major impact on the GA 
dynamics and the reaction kinetics. For 0.5 L/min, 1.4 vol% of NOx 
concentration was realized.  
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CHAPTER 2 
PLASMA ASSISTED NITROGEN OXIDE PRODUCTION 
FROM AIR IN A GLIDING ARC REACTOR: 
CHARACTERIZATION FOR ELECTRICAL AND PROCESS 
PARAMETERS 

This chapter has been adapted from:  

Patil, B. S., F. J. J. Peeters, Medrano J. A., Gerard van Rooij, Gallucci F., Lang, J., Wang, Q., 
Hessel, V., (2016) Plasma nitrogen oxide production from air at atmospheric pressure using a 
pulse powered milli-scale gliding arc reactor. Submitted to AIChEJ. 

Patil, B. S., Rovira Palau, Joan, Hessel, V., Lang, J., Wang, Q., (2016) Plasma nitrogen oxides 
synthesis in a milli-scale gliding arc reactor: investigating the electrical and process 
parameters. Plasma Chem. Plasma Proc. 36(1), 241-257. 

Abstract  
This chapter focuses on the production of NOx from air and air+O2 is 
investigated in a pulsed powered milli-scale gliding arc (GA) reactor, aiming 
at a containerized process for fertilizer production. First, the electrical 
parameters of the gliding arc reactor, such as frequency, pulse width, and 
amplitude of input voltage are investigated. Influence of process parameters 
such as feed mixture, flowrate, feed preheating, and effect of Ar and O2 
content in feed are also investigated at varying specific energy input. The 
findings are correlated with high-speed imaging of the GA dynamics. 
Increase in frequency, pulse width and input voltage amplitude resulted in 
an increased specific energy input, which lead to increase in NOx production. 
An O2 content of 40-48% was optimum, with an enhancement of ~20% in 
NOx production. Addition of Ar and preheating of the feed resulted in lower 
NOx production. The volume covered by GA depends strongly on the gas 
flowrate, emphasizing that the gas flowrate has a major impact on the GA 
dynamics and the reaction kinetics. For 0.5 L/min, 1.4 vol% of NOx 
concentration was realized.  
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2.1 | Introduction 
Among several alternatives, electricity-driven non-equilibrium plasma 
processes are considered to be very attractive contenders for energy efficient 
nitrogen fixation[9,10]. It is worth noting that nitrogen fixation via non-
thermal plasma (NTP) offers an opportunity to produce fossil-free nitrogen 
oxides due its 3.5 times lower theoretical energy requirement[11,12]. In NTP, 
highly energetic electrons collide with bulk gas molecules, yielding a mixture 
of highly reactive species which enable thermodynamically unfavorable 
reactions like nitrogen fixation at low temperatures and atmospheric 
pressures[13,14]. Plasma processes are more attractive on smaller scales like 
in containers or modular plants[15]. Plasma assisted nitrogen fixation offers 
an interesting opportunity as atmospheric pressure and ambient 
temperature processing will substantially improve plant safety and decrease 
the operational and capital costs compared to the high-pressure Haber-
Bosch process[16]. The mild operating conditions and relatively small scale 
could also encourage development of localized nitrogen fertilizer production 
plants. The approach of decentralized chemical production has been 
undertaken in the EU funded MAPSYN project for plasma assisted nitrogen 
fixation process[11,12], which would eventually benefit remote places to 
produce their own fertilizer and fuels, using only renewable energy sources 
such as solar or wind[17]. along similar lines, N2-applied, a Norwegian 
company, is commercializing the plasma assisted nitrogen fixation process 
on smaller scale for use by farmers[18].  

The overall reactions representing nitrogen fixation with oxygen to give NOx 
(NO + NO2), which further absorbed in water to yield nitric acid are depicted 
by reaction R1 and R2. The ratio of NO and NO2 is determined by 
thermodynamic equilibrium and the reaction kinetics[29]. The reaction 
enthalpy of the process (ΔH) is fairly high, therefore high energy is needed to 
carry out this reaction. 

                      ΔHf= 90.4 kJ mol-1   (R1) 

                ΔHf= 33.2 kJ mol-1    (R2) 

Non-thermal plasma can be effectively realized using the Gliding arc plasma 
reactors, which lead to increasing investigation of gliding arc reactors for a 
range of high throughput plasma processes such as CO2 conversion to value 
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added products[22,23], CH4 reforming[24,25], and volatile organic compound 
abatement[26–28]. Even though the gliding arc reactor offers numerous 
advantages, it has not yet been thoroughly investigated for the NOx 
synthesis. A very few studies have been reported on plasma assisted NOx 
synthesis in gliding arc reactors[30–33], where the highest concentration of 
NOx reported is 7100 ppm[33], although the energy efficiency and 
concentration of NOx were not the focal point of these studies[34]. Besides 
conventional flat configuration[31,33], the gliding arc reactor with 2 and 3 
electrodes configuration was also investigated using air as a feed[30]. Yang et 
al. have recently reported NOx production in a gliding arc reactor operated 
at high (kHz) and low (Hz) frequency. Gliding arc operation in the kHz 
frequency range was found to be 3 times more efficient than operation at 50 
Hz[35]. The milli-scale configuration of GA reactor is expected to provide an 
intensified contact between reactive species by minimizing the reactant that 
bypasses the arc, thus efficiently channeling the applied energy to the 
reactant gases. This advantage of the milli-scale geometry of the gliding arc 
reactor led to its exploration for other plasma processes[24,36].  

The possibility to use air instead of pure nitrogen and oxygen favors the 
containerized process plant from an economical and feasibility point of view. 
However, it is unknown how the oxygen percentage would affect the NOx 
production and what would be the optimum oxygen percentage? Similarly, 
the energy consumption per kg of fixed nitrogen is the most important 
performance parameter, whose dependency on process parameters is often 
unclear in the literature. Dilution by an inert gas such as argon was found 
to enhance the amount of nitrogen fixed in a DBD reactor[37], however, its 
effect is unknown for gliding arc reactors and particularly for NOx synthesis. 
By preheating, one can expect to increase the rate of reactions between 
atomic nitrogen with molecular oxygen to form NO[38]. Furthermore, 
operation of gliding arc reactor at the standard frequency of 50 Hz is well 
understood and sufficiently investigated with the application of high speed 
imaging. However, the dynamics of gliding arc discharges at higher 
frequencies (kHz range) is not clearly understood and dynamics of the 
gliding arc reactor is scantily reported in the literature.  

In this chapter, a systematic study on plasma assisted nitric oxide 
production directly from air at atmospheric pressure and low temperatures 
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in a milli-scale gliding arc reactor is reported, aiming at containerized 
process for plasma assisted fertilizer production. Here, we establish a 
thorough and practical understanding of the influence of electrical 
parameters on energy input and NOx concentration, optimum oxygen 
percentage, how air and air+O2 perform against the pure N2 + O2 feed 
mixture, to achieve higher energy efficiency per mole of nitrogen fixed. We 
also unravel the dynamics of the milli-scale gliding arc reactor powered with 
high frequency (kHz) microsecond pulses by employing high speed imaging. 
Addition of argon and feed gas preheating is also investigated, with the aim 
of enhancing the NOx production.  

2.2 | Experimental 

2.2.1 | Milli-scale gliding arc reactor and experimental 
set-up 

Plasma NOx synthesis was performed in a gliding arc reactor at atmospheric 
pressure. A scheme of the experimental set-up with milli-scale gliding arc 
reactor is shown in Figure 2.1. The gliding arc reactor is of Macor® with 
quartz glass cover on top for visual observations. The reactor consists of 2 
thin diverging knife-shaped tungsten electrodes with thickness of 2.5 mm 
and height of 80 mm. The width of the reactor is 50 mm with narrowest 
discharge gap between electrodes being 2 mm. One of the electrodes is 
connected to the high voltage source and another electrode is grounded. The 
reactor was powered by a customized Xenionik EP 4000 AC power supply 
system. High voltage (kV) was measured with Tektronix P6015A probe. 
Current (IGA) flowing through the gliding arc was measured by using the 
resistor method, where voltage (VR) was measured across a resistor (R=5 Ω). 
Calculation for the energy input per pulse (E) to the plasma reactor, total 
power, specific energy input (SEI), and the energy consumption per mole of 
NOx are defined by equation (1)-(5), respectively. 

       (1) 

       (2) 

     (3) 
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   (4) 

       (5)  

Where; tpulse is the time span of a pulse (s),  - frequency (Hz), and the energy 
efficiency is defined to be the reciprocal of energy consumption per mol of 
NOx.  

To achieve the highest NOx concentration, operational frequency and pulse 
width were scanned in the range of 1-40 kHz and 1-30 μs, respectively, to 
ascertain effect of frequency, pulse width and input voltage amplitude. The 
operation of milli-scale gliding arc reactor was found to be optimum at 7 kHz 
and 25 μs based on the stability of gliding arc and NOx concentration. Thus, 
for all the experiments, power has been introduced in the form of 25 μs 
pulses at a constant frequency of 7 kHz. A typical input voltage signal with 
44 Vpk-pk amplitude generated by the waveform generator, which goes into 
transformer and then transformer amplifies this voltage to kV level, is 
presented in the Figure SI-1. The experiments of O2 %, argon dilution and 
feed gas preheating were performed at constant amplitude of input voltage 
i.e. 44 Vpk-pk. Operating at this lowest input voltage guaranteed uniform 
experimental conditions without excessive heating of the reactor unlike the 
reactor operation at higher input voltage. All the experiments were 
performed twice and averages of at least 100 cycles were used to obtain the 
final power consumption value. All the experiments are reproducible within 
± 5% accuracy. Error bars in the figures show 95% confidence interval. The 
temperature of the outlet gas was monitored with a thermocouple installed 
at the exit of the reactor. Maximum outgoing bulk gas temperature was 
found to be < 40 oC. A typical voltage-current signal for milli-scale gliding 
arc reactor operation is shown in Figure 2.2.  
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Figure 2.1.  Schematic of the milli-scale gliding arc and the experimental set-up. 

Flowrates of N2, O2 (Linde Gases, 99.9%) and dehumidified air introduced 
into the reactor were controlled using mass flow controllers (Bronkhorst). 
The reaction products were analysed inline using a Fourier Transform 
Infrared Spectrophotometer (SHIMADZU, IRTracer-100) at resolution of 0.5 
cm-1 with the gas cell equipped with CaF2 windows (Specac). NO and NO2 
were the only products detected, their concentrations determined from the 
adsorption bands at 1900 cm-1 and 1630 cm-1, respectively, using a series 
of calibration gas mixtures. The concentration of NOx was determined as a 
sum of NO and NO2 concentrations. Hence, reported NO selectivity was 
calculated using Eq. 6: 

       (6) 

2.2.2 | High-speed recordings 
Images of the gliding arc propagation have been taken using a CMOS high-
speed camera (HighSpeedStar 5.1) which allows a maximum frame rate of 
3.6 kHz at maximum resolution of 1024 by 1024 pixels (and up to 500 kHz 
at lower resolutions). Prior to the recordings, optimization of the operating 
conditions was performed by changing the frame rate and exposure time of 
the detector in order to allow the visualization of the propagation of the 
gliding arc. A set of experiments at different frame rates have been designed 
in order to better understand the formation and life-time of the gliding arcs  
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at a fixed pulsing frequency of 7 kHz and different inlet gas flow rates (1, 
0.7, and 0.5 L/min) (refer to the supplementary information Table SI-1 for 
experimental details). For the recordings, a camera exposure time of 40 μs 
has been selected based on the superior detection of the arcs. The image 
intensity of the gliding arc has been further enhanced by subtraction of a 
background image corresponding to the reactor without plasma. Post-
processing of the images has been performed using the commercial software 
Davis 8.0 from LaVision. Average gliding arc cycle time (ms), their frequency 
(number of gliding arc cycles per sec), and the average gliding arc velocity 
(m/s) have been evaluated for different experiments as tabulated in the 
Table SI-1. The analysis and discussion of the high speed recordings is 
presented in the following section. 

2.3 | Results and discussions 

2.3.1 | Characterization for electrical parameters 

2.3.1.1 | Effect of frequency, pulse width, and amplitude on SEI 

Frequency, pulse width and amplitude directly influence the SEI. The 
amplitude refers here to the magnitude of the voltage supplied from 
waveform signal generator to the high voltage transformer. Therefore, it is 
necessary to first understand their influence on SEI, before investigating 
their effect on the NOx synthesis.  

For studying the effect of frequency on SEI, the first experiment was 
performed at a fixed pulse width of 20 μs and input voltage amplitude of 44 
Vpk-pk to screen the operating frequencies. Frequencies were scanned form 1 
kHz to 40 kHz. Plasma ignited either in the form of static arc or gliding arc 
for all of the tested frequencies as shown in Figure 2.3. Gliding arc discharge 
is detected only at 7, 8 and 9 kHz, for rest of the frequencies it was observed 
as static arc discharge. In the static arc regime, arc glued to the bottom part 
of the electrodes. Therefore, further experiments to investigate the effect of 
pulse width and amplitude were performed only at 7, 8 and 9 kHz. 
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(a) 3 kHz_20μs (b) 7 kHz_20μs (c) 14 kHz_20μs 

Figure 2.3. Discharge behaviour of the milli-scale gliding arc reactor at different frequencies 
(at flowrate= 1 L/min, input voltage amplitude= 44 Vpk-pk and feed N2+O2 with ratio (N2/O2) 

=1). 

To understand the effect of pulse width on the SEI, experiments were carried 
out at the gliding frequencies of 7, 8 and 9 kHz at 44 Vpk-pk and with feed 
ratio (N2/O2) of 1. With the increase in pulse width volume covered by the 
plasma region also appeared to be increasing due to increase in the height 
of gliding arc as shown in Figure 2.4 for 7 kHz. The SEI found to be 
increasing with increasing frequency, pulse width and amplitude. Increasing 
frequency increases the power supply to the plasma system, because of the 
increased number of energy pulses per unit time, which provides more 
energy for the ionization of the feed molecules. Similar results were also 
obtained by[36][39] in gliding arc reactor. The SEI is also found to increase 
with the increasing pulse width at all frequencies due to the increase in time 
period of the pulse input. Similarly, the increase in the input voltage 
amplitude is found to deliver higher SEI. The increase in amplitude tends to 
increase the magnitude of applied voltage, thus more power goes into the 
plasma reactor leading to higher height of the GA.  
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of gliding arc as shown in Figure 2.4 for 7 kHz. The SEI found to be 
increasing with increasing frequency, pulse width and amplitude. Increasing 
frequency increases the power supply to the plasma system, because of the 
increased number of energy pulses per unit time, which provides more 
energy for the ionization of the feed molecules. Similar results were also 
obtained by[36][39] in gliding arc reactor. The SEI is also found to increase 
with the increasing pulse width at all frequencies due to the increase in time 
period of the pulse input. Similarly, the increase in the input voltage 
amplitude is found to deliver higher SEI. The increase in amplitude tends to 
increase the magnitude of applied voltage, thus more power goes into the 
plasma reactor leading to higher height of the GA.  
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(a) 7 kHz_15μs (b) 7 kHz_20μs (c) 7 kHz_25μs (d) 7 kHz_30μs 

Figure 2.4. Discharge of the milli-scale gliding arc reactor at different pulse widths (at 
frequency= 7 kHz, flowrate= 1 L/min, input voltage amplitude = 43 Vpk-pk and feed ratio 

(N2/O2) =1). 

To summarize, the increase in frequency, pulse width and amplitude 
resulted in corresponding increase in SEI.  

2.3.1.2 | Effect of frequency, pulse width and amplitude on NOx  

Figure 2.5 depicts the effect of the frequency and pulse width on 
concentration of NOx. The concentration of NOx is higher at the higher 
frequencies and increases with the increasing pulse width. For all the 
frequencies, the highest concentration of NOx was found at 30 μs. The 
highest concentration of NOx is found to be 7300 PPMv for 9 kHz at the pulse 
width of 30 μs. The higher frequency gives higher SEI, as shown in the 
previous section, this produces more energetic electrons and ions in the 
plasma zone and consequently more collisions between N2 and O2 molecules. 
These may results in breaking more bonds and higher possibility of 
recombination to give higher concentrations of NO and NO2. The Increase in 
product concentration with increasing frequency is also reported by[40] for 
methane reforming. However, at 20μs, 7 kHz gives higher concentration than 
8 kHz and at 25 us, both frequencies have the same concentration. This 
deviation from general trend could be explained by the distinct arc behavior 
at 7 and 8 kHz for 20 and 25 μs. For 8 kHz at 20 and 25μs, the reactor 
seems to be operating with static arc conditions. Whereas it operates with 
the gliding arc in case of 7 kHz, occupying higher volume than in the case 
of 8 kHz. Therefore, the increase in NOx concentration can not only be 
explained by increase in SEI in this case. The higher volume of plasma 
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region, owing to the change in the discharge behavior seems to be 
responsible for the NOx concentration increase as well. 

 

Figure 2.5. Effect of frequency and pulse width on concentration of NOx (at input voltage 
amplitude= 43 Vpk-pk, 1 L/min, and feed ratio (N2/O2) =1). 

For investigating the effect of input voltage amplitude on the power 
consumption and NOx synthesis, experiments were carried out at gliding 
frequencies with pulse width selected from previous section and with feed 
ratio of one. These experiments were performed for following combination of 
frequency-pulse width: 7 kHz-28μs, 8 kHz-30μs, and 9 kHz-30μs. It was 
observed that at higher amplitudes of input voltage, the gliding arc discharge 
transits to the static arc discharge. Therefore, all experiments were 
performed up to the amplitude ensuring operation in the gliding arc regime, 
for that particular frequency and pulse width combination. This is the 
reason behind the varied upper limit of amplitude for different frequency-
pulse width combinations, as can be seen in Figure 2.6.  

The plasma ignites at lower input voltages (amplitude) for higher 
frequencies, however the lower frequencies can insure the operation of milli-
scale reactor in a gliding arc discharge regime up to higher amplitudes. It 
can be seen from Figure 2.6 that the concentration of NOx increased 
proportionally to the input voltage amplitude for all frequencies, due to 
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responsible for the NOx concentration increase as well. 
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proportional increase of SEI with amplitude. At a given amplitude of input 
voltage, higher frequency gave higher concentrations of NOx. The highest 
concentration of NOx was found to be 9600 PPMv for 7 kHz-28us at 
amplitude of 60 V. 

 

Figure 2.6. Effect of amplitude on concentration of NOx for combination of optimum 
frequency-pulse width (at 1 L/min, and feed ratio (N2/O2) =1). 

2.3.2 | High speed imaging to unravel arc development  
Image analysis of the experiments has been performed with two different 
objectives: i) to deduce the arc hydrodynamics such as average velocity of 
the gliding arc, lifetime of a gliding arc and its relationship with gas flow 
velocity and ii) to establish the relationship between gliding arc propagation 
and the voltage-current signal.  

First, it is observed that only one arc can form in the reactor at any time, as 
already observed in literature by other authors for gliding arcs[41]. Any arc 
that forms will necessarily be extinguished whenever the applied voltage 
drops below some critical value, which at the applied voltage frequencies 
used in this work will occur within ~ 100 μs of ignition. This can be observed 
in the voltage-current signals depicted in Figure 2.2a-c. The high speed 
imaging reveals how repeated ignitions every cycle of the applied voltage lead 
to a propagating behaviour of gliding arcs. Propagation as a function of time 
is depicted in Figure 2.7. Ignition of an arc at the narrowest point is observed 
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in Figure 2.7a, with subsequent ignitions occurring at increasingly higher 
points in Figure 2.7b-f over a period much longer than the duration of an 
applied voltage cycle.  

Table 2.1. Summary of the results obtained for the different conditions studied  
Feed and 
flow rate 
(L/min) 

Average gliding 
arc height 

(mm) 

Average gliding arc 
propagation time 

(ms) 

Average gliding 
arc velocity  

(m/s) 

Average gas 
flow velocity 

(m/s) 

Air = 0.5 10.3 14.5 0.71 0.87 

Air = 0.7 7.54 8.2 0.92 1.40 

Air = 1 6.93 4.2 1.65 2.10 
N2+O2 = 1 
(N2/O2=1) 

9.7 6.6 1.47 1.80 

Average gliding arc height (mm), average gliding arc propagation time (ms) 
and the average gliding arc velocity (m/s) have been evaluated for different 
conditions and are listed in Table 2.1. Comparing the average gliding arc 
propagation time (max. 14.5 ms) to the duration of a single applied voltage 
cycle (143 μs), it is seen that propagation consists of up to 101 arc re-
ignitions. In order to compare these numbers to the gas flow rate, the 
following expression is used to calculate the average gas flow velocity <vgas> 
within the reactor volume exposed to arcs: 

,     (9) 

with Δx the average gliding arc height, δ  the thickness of the electrodes (2.5 
mm), w0 the gap width at the narrowest point (2 mm), Φ is the gas flow rate 
and α is the angle of the electrodes with the horizontal (80°). The derivation 
of Eq. (9) is provided in the Supplementary Information C. The results of Eq. 
(9) are shown in the last column of Table 2.1. Comparing these numbers to 
the average gliding arc velocity, it is seen that they are very similar, but with 
average gas flow velocity at least 22% higher than average arc velocity. This 
discrepancy is assumed to be due to measurement error and it is concluded 
that arc re-ignition follows the gas flow. The arc re-ignites at higher and 
higher points every cycle because the gas flow carries with it sufficient 
residual electrons and ions from the previous (half-)cycle to reduce the 
breakdown voltage and allow for preferred ignition at wider gap widths. After 
a critical height is reached, at which the applied voltage is no longer 
sufficient to re-ignite an arc, re-ignition once again occurs at the narrowest 
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proportional increase of SEI with amplitude. At a given amplitude of input 
voltage, higher frequency gave higher concentrations of NOx. The highest 
concentration of NOx was found to be 9600 PPMv for 7 kHz-28us at 
amplitude of 60 V. 
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in Figure 2.7a, with subsequent ignitions occurring at increasingly higher 
points in Figure 2.7b-f over a period much longer than the duration of an 
applied voltage cycle.  

Table 2.1. Summary of the results obtained for the different conditions studied  
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flow rate 
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Average gliding 
arc height 
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Average gliding arc 
propagation time 
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Average gliding 
arc velocity  

(m/s) 

Average gas 
flow velocity 

(m/s) 

Air = 0.5 10.3 14.5 0.71 0.87 

Air = 0.7 7.54 8.2 0.92 1.40 

Air = 1 6.93 4.2 1.65 2.10 
N2+O2 = 1 
(N2/O2=1) 

9.7 6.6 1.47 1.80 

Average gliding arc height (mm), average gliding arc propagation time (ms) 
and the average gliding arc velocity (m/s) have been evaluated for different 
conditions and are listed in Table 2.1. Comparing the average gliding arc 
propagation time (max. 14.5 ms) to the duration of a single applied voltage 
cycle (143 μs), it is seen that propagation consists of up to 101 arc re-
ignitions. In order to compare these numbers to the gas flow rate, the 
following expression is used to calculate the average gas flow velocity <vgas> 
within the reactor volume exposed to arcs: 

,     (9) 

with Δx the average gliding arc height, δ  the thickness of the electrodes (2.5 
mm), w0 the gap width at the narrowest point (2 mm), Φ is the gas flow rate 
and α is the angle of the electrodes with the horizontal (80°). The derivation 
of Eq. (9) is provided in the Supplementary Information C. The results of Eq. 
(9) are shown in the last column of Table 2.1. Comparing these numbers to 
the average gliding arc velocity, it is seen that they are very similar, but with 
average gas flow velocity at least 22% higher than average arc velocity. This 
discrepancy is assumed to be due to measurement error and it is concluded 
that arc re-ignition follows the gas flow. The arc re-ignites at higher and 
higher points every cycle because the gas flow carries with it sufficient 
residual electrons and ions from the previous (half-)cycle to reduce the 
breakdown voltage and allow for preferred ignition at wider gap widths. After 
a critical height is reached, at which the applied voltage is no longer 
sufficient to re-ignite an arc, re-ignition once again occurs at the narrowest 
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point between the electrodes. As can be noticed from Table 2.1, lower feed 
flow rate leads to a higher gliding arc propagation time and slower gliding 
arc velocities. This is because higher flowrates force arcs to move upwards 
faster. However, these faster arcs become more elongated, with a more 
uneven symmetry from the centre of the reactor. With total arc length 
disproportionally increased compared to arcs with lower flowrates at the 
same height, extinction of the arc will occur sooner as the required electric 
field (the ratio of applied voltage and arc length) for re-ignition cannot be 
supplied. The rising of the arc through the reactor was found to be 
asymmetric, since the arc moves faster at the high voltage electrode than at 
the grounded electrode, as can be seen in Figure 2.7. Similar phenomena 
have been observed by Tu et al.[42] This can potentially be caused by a non-
uniform velocity field of the feed gas. It is important to note that as 
consecutive arcs travel up the reactor, the volume of gas trailing below it 
never has plasma ignited in it. The size of this ‘trailing volume’ of gas 
depends on the time between re-ignitions at the lowermost point. 

Comparing the fast imaging results with V-I signals (Figure 2.2), the ignition 
of an arc at the narrowest point occurs at the highest applied voltage with 
high current, short duration pulses (~25 A, see Figure 2.2b). After ignition, 
both applied voltage and current drop instantaneously within a few 
nanoseconds. Once the first arc is ignited, the voltage required to re-ignite 
it in following applied voltage cycles decreases from 6 kV to ~2.5 kV. After 
the first ~10 re-ignitions, the arc develops into prolonged discharges with 
low current (~100 mA) and durations of ~50 μs (see Figure 2.2c). These 
prolonged discharges contribute significantly to the power consumption. 
The average impedance of the arc increases from ~ 250 Ω for the very first 
ignition to ~ 10 kΩ for the prolonged discharges. This increase points to a 
much lower electron density in the arcs igniting higher up the reactor, which 
is an indication of non-equilibrium discharging, since the electron 
temperature must increase to sustain the arc. The initial, short duration, 
high-current arcs are likely thermal, with equal electron temperature Te, 
vibrational temperature Tvib and gas temperature Tgas, while the increase in 
Te higher up the arc will likely lead to increased vibrational excitation, 
providing Te ≈ Tvib > Tgas. 
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Figure 2.7. Visualization of the gliding arc propagation along the reactor as a function of time 
by means of high speed recordings for the inlet feed flow rate = 1 L/min; N2/O2 = 1. Frame 

rate= 25 kHz with resolution of 128 X 64. 

In this investigation, gliding arc reactor is operated at 7 kHz meaning energy 
pulses were introduced every 142.8 μs. Whereas for the low frequency (50 
Hz) operated gliding arc, energy pulses would be delivered with interval of 
20,000 μs. A gliding arc cycle time of 20 ms and a reactor operating at 7 kHz 
will introduce 140 high energy pulses while a reactor operating at 50 Hz will 
have only 1 pulse. Fast, repetitive pulsing not only ensures the strong non-
equilibrium conditions in the reactor but also facilitates ultra-fast 
quenching obligatory for freezing the NOx produced[43]. 

2.3.3 | Effect of feed and O2 %  
The production of NOx is investigated by employing different feed options 
(air, air+O2 and N2+O2) and with varying O2% in the feed at 7 kHz, 25 μs and 
keeping the amplitude of input voltage constant at 44 Vpk-pk. The percentage 
of oxygen in the feed gas has a strong impact on the amount of NOx produced 
and the NO selectivity as shown in Figure 2.8a and b respectively. Small 
fractions of gas impurities present in air, such as Ar and helium (< 1%), 
could influence plasma discharge properties and affect the production of 
NOx. However, the feed used, either air or N2+O2, does not influence the 
concentration of NOx produced as long as the percentage of N2 and O2 are 
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point between the electrodes. As can be noticed from Table 2.1, lower feed 
flow rate leads to a higher gliding arc propagation time and slower gliding 
arc velocities. This is because higher flowrates force arcs to move upwards 
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same height, extinction of the arc will occur sooner as the required electric 
field (the ratio of applied voltage and arc length) for re-ignition cannot be 
supplied. The rising of the arc through the reactor was found to be 
asymmetric, since the arc moves faster at the high voltage electrode than at 
the grounded electrode, as can be seen in Figure 2.7. Similar phenomena 
have been observed by Tu et al.[42] This can potentially be caused by a non-
uniform velocity field of the feed gas. It is important to note that as 
consecutive arcs travel up the reactor, the volume of gas trailing below it 
never has plasma ignited in it. The size of this ‘trailing volume’ of gas 
depends on the time between re-ignitions at the lowermost point. 

Comparing the fast imaging results with V-I signals (Figure 2.2), the ignition 
of an arc at the narrowest point occurs at the highest applied voltage with 
high current, short duration pulses (~25 A, see Figure 2.2b). After ignition, 
both applied voltage and current drop instantaneously within a few 
nanoseconds. Once the first arc is ignited, the voltage required to re-ignite 
it in following applied voltage cycles decreases from 6 kV to ~2.5 kV. After 
the first ~10 re-ignitions, the arc develops into prolonged discharges with 
low current (~100 mA) and durations of ~50 μs (see Figure 2.2c). These 
prolonged discharges contribute significantly to the power consumption. 
The average impedance of the arc increases from ~ 250 Ω for the very first 
ignition to ~ 10 kΩ for the prolonged discharges. This increase points to a 
much lower electron density in the arcs igniting higher up the reactor, which 
is an indication of non-equilibrium discharging, since the electron 
temperature must increase to sustain the arc. The initial, short duration, 
high-current arcs are likely thermal, with equal electron temperature Te, 
vibrational temperature Tvib and gas temperature Tgas, while the increase in 
Te higher up the arc will likely lead to increased vibrational excitation, 
providing Te ≈ Tvib > Tgas. 

Chapter 2 | NOx Production in Milli-scale Gliding Arc Reactor 

 

Page | 35 

Figure 2.7. Visualization of the gliding arc propagation along the reactor as a function of time 
by means of high speed recordings for the inlet feed flow rate = 1 L/min; N2/O2 = 1. Frame 
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of oxygen in the feed gas has a strong impact on the amount of NOx produced 
and the NO selectivity as shown in Figure 2.8a and b respectively. Small 
fractions of gas impurities present in air, such as Ar and helium (< 1%), 
could influence plasma discharge properties and affect the production of 
NOx. However, the feed used, either air or N2+O2, does not influence the 
concentration of NOx produced as long as the percentage of N2 and O2 are 
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similar in the fed gas (Figure 2.8a). These results give a clear indication that 
air can also be used as a feed instead of pure N2 and O2 for plasma NOx 
synthesis. Therefore, for containerized plasma NOx production units, only 
air filter/ dehumidifier will be needed, thus saving operating and investment 
cost associated with air separation in pressure swing adsorption unit. 
Moreover, the NOx concentration decreased slightly when only air is used, 
without adding extra oxygen. The decrease is 24 % for 1 L/min and ~18 % 
for 0.7 and 0.5 L/min (comparing NOx concentrations obtained at 20% and 
40% O2 in Figure 2.8a). The concentration of NOx for air+O2 and N2+O2 
passes through a maxima, irrespective of the flowrate. Air with 35 to 48 % 
oxygen seems to be an optimum feed composition. Above 48% oxygen, 
overall NOx concentration steadily declined. Specific energy input slightly 
increases when feed gas has more than 48% oxygen. As shown in SI-D 
(Figure SI 2), the increase is around 6% for 1 L/min and ~4% for 0.5 L/min.    

Figure 2.8b shows the effect of the O2 percentage on the NO selectivity 
(defined by Eq. 8). NO selectivity decreases linearly with increase in O2 
percentage till 48%, after that NO selectivity is constant. The most important 
channel responsible for decrease in the NO concentration is the oxidation to 
NO2 as per reaction R2. The conversion of NO to NO2 is kinetically limited 
below 200 oC and thermodynamically limited above 200 oC. In the gliding 
arc reactor, the temperature is very high in the arc core, with the afterglow 
at intermediate temperatures between hot core and ambient temperature. 
Therefore, NO2 formation is supported by the conditions in the afterglow 
region of the gliding arc. Increasing the concentration of O2 shifts the 
thermodynamic equilibrium in favour of NO2 formation[44,45]. Moreover, 
presence of additional O2 provides higher amounts of activated oxygen 
species (O and O3), which accelerates the NO oxidation to produce NO2. 
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Figure 2.8. Effect of different feeds and O2 % on- a. NOx concentration and b. NO selectivity 
(at frequency= 7 kHz, pulse width= 25 μs and input voltage = 44 Vpk-pk). 

For NO selectivity in the exhaust of the gliding arc reactor, the following 
reaction is the most relevant: 

   (R3) 

Reaction R3 is highly sensitive to temperature. Figure 2.9 shows the 
selectivity towards NO as predicted by reaction R3 for different oxygen 
content and gas temperatures. Comparing this to the experimental results 
in Figure 2.8, the observed NO selectivity can be accounted for if the gas is 
still at elevated temperatures during the measurements, or if the mixture 
has not yet attained full equilibrium. At 300 K, the forward reaction rate of 
reaction (R3) is 10-50 m6s-1, which combined with NO concentration of 4000 
ppm and an O2 concentration of 1.2·1025 m-3 (50 % O2), gives a lifetime of 
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Therefore, NO2 formation is supported by the conditions in the afterglow 
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presence of additional O2 provides higher amounts of activated oxygen 
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Figure 2.8. Effect of different feeds and O2 % on- a. NOx concentration and b. NO selectivity 
(at frequency= 7 kHz, pulse width= 25 μs and input voltage = 44 Vpk-pk). 

For NO selectivity in the exhaust of the gliding arc reactor, the following 
reaction is the most relevant: 

   (R3) 

Reaction R3 is highly sensitive to temperature. Figure 2.9 shows the 
selectivity towards NO as predicted by reaction R3 for different oxygen 
content and gas temperatures. Comparing this to the experimental results 
in Figure 2.8, the observed NO selectivity can be accounted for if the gas is 
still at elevated temperatures during the measurements, or if the mixture 
has not yet attained full equilibrium. At 300 K, the forward reaction rate of 
reaction (R3) is 10-50 m6s-1, which combined with NO concentration of 4000 
ppm and an O2 concentration of 1.2·1025 m-3 (50 % O2), gives a lifetime of 
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NO of ~ 50 s. The time for gas species from the plasma to reach the FTIR cell 
is approximately 2 – 10 s, depending on flow rate. There is, therefore, 
insufficient time for the NO/NO2 concentration to equilibrate to room 
temperature values (i.e. 0% NO selectivity via Figure 2.9). The observed 
selectivity in Figure 2.8b can, therefore, be seen as a signature of the 
composition within the reactor, which matches more closely to a gas 
temperature of ~ 450 - 475 K. 
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Figure 2.9. NO selectivity at equilibrium for different oxygen content as a function of gas 
temperature. The solid line is for 50% O2 content and the dashed lines for 20% and 80%. 

It is worth highlighting that the air+O2 and N2+O2 feed mixtures produced 
equal amounts of NOx, however the difference in their NO selectivity is 
apparent for lower O2%. Air+O2 gives 11% lower NO than the N2+O2 mixture 
at 20% oxygen feed. This discrepancy could be caused by the additional 
components introduced by air. The trend for NOx concentration (Figure 
2.8a), NO selectivity (Figure 2.8b), and SEI (Figure SI-2) changes slightly 
after 48% O2 concentration, which indicates change in discharge 
characteristics due to increase in power dissipation and O2 %. Being 
electronegative, increase in O2 concentration leads to reduction in the 
electron concentration. Hence, a decrease of the rate of NOx formation 
through three electron collision reaction can be expected[45]. Moreover, 
decrease in the nitrogen concentration (due to increase in O2 concentration) 
will reduce the atomic nitrogen formation, which will considerably reduce 
the NO and subsequent NO2 formation (according to reaction R2). 
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2.3.4 | Production of other NxOy species 
The data in Figure 2.8 can be used to quantify nitrogen oxides not observed 
in FTIR. The species to be considered are NO3, N2O3, N2O4 and N2O5. For 
NO3, the main reactions affecting its concentration at room temperature are: 

   (R4) 

   (R5) 

For the N2Oy species these are: 

  (R6) 

  (R7) 

  (R8) 

For reactions R4 – R8, forward and backward reaction rates are shown in 
Table 2.2. In the same table, the concentrations of NO3, N2O3, N2O4 and N2O5 
are estimated from the measured maximum concentrations of NO and NO2 
in Figure 2.8, i.e. [NO] ≈ 4000 ppm and [NO2] ≈ 3000 ppm at 50% oxygen 
content and a flow rate of 0.5 L/min. From the slow forward rates for 
reactions R4 and R5, it is obvious that NO3 is highly unstable and its 
concentration can be neglected. The same is therefore also true for N2O5 via 
reaction R8. The concentrations of N2O3 and N2O4 are more significant, 
though clearly negligible compared to those of NO and NO2. 

Table 2.2 Rates for production and destruction of NxOY species at 300 K[38]. 
Reaction 
number 

kforward (m6s-1)  
or *(m3s-1) 

kbackward (m3s-1)  
 

Species Estimated 
concentration of NO3 
and N2Ox (ppm) 

11 6.21·10-60 4.01·10-22 
NO3 << 1 

12 2.64·10-40* 7.49·10-17 
13 3.09·10-46 1.62·10-20 N2O3 6 
14 1.17·10-45 7.39·10-21 N2O4 33 
15 2.80·10-42 1.19·10-25 N2O5 << 1 

2.3.5 | Effect of flowrate 
To investigate the influence of the flowrate, three different feed gas mixtures 
were prepared, in particular a N2+O2 mixture (N2/O2 ratio =1), Air (N2/O2 
ratio ~4) and Air + O2 (to have N2/O2 ratio =1). During these experiments, 
NOx concentration was measured with increasing the specific energy input 
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NO of ~ 50 s. The time for gas species from the plasma to reach the FTIR cell 
is approximately 2 – 10 s, depending on flow rate. There is, therefore, 
insufficient time for the NO/NO2 concentration to equilibrate to room 
temperature values (i.e. 0% NO selectivity via Figure 2.9). The observed 
selectivity in Figure 2.8b can, therefore, be seen as a signature of the 
composition within the reactor, which matches more closely to a gas 
temperature of ~ 450 - 475 K. 
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Figure 2.9. NO selectivity at equilibrium for different oxygen content as a function of gas 
temperature. The solid line is for 50% O2 content and the dashed lines for 20% and 80%. 

It is worth highlighting that the air+O2 and N2+O2 feed mixtures produced 
equal amounts of NOx, however the difference in their NO selectivity is 
apparent for lower O2%. Air+O2 gives 11% lower NO than the N2+O2 mixture 
at 20% oxygen feed. This discrepancy could be caused by the additional 
components introduced by air. The trend for NOx concentration (Figure 
2.8a), NO selectivity (Figure 2.8b), and SEI (Figure SI-2) changes slightly 
after 48% O2 concentration, which indicates change in discharge 
characteristics due to increase in power dissipation and O2 %. Being 
electronegative, increase in O2 concentration leads to reduction in the 
electron concentration. Hence, a decrease of the rate of NOx formation 
through three electron collision reaction can be expected[45]. Moreover, 
decrease in the nitrogen concentration (due to increase in O2 concentration) 
will reduce the atomic nitrogen formation, which will considerably reduce 
the NO and subsequent NO2 formation (according to reaction R2). 
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though clearly negligible compared to those of NO and NO2. 
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14 1.17·10-45 7.39·10-21 N2O4 33 
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2.3.5 | Effect of flowrate 
To investigate the influence of the flowrate, three different feed gas mixtures 
were prepared, in particular a N2+O2 mixture (N2/O2 ratio =1), Air (N2/O2 
ratio ~4) and Air + O2 (to have N2/O2 ratio =1). During these experiments, 
NOx concentration was measured with increasing the specific energy input 
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(SEI) for three different flowrates; 1 L/min, 0.7 L/min and 0.5 L/min. 
Experimentally, it has been found that the NOx concentration increases 
linearly with the input SEI for all flowrates, as shown in Figure 2.10a. With 
increase in the SEI, the electron density increases, which in turns lead to 
higher number of reactive species of nitrogen and oxygen. Further on, these 
reactive species can then combine, thus yielding higher amounts of NOx at 
higher SEI. In general, lower flowrates produce higher amounts of NOx. At 
lower flowrates, the energy per unit volume of feed gas is higher. As learnt 
from the high-speed imaging, the lower flowrate enhances “effective 
residence time” of the gas in plasma. Thus, gas molecules encounter more 
arc discharges on their way through the reactor, leading to more power being 
absorbed by molecules. Therefore, higher amount of NOx can be produced 
for lower flowrate. Air (N2/O2 ratio ~4) was found to consume marginally 
lower energy than N2-O2 and oxygen rich air mixture (both N2/O2 ratio =1), 
when compared at the same flowrate, however it also produces less amount 
of NOx than N2-O2 mixture. The highest concentration of NOx, 1.4 vol%, was 
obtained for 0.5 L/min at expense of 4.7 kJ/L of energy. 
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Figure 2.10. Effect of flowrate on- a. NOx concentration and b. NO selectivity (at frequency= 7 

kHz, pulse width= 25 μs). 

The NO selectivity for different flowrates and feed mixtures is shown in 
Figure 2.10b. All flowrates show a linear decrease in the NO selectivity with 
respect to increasing SEI, because at higher SEI a higher number of 
activated oxygen species become available for conversion of NO to NO2. Feed 
mixtures with higher oxygen content tends to have lower NO selectivity as 
discussed in the previous section. Air+O2 mixtures produced higher 
amounts of NO2 as compared to only air, e.g. the selectivity for NO in case 
of air+O2 was decreased by 79% for 0.7 L/min as compared to only air. 
Moreover, feed mixture with lower and higher oxygen content (Air and Air+O2 
respectively) give an identical trend in NO selectivity, nevertheless the 
oxygen rich, Air+O2 has on an average 40% lower NO selectivity. The 0.5 
L/min flowrate produced higher percentages of NO2 than 1 L/min flow, 
which is due to the increase in the effective residence time of gas species 
and also the higher energy input per unit volume. These two effects give 
adequate time and ample reactive species, respectively, for reaction R2 to 
take place. To produce the desired product, either NO or NO2, the process 
conditions can be tuned accordingly. For example, to achieve higher 
concentrations of NO, only Air must be fed and operated at lower range of 
SEI. To achieve higher amounts of NO2, air+O2 must be fed and the reactor 
must be operated in higher range of SEI with lower flowrate. 
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when compared at the same flowrate, however it also produces less amount 
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Figure 2.10. Effect of flowrate on- a. NOx concentration and b. NO selectivity (at frequency= 7 

kHz, pulse width= 25 μs). 

The NO selectivity for different flowrates and feed mixtures is shown in 
Figure 2.10b. All flowrates show a linear decrease in the NO selectivity with 
respect to increasing SEI, because at higher SEI a higher number of 
activated oxygen species become available for conversion of NO to NO2. Feed 
mixtures with higher oxygen content tends to have lower NO selectivity as 
discussed in the previous section. Air+O2 mixtures produced higher 
amounts of NO2 as compared to only air, e.g. the selectivity for NO in case 
of air+O2 was decreased by 79% for 0.7 L/min as compared to only air. 
Moreover, feed mixture with lower and higher oxygen content (Air and Air+O2 
respectively) give an identical trend in NO selectivity, nevertheless the 
oxygen rich, Air+O2 has on an average 40% lower NO selectivity. The 0.5 
L/min flowrate produced higher percentages of NO2 than 1 L/min flow, 
which is due to the increase in the effective residence time of gas species 
and also the higher energy input per unit volume. These two effects give 
adequate time and ample reactive species, respectively, for reaction R2 to 
take place. To produce the desired product, either NO or NO2, the process 
conditions can be tuned accordingly. For example, to achieve higher 
concentrations of NO, only Air must be fed and operated at lower range of 
SEI. To achieve higher amounts of NO2, air+O2 must be fed and the reactor 
must be operated in higher range of SEI with lower flowrate. 
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2.3.6 | Effect of argon addition 
As the ionization energies of argon and nitrogen are of a similar magnitude, 
implying plasma will have roughly the same properties in terms of electron 
density and temperature. On similar lines, Indarto et al.[40] reported an 
improved conversion of methane and higher hydrogen selectivity when argon 
and helium were added in the feed gas. Studies in a DBD reactor also found 
a positive effect of argon addition on the production of ammonia[37], 
increasing conversion of hydrogen to NH3 from 1.7% to 4.2 %.  Thus, feed 
gas was diluted with argon, with expectation of achieving higher nitrogen-
oxygen conversion and NOx concentrations. 

The feed gases, air and air + oxygen (with N2/O2=1) were diluted with 1.5 to 
5 % argon, and the total flowrate was kept constant at 1 L/min. As can be 
seen from Figure 2.11a, however the argon addition was found to have a 
negative impact on the NOx production, since the concentration of NOx 
decreased with increasing argon dilution percentage for both air and air + 
oxygen. Argon addition is found to decrease the concentration of the NOx 
formed by 5% and 10% for air+O2 (with N2/O2=1) and air, respectively. 
Because the ionization energies of argon and nitrogen are of a similar 
magnitude, it can be expected that the plasma is unaffected by the presence 
of argon and the only effect is on the chemistry occurring subsequent to the 
discharges. In both cases, it can be assumed that a 5% dilution with Ar 
simply leads to a 5% dilution of the reaction products, without a significant 
effect on the reaction chemistry. The increase in argon concentration does 
lead to a ~ (5 ± 3) % decrease in the energy input to the plasma (Figure SI-
4), due to lowered breakdown voltage in the presence of argon. This also 
changes the magnitude of the electric field along the arc compared to 
nitrogen and oxygen. These reductions in SEI and electric field can be 
expected to lead to a decrease in the degree of dissociation of nitrogen and 
oxygen and reducing the NOx concentration. Any further changes to the NOx 
formation may be attributed to the changes in residence time of the gas 
within the arc discharges, since the gliding arc was found to become weaker 
(lower Δx) with addition of argon and at higher argon concentrations gliding 
arc completely diminished (Δx ~ 0). 

Figure 2.11b shows the effect of argon dilution on the NO selectivity. 
Selectivity for NO found to increase with increasing argon dilution by 8% 
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and 2.5% for air and air+O2 respectively. Increase in argon percentage in the 
feed seems to diminish the reactive oxygen species generation, thereby 
slightly reducing the NO oxidation to NO2. 
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Figure 2.11. Effect of Ar addition on- a. NOx concentration and b. NO selectivity (at 

frequency= 7 kHz, pulse width= 25 μs and input voltage= 44 Vpk-pk). 

2.3.7 | Influence of feed gas preheating 
Preheating of the reactor feed is a commonly adapted approach in process 
industry to recover the heat produced in the chemical reactor, which helps 
in improving the energy efficiency of the process. Similarly, the heat 
generated in the gliding arc reactor due to heating of the electrodes can be 
recovered to heat the feed mixture. By preheating, one can also expect to 
increase the rate of reactions between atomic nitrogen with molecular 
oxygen to form NO[38]. However, the effect of preheating of feed mixture on 
the gliding arc discharge is unknown. Therefore, as a first step, the feed 
mixture is heated to different temperatures and the performance of the 
reactor in terms of NOx concentration is investigated.  

By preheating the feed mixture additional internal/rotational energy will be 
supplied, which is expected to lead to a more efficient utilization of the 
electrical energy supplied to the plasma reactor i.e. delivering energy for 
vibrational excitation, therefore higher NOx concentration and decrease in 
the energy consumption may be expected. The feed gas, air and air + oxygen 
(N2/O2=1), was heated from room temperature to 200 oC using electric 
heating while the total flowrate was kept constant at 1 L/min. As can be 
seen from Figure 2.12, however, preheating of the feed gas has a negative 
impact on the amount of NOx produced. Concentration of NOx was found to 
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oxygen conversion and NOx concentrations. 

The feed gases, air and air + oxygen (with N2/O2=1) were diluted with 1.5 to 
5 % argon, and the total flowrate was kept constant at 1 L/min. As can be 
seen from Figure 2.11a, however the argon addition was found to have a 
negative impact on the NOx production, since the concentration of NOx 
decreased with increasing argon dilution percentage for both air and air + 
oxygen. Argon addition is found to decrease the concentration of the NOx 
formed by 5% and 10% for air+O2 (with N2/O2=1) and air, respectively. 
Because the ionization energies of argon and nitrogen are of a similar 
magnitude, it can be expected that the plasma is unaffected by the presence 
of argon and the only effect is on the chemistry occurring subsequent to the 
discharges. In both cases, it can be assumed that a 5% dilution with Ar 
simply leads to a 5% dilution of the reaction products, without a significant 
effect on the reaction chemistry. The increase in argon concentration does 
lead to a ~ (5 ± 3) % decrease in the energy input to the plasma (Figure SI-
4), due to lowered breakdown voltage in the presence of argon. This also 
changes the magnitude of the electric field along the arc compared to 
nitrogen and oxygen. These reductions in SEI and electric field can be 
expected to lead to a decrease in the degree of dissociation of nitrogen and 
oxygen and reducing the NOx concentration. Any further changes to the NOx 
formation may be attributed to the changes in residence time of the gas 
within the arc discharges, since the gliding arc was found to become weaker 
(lower Δx) with addition of argon and at higher argon concentrations gliding 
arc completely diminished (Δx ~ 0). 

Figure 2.11b shows the effect of argon dilution on the NO selectivity. 
Selectivity for NO found to increase with increasing argon dilution by 8% 
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and 2.5% for air and air+O2 respectively. Increase in argon percentage in the 
feed seems to diminish the reactive oxygen species generation, thereby 
slightly reducing the NO oxidation to NO2. 
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Figure 2.11. Effect of Ar addition on- a. NOx concentration and b. NO selectivity (at 

frequency= 7 kHz, pulse width= 25 μs and input voltage= 44 Vpk-pk). 

2.3.7 | Influence of feed gas preheating 
Preheating of the reactor feed is a commonly adapted approach in process 
industry to recover the heat produced in the chemical reactor, which helps 
in improving the energy efficiency of the process. Similarly, the heat 
generated in the gliding arc reactor due to heating of the electrodes can be 
recovered to heat the feed mixture. By preheating, one can also expect to 
increase the rate of reactions between atomic nitrogen with molecular 
oxygen to form NO[38]. However, the effect of preheating of feed mixture on 
the gliding arc discharge is unknown. Therefore, as a first step, the feed 
mixture is heated to different temperatures and the performance of the 
reactor in terms of NOx concentration is investigated.  

By preheating the feed mixture additional internal/rotational energy will be 
supplied, which is expected to lead to a more efficient utilization of the 
electrical energy supplied to the plasma reactor i.e. delivering energy for 
vibrational excitation, therefore higher NOx concentration and decrease in 
the energy consumption may be expected. The feed gas, air and air + oxygen 
(N2/O2=1), was heated from room temperature to 200 oC using electric 
heating while the total flowrate was kept constant at 1 L/min. As can be 
seen from Figure 2.12, however, preheating of the feed gas has a negative 
impact on the amount of NOx produced. Concentration of NOx was found to 
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decrease by factor of 0.3 at higher temperature as compared to ambient 
temperature operation. When temperature of the feed mixture increases 
from 20oC to 200oC, the density of the feed mixture will decrease by a factor 
of 0.6, giving rise to higher gas flow velocities, which in turn reduces the 
residence time of the reactants in the reactor. This will lead to less N and O 
formation and thus less NOx formation.  

The gliding discharge was also observed to get weaker in terms of dissipated 
power with increasing temperature. The SEI was found to decrease by ~ 15% 
with the increase in temperature, even though the input voltage amplitude 
was kept constant at 44 Vpk-pk (Figure SI-5). This can also be attributed to 
the decrease in the gas density. From Ohm’s law: P = (V^2)/R, a lower power 
dissipation at the same voltage implies a higher resistivity. At higher 
temperatures, there are fewer ions (and electrons) being created over the 
length of the arc, because there are fewer particles for electrons to collide 
with and form additional ions. This lowers electron density and increases 
resistivity. At lower density, there is a longer mean free path for electrons to 
gain energy in the electric field, however. Hence, the heated gas may provide 
higher electron temperatures. At higher electron temperature, more electron 
impact dissociation of N2 might occur. This could explain why the curve in 
Figure 2.12 levels off at T > 150oC. The reduction in electrons is then offset 
by an increase in electron temperature. 
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Figure 2.12. Feed gas preheating has negative impact on NOx concentration (at frequency= 7 

kHz, pulse width= 25 μs and input voltage amplitude= 44 Vpk-pk). 
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2.3.8 | Energy efficiency for plasma NOx synthesis 
Figure 2.13 shows the energy efficiency for atmospheric pressure plasma 
NOx synthesis in the milli-scale gliding arc reactor for various feed mixtures, 
O2 % and flow rates. Energy required per mol of NOx produced has a 
parabolic trend for all the feed mixtures, O2 % and flowrates investigated, 
reaching minima in energy required and then increasing again, as shown in 
Figure 2.13a and Figure 2.13b. For O2 % (Figure 2.13a), the lowest energy 
consumption is obtained at an oxygen content of 40-48%, which 
corresponds to an N2/O2 feed ratio of 1. Also from Figure 2.13a, the effect of 
flow rate on energy efficiency is minimal, though Figure 2.13b shows that 
flow rate does affect the amount of NOx produced. 

The lower the flow rate, the higher the exposure to arc discharges, as was 
revealed by fast imaging. Clearly, it is this longer exposure to arcs which 
results in greater conversion to NOx. The energy efficiency will, however, 
decline as additional arcs contribute less and less atomic nitrogen to 
support NO formation and more of the power is wasted in the form of heat. 
Similarly, too little, or too much O2, will shift the balance of NO formation 
efficiency away from the optimum.  
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decrease by factor of 0.3 at higher temperature as compared to ambient 
temperature operation. When temperature of the feed mixture increases 
from 20oC to 200oC, the density of the feed mixture will decrease by a factor 
of 0.6, giving rise to higher gas flow velocities, which in turn reduces the 
residence time of the reactants in the reactor. This will lead to less N and O 
formation and thus less NOx formation.  

The gliding discharge was also observed to get weaker in terms of dissipated 
power with increasing temperature. The SEI was found to decrease by ~ 15% 
with the increase in temperature, even though the input voltage amplitude 
was kept constant at 44 Vpk-pk (Figure SI-5). This can also be attributed to 
the decrease in the gas density. From Ohm’s law: P = (V^2)/R, a lower power 
dissipation at the same voltage implies a higher resistivity. At higher 
temperatures, there are fewer ions (and electrons) being created over the 
length of the arc, because there are fewer particles for electrons to collide 
with and form additional ions. This lowers electron density and increases 
resistivity. At lower density, there is a longer mean free path for electrons to 
gain energy in the electric field, however. Hence, the heated gas may provide 
higher electron temperatures. At higher electron temperature, more electron 
impact dissociation of N2 might occur. This could explain why the curve in 
Figure 2.12 levels off at T > 150oC. The reduction in electrons is then offset 
by an increase in electron temperature. 
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Figure 2.12. Feed gas preheating has negative impact on NOx concentration (at frequency= 7 

kHz, pulse width= 25 μs and input voltage amplitude= 44 Vpk-pk). 
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2.3.8 | Energy efficiency for plasma NOx synthesis 
Figure 2.13 shows the energy efficiency for atmospheric pressure plasma 
NOx synthesis in the milli-scale gliding arc reactor for various feed mixtures, 
O2 % and flow rates. Energy required per mol of NOx produced has a 
parabolic trend for all the feed mixtures, O2 % and flowrates investigated, 
reaching minima in energy required and then increasing again, as shown in 
Figure 2.13a and Figure 2.13b. For O2 % (Figure 2.13a), the lowest energy 
consumption is obtained at an oxygen content of 40-48%, which 
corresponds to an N2/O2 feed ratio of 1. Also from Figure 2.13a, the effect of 
flow rate on energy efficiency is minimal, though Figure 2.13b shows that 
flow rate does affect the amount of NOx produced. 

The lower the flow rate, the higher the exposure to arc discharges, as was 
revealed by fast imaging. Clearly, it is this longer exposure to arcs which 
results in greater conversion to NOx. The energy efficiency will, however, 
decline as additional arcs contribute less and less atomic nitrogen to 
support NO formation and more of the power is wasted in the form of heat. 
Similarly, too little, or too much O2, will shift the balance of NO formation 
efficiency away from the optimum.  
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Figure 2.13. Energy efficiency of Plasma NOx synthesis- a. for different O2 % in feed and b. for 

different flowrates. 

The major difficulty in NOx formation is in breaking the nitrogen-nitrogen 
triple bond, which alone requires 9.8 eV (~940 kJ/mol of N2) of energy[46]. 
Hence, the processes needs a high amount of energy. In plasma, reactions 
responsible for atomic N formation are electron impact dissociation and 
dissociative recombination: 

   (R9) 

    (R10) 

Where N2+ can be expected to be the dominant (positive) ion in the arc 
plasma[38]. Generally, vibrational and electronic excitation of the nitrogen 
molecules will aid in the dissociation process, as the molecule is already 
closer in energy to the dissociated state. Among all, vibrational excitation is 
reported as the most energy efficient channel for nitric oxide synthesis in 
non-thermal plasma[13], a process also mediated by the electrons in the 
plasma: 

  (R11) 

The main undesirable reaction, leading to lower conversion efficiency is the 
recombination of atomic N: 

   (R12) 
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Reaction (R12) will be a dominant loss channel for the power put into the 
plasma, since 940 kJ/mol is converted into heat. If N atoms are produced 
and there are insufficient oxygen species in the gas mixture for them to react 
with, energy efficiency will be significantly lower. As shown in Figure 2.13a, 
the optimum is at N2/O2 = 1, matching the stoichiometry of NO. Below, the 
reactions directly responsible for NO formation are discussed. 

McLarnon and Penetrante found that charged species do not directly 
contribute to NOx formation[47] and their role is limited to providing atomic 
N via reaction (R10). Electronically excited nitrogen molecule species, such 
as the metastable N2(A) state, were similarly found not to contribute directly 
to NOx formation, but they do play an important role in O2 dissociation via 
the reaction: 

                         (R13) 

At higher oxygen concentrations, which is the case here, reaction (R13) will 
be even more important. Excited atomic N radicals (N(2D)), ground state 
atomic N radicals (N(4S)) and atomic O play a direct role in NO formation, 
according to following reactions; 

   (R14) 

   (R15) 

   (R16) 

NO formation from N(4S) will not be very significant since N(4S) is consumed 
by NO and NO2 in the following back reactions: 

   (R17) 

   (R18) 

Rate of destruction of NO from N(4S) via reaction (R17) is an order of 
magnitude higher than the rate of formation of NO from N(4S) via reaction 
(R15). Therefore, NO formation predominantly occurs through N(2D) via 
reaction (R14). With further increase in concentration of oxygen, NO 
formation through N(2D) will further increase in gliding arc reactor. The 
dominant dissociation mechanism of pure N2 plasmas (reaction R9) reported 
to yield N(2D) and N(4S) in equal amounts[48] and in another case N(2D) was 
about 67%[49], supporting the claims of NO formation via reaction with N(2D). 
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Figure 2.13. Energy efficiency of Plasma NOx synthesis- a. for different O2 % in feed and b. for 

different flowrates. 

The major difficulty in NOx formation is in breaking the nitrogen-nitrogen 
triple bond, which alone requires 9.8 eV (~940 kJ/mol of N2) of energy[46]. 
Hence, the processes needs a high amount of energy. In plasma, reactions 
responsible for atomic N formation are electron impact dissociation and 
dissociative recombination: 

   (R9) 

    (R10) 

Where N2+ can be expected to be the dominant (positive) ion in the arc 
plasma[38]. Generally, vibrational and electronic excitation of the nitrogen 
molecules will aid in the dissociation process, as the molecule is already 
closer in energy to the dissociated state. Among all, vibrational excitation is 
reported as the most energy efficient channel for nitric oxide synthesis in 
non-thermal plasma[13], a process also mediated by the electrons in the 
plasma: 

  (R11) 

The main undesirable reaction, leading to lower conversion efficiency is the 
recombination of atomic N: 

   (R12) 
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Reaction (R12) will be a dominant loss channel for the power put into the 
plasma, since 940 kJ/mol is converted into heat. If N atoms are produced 
and there are insufficient oxygen species in the gas mixture for them to react 
with, energy efficiency will be significantly lower. As shown in Figure 2.13a, 
the optimum is at N2/O2 = 1, matching the stoichiometry of NO. Below, the 
reactions directly responsible for NO formation are discussed. 

McLarnon and Penetrante found that charged species do not directly 
contribute to NOx formation[47] and their role is limited to providing atomic 
N via reaction (R10). Electronically excited nitrogen molecule species, such 
as the metastable N2(A) state, were similarly found not to contribute directly 
to NOx formation, but they do play an important role in O2 dissociation via 
the reaction: 

                         (R13) 

At higher oxygen concentrations, which is the case here, reaction (R13) will 
be even more important. Excited atomic N radicals (N(2D)), ground state 
atomic N radicals (N(4S)) and atomic O play a direct role in NO formation, 
according to following reactions; 

   (R14) 

   (R15) 

   (R16) 

NO formation from N(4S) will not be very significant since N(4S) is consumed 
by NO and NO2 in the following back reactions: 

   (R17) 

   (R18) 

Rate of destruction of NO from N(4S) via reaction (R17) is an order of 
magnitude higher than the rate of formation of NO from N(4S) via reaction 
(R15). Therefore, NO formation predominantly occurs through N(2D) via 
reaction (R14). With further increase in concentration of oxygen, NO 
formation through N(2D) will further increase in gliding arc reactor. The 
dominant dissociation mechanism of pure N2 plasmas (reaction R9) reported 
to yield N(2D) and N(4S) in equal amounts[48] and in another case N(2D) was 
about 67%[49], supporting the claims of NO formation via reaction with N(2D). 
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Reactions (R17) and (R18) show why the energy efficiency declines as the 
NOx concentration increases; if there is more NOx already in the active 
reactor volume, more atomic N is lost to these reactions and more of the 
input power goes to heat. This is why there is an optimum in the time spent 
by the gas stream within plasma: too less and not enough N is formed to 
initiate NO formation, too much and power is wasted on reverse reactions. 

2.4 | Conclusions 
This chapter establishes a thorough characterization of milli-scale gliding 
arc reactor for electrical and process parameters by investigating plasma 
assisted nitric oxides production from air at atmospheric pressure. First, the 
electrical parameters of the gliding arc reactor such as frequency, pulse 
width, and amplitude are investigated. Increase in their magnitude resulted 
in an increased specific energy input thus lead to higher NOx production.  

Moreover, this chapter clearly establishes the effect of oxygen percentage 
and various feed mixtures on NOx production and important process 
parameters. Use of air (or air+O2) instead of N2+O2 brings benefits from 
operating and capital cost point of view and helps easing the containerized 
plant operation and conceptualization. 

O2% in feed is the critical parameter to produce higher concentrations of 
NOx. A higher percentage of oxygen in the feed has a tendency to produce 
more NO2 than NO. Diluting feed mixtures with argon and preheating of the 
feed mixture has a negative effect on the amount of nitrogen oxide produced. 
Visualizing propagation of gliding arc via high speed imaging camera gives 
insight to better understand of the gliding arc dynamics. It is shown with 
the help of high speed imaging analysis that lower flowrate facilitates 
significantly higher exposure to gliding arcs, but it is not necessarily 
beneficial to gain higher energy efficiency, only to amount of NOx produced.  

Also, the energy consumption by the benchmark, the industrial Haber-
Bosch process, is reported to be 0.48 MJ/mol[10], while 4.8 MJ/mol is the 
optimum value achieved in this study. Therefore, application of milli-scale 
gliding arc reactor is possible only when the energy consumption is 
decreased by factor of 10 to reach the benchmark value. Improving the 
reactor geometry to further reduce the feed gas bypassing, so to expose 
maximum amount of feed gas to plasma, would be one approach to increase 
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the energy efficiency. Second approach would be to deliver electrical energy 
with even higher pulsing frequency to maintain the strong equilibrium 
within the reactor. It is prerequisite to develop a plasma chemistry model to 
identify the important NOx formation and destruction channels. Lastly by 
optimizing the reactors electrical operational parameters to selectively 
deliver energy to only these reaction channels, which contribute to NO/NO2 
formation, and minimizing the reactions that lead to recombination of N 
atoms and destruction of produced NO and NO2.  

The concept of decentralized production of chemicals is gradually gaining 
an acceptance in chemical industry, and hence, together with the study 
presented in this chapter will open new doors for containerized plasma 
nitrogen fixation process.  

Supplementary information 
Contents: 

A. Voltage signal supplied by waveform generator  
B. Settings for the high speed imaging experiments. 
C. Derivation for effective residence time (equation 9) 
D. Selecting fluid: Effect of Feed ratio at different flowrates 
E. Effect of Flowrate form 0.5 L/min to 1 L/min 
F. Effect of addition of Argon (1.5% to 5%) 
G. Effect of preheating of the feed gas (22 to 200oC) 

 

A. Voltage signal from signal generator:  
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Figure SI 1. Voltage signal supplied by signal generator (at frequency= 7 kHz, pulse width= 25 μs and 

amplitude= 44 Vpk-pk). 
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Reactions (R17) and (R18) show why the energy efficiency declines as the 
NOx concentration increases; if there is more NOx already in the active 
reactor volume, more atomic N is lost to these reactions and more of the 
input power goes to heat. This is why there is an optimum in the time spent 
by the gas stream within plasma: too less and not enough N is formed to 
initiate NO formation, too much and power is wasted on reverse reactions. 

2.4 | Conclusions 
This chapter establishes a thorough characterization of milli-scale gliding 
arc reactor for electrical and process parameters by investigating plasma 
assisted nitric oxides production from air at atmospheric pressure. First, the 
electrical parameters of the gliding arc reactor such as frequency, pulse 
width, and amplitude are investigated. Increase in their magnitude resulted 
in an increased specific energy input thus lead to higher NOx production.  

Moreover, this chapter clearly establishes the effect of oxygen percentage 
and various feed mixtures on NOx production and important process 
parameters. Use of air (or air+O2) instead of N2+O2 brings benefits from 
operating and capital cost point of view and helps easing the containerized 
plant operation and conceptualization. 

O2% in feed is the critical parameter to produce higher concentrations of 
NOx. A higher percentage of oxygen in the feed has a tendency to produce 
more NO2 than NO. Diluting feed mixtures with argon and preheating of the 
feed mixture has a negative effect on the amount of nitrogen oxide produced. 
Visualizing propagation of gliding arc via high speed imaging camera gives 
insight to better understand of the gliding arc dynamics. It is shown with 
the help of high speed imaging analysis that lower flowrate facilitates 
significantly higher exposure to gliding arcs, but it is not necessarily 
beneficial to gain higher energy efficiency, only to amount of NOx produced.  

Also, the energy consumption by the benchmark, the industrial Haber-
Bosch process, is reported to be 0.48 MJ/mol[10], while 4.8 MJ/mol is the 
optimum value achieved in this study. Therefore, application of milli-scale 
gliding arc reactor is possible only when the energy consumption is 
decreased by factor of 10 to reach the benchmark value. Improving the 
reactor geometry to further reduce the feed gas bypassing, so to expose 
maximum amount of feed gas to plasma, would be one approach to increase 
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the energy efficiency. Second approach would be to deliver electrical energy 
with even higher pulsing frequency to maintain the strong equilibrium 
within the reactor. It is prerequisite to develop a plasma chemistry model to 
identify the important NOx formation and destruction channels. Lastly by 
optimizing the reactors electrical operational parameters to selectively 
deliver energy to only these reaction channels, which contribute to NO/NO2 
formation, and minimizing the reactions that lead to recombination of N 
atoms and destruction of produced NO and NO2.  

The concept of decentralized production of chemicals is gradually gaining 
an acceptance in chemical industry, and hence, together with the study 
presented in this chapter will open new doors for containerized plasma 
nitrogen fixation process.  
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Contents: 

A. Voltage signal supplied by waveform generator  
B. Settings for the high speed imaging experiments. 
C. Derivation for effective residence time (equation 9) 
D. Selecting fluid: Effect of Feed ratio at different flowrates 
E. Effect of Flowrate form 0.5 L/min to 1 L/min 
F. Effect of addition of Argon (1.5% to 5%) 
G. Effect of preheating of the feed gas (22 to 200oC) 
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Figure SI 1. Voltage signal supplied by signal generator (at frequency= 7 kHz, pulse width= 25 μs and 

amplitude= 44 Vpk-pk). 
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B. Settings for the High Speed imaging experiments: 

Table SI 1 List and settings used for high speed imaging experiments. 

Experiment 
number 

Fluid Feed flow rate 
(L/min) 

Frame rate 
(kHz) 

Resolution 
(px) 

Number of 
images 

1 Air 0.7 16 128x128 1000 

2 Air 0.5 16 128x128 1000 

3 Air 1 16 128x128 1000 

3.1 Air 1 16 128x128 5000 

4 Air 1 25 128x64 2000 

5 Air 0.7 25 128x64 2000 

6 Air 0.5 25 128x64 2000 

6.1 Air 0.5 25 128x64 5000 

7 N2-O2 1 (50% O2) 25 128x64 2000 

8 N2-O2 1 (50% O2) 3 512x512 1000 

9 Air 1 3 512x512 1000 

 

C. Derivation of Eq.(9) for gas residence time 

Assuming gliding arc electrodes have an angle α < 2/π w.r.t. the horizontal, a thickness δ and 
a width at the narrowest point w0. As the gas moves upwards, it finds a larger and larger cross-
sectional area to push the flow Φ through so that the gas flow velocity vgas will decrease. 

Further assume the gliding arcs reach a height Δx in the direction of the flow. 

The distance between the electrodes as a function of height x is:  

The gas flow velocity as a function of height x is then:  

Since vgas(x) = dx/dt we can write: , 

Which can be integrated to find the gas residence time tres: 

 

Giving: , 

Which for Δx/tres and after simplification gives for the average gas flow velocity: 

, which is Eq.(9) in the main text. 

Chapter 2 | NOx Production in Milli-scale Gliding Arc Reactor 

 

Page | 51 

D. Effect of O2 addition 
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Figure SI 2. a. Effect of different feeds and O2% on SEI and b. Effect of SEI on 
concentration of NOx (at frequency= 7 kHz, pulse width= 25 μs and amplitude= 44 Vpk-pk). 

 

E. Effect of flowrate 
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Figure SI 3. a. Amplitude Vs NOx concentration and b. Effect of amplitude on SEI for investigated 
flowrates and feed mixtures (at frequency= 7 kHz, pulse width= 25 μs). 
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B. Settings for the High Speed imaging experiments: 

Table SI 1 List and settings used for high speed imaging experiments. 

Experiment 
number 

Fluid Feed flow rate 
(L/min) 

Frame rate 
(kHz) 

Resolution 
(px) 

Number of 
images 

1 Air 0.7 16 128x128 1000 

2 Air 0.5 16 128x128 1000 

3 Air 1 16 128x128 1000 

3.1 Air 1 16 128x128 5000 

4 Air 1 25 128x64 2000 

5 Air 0.7 25 128x64 2000 

6 Air 0.5 25 128x64 2000 

6.1 Air 0.5 25 128x64 5000 

7 N2-O2 1 (50% O2) 25 128x64 2000 

8 N2-O2 1 (50% O2) 3 512x512 1000 

9 Air 1 3 512x512 1000 

 

C. Derivation of Eq.(9) for gas residence time 

Assuming gliding arc electrodes have an angle α < 2/π w.r.t. the horizontal, a thickness δ and 
a width at the narrowest point w0. As the gas moves upwards, it finds a larger and larger cross-
sectional area to push the flow Φ through so that the gas flow velocity vgas will decrease. 

Further assume the gliding arcs reach a height Δx in the direction of the flow. 

The distance between the electrodes as a function of height x is:  

The gas flow velocity as a function of height x is then:  

Since vgas(x) = dx/dt we can write: , 

Which can be integrated to find the gas residence time tres: 

 

Giving: , 

Which for Δx/tres and after simplification gives for the average gas flow velocity: 

, which is Eq.(9) in the main text. 
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D. Effect of O2 addition 
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Figure SI 2. a. Effect of different feeds and O2% on SEI and b. Effect of SEI on 
concentration of NOx (at frequency= 7 kHz, pulse width= 25 μs and amplitude= 44 Vpk-pk). 
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Figure SI 3. a. Amplitude Vs NOx concentration and b. Effect of amplitude on SEI for investigated 
flowrates and feed mixtures (at frequency= 7 kHz, pulse width= 25 μs). 
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F. Effect of Argon addition 
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Figure SI 4. a. Argon dilution % Vs SEI and b. Effect of argon dilution on energy efficiency for air and 
air+O2 (at frequency= 7 kHz, PW= 25 μs, and amplitude= 44 Vpk-pk). 

 

 
 

G. Effect of feed preheating 
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Figure SI 5. a. Temperature Vs SEI, b. Temperature Vs NO selectivity and c. Effect of temperature on 

energy efficiency. (at frequency= 7 kHz, pulse width= 25 μs, and amplitude= 44 Vpk-pk). 
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F. Effect of Argon addition 
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Figure SI 4. a. Argon dilution % Vs SEI and b. Effect of argon dilution on energy efficiency for air and 
air+O2 (at frequency= 7 kHz, PW= 25 μs, and amplitude= 44 Vpk-pk). 

 

 
 

G. Effect of feed preheating 
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Figure SI 5. a. Temperature Vs SEI, b. Temperature Vs NO selectivity and c. Effect of temperature on 

energy efficiency. (at frequency= 7 kHz, pulse width= 25 μs, and amplitude= 44 Vpk-pk). 
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CHAPTER 3 
UNRAVELLING THE PULSE POWER DRIVEN GLIDING 
ARC REACTOR 

This chapter is adapted from:   

B. S. Patil, F. J. J. Peeters, J.A. Medrano, F. Gallucci, Weizong Wang,  Annemie Bogaerts, Q. 
Wang, Gerard van Rooij, Jürgen Lang, V. Hessel, Fertilizing With the Wind: Plasma assisted 
nitric oxide production from air in renewable energy driven pulse powered gliding arc reactor 
for containerized fertilizer plant, 2017, Energy and Environmental Science, Submitted. 

Collaborative work with Antwerp University, Belgium for 0D model for NOx chemistry. 

Abstract  
In this chapter, the dynamics of the pulse powered AC GA reactor have been 
revealed with the use of high speed imaging and subsequently correlated 
with its V-I signal by exploring NOx production reaction. The influence of 
four different electrode materials, three electrode discharge gaps, feed-ratio 
and flow rate on the NOx concentration and NO selectivity is thoroughly 
investigated and correlated with the dynamics of the GA. The reaction 
mechanism within the GA is predicted by a 0D model, which accounted 74 
species and 2991 reactions. Two distinct regimes of pulsed powered GA 
reactor operation are identified. A highest concentration of 1.6 vol% and 
energy consumption of 3.8 MJ/mol of NOx is obtained at 2 L/min for Mo/W 
electrodes with a discharge gap of 6.3 mm. The NOx concentration increased 
further to 2 vol% for 1 L/min. OES analysis shows that the arc has a 
rotational temperature as high as 3000 K and a vibrational temperature of 
>5000 K. The 0D modelling shows that vibrational excitation activates the 
N2 molecules and leads to energy efficient NO production via non-thermal 
Zeldovich mechanism and it is argued that the effective NOx concentration 
per active GA volume could be as high as 20 vol%. These encouraging level 
of NOx concentrations and energy efficiencies obtained promises an 
opportunity for a containerized process plant to produce fertilizers in remote 
locations. 
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Zeldovich mechanism and it is argued that the effective NOx concentration 
per active GA volume could be as high as 20 vol%. These encouraging level 
of NOx concentrations and energy efficiencies obtained promises an 
opportunity for a containerized process plant to produce fertilizers in remote 
locations. 
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3.1 | Introduction 
Fixing atmospheric nitrogen has been always a challenging quest for 
mankind, due to the inherent inert nature of the nitrogen molecule[12]. 
Among the several chemical and biological options, plasma assisted 
nitrogen fixation, i.e. synthesizing nitric oxide from atmospheric air by 
using plasmas generated by renewable electrical energy, is a potential 
alternative and has generated a lot of interest in the research 
community for the last 100 years[13,14]. Moreover, nitrogen fixation in 
the form of nitrogen oxide demands 3.5 times lower theoretical energy 
than the ammonia synthesis from N2 and H2 (via CH4)[15].  

Plasma assisted nitric oxide synthesis has been investigated 
extensively using thermal plasmas[23–25]. Thermal plasma gave a lower 
concentration and demanded excessively high-energy input. On the 
other hand, non-thermal plasmas produce nitric oxide at relatively low 
temperatures and has possibility to produce nitric oxide with much 
lower energy cost. However, very few non-thermal plasmas have been 
investigated[26–30]. Microwave plasma discharges were found to be most 
energy efficient of all. Mutel et al. claimed an energy efficiency of 60 
GJ/tn[31] and Azizov et al. reported an energy efficiency of 20 GJ/tn of 
fixed N[26]. However, these studies were performed at low pressures and 
only low concentrations of NOx were realized. Moreover, the 
microwave-based process has a disadvantage of energy loss during the 
electrical power to microwave conversion. Furthermore, to the best of 
our knowledge, researchers never reproduced these best results. 
Recently, a gliding arc (GA) plasma has been considered as an 
important tool for energy application- converting renewable energy to 
chemicals. A GA reactor provides the highest energy efficiency together 
with a MW plasma for CO2 to chemicals[32–34]. GA discharges have the 
advantage of being flexible in operation and have possibility to handle 
higher throughput at atmospheric pressure.  

For the first time, we have obtained up to 2% of NOx at atmospheric 
pressure in a GA reactor, which is very encouraging to develop a 
containerized process using such a non-thermal reactor for localized 
fertilizer production. Despite its clear advantages, GA plasma reactors 
have not been sufficiently investigated for plasma assisted NO 
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synthesis. The operation and dynamics of the pulse-powered high 
frequency gliding arc reactor, which holds enormous potential for 
chemical synthesis, is not clearly understood. The GA reactor 
configuration parameters such as electrode material, discharge gap, 
flow rate, and feed ratio play an important part in the NOx formation, 
but their role is largely unknown. The dynamic behaviour of the arc 
plays a decisive role in the amount of NOx formed and in channelling 
energy into the reactions responsible for the NO/NO2 formation, thus 
it is of the utmost importance to quantify the dynamic behaviour of the 
GA.  

High-speed imaging can reveal the dynamics of plasma arc formation 
and its propagation along the electrode height by observing the arc in 
real time, which is employed in the present study. Moreover, Optical 
Emission Spectroscopy (OES) measurements have also been 
performed, which enables an estimate of the maximum temperatures 
achieved in the GA. Coupling of these measurements with NOx 
concentration will help to ascertain the mechanism of NO/NO2 
formation inside/outside of the GA. To gain more insights about the 
reactions taking place in the GA reactor, a 0D NOx chemistry model is 
used, which leads to deeper understanding of the important chemical 
reactions that are taking place inside the reactor. To the best of our 
knowledge, no work has reported nitrogen fixation in a gliding arc 
reactor, and specifically the electrode material and discharge gap have 
not been investigated in-depth. None of the publications provides 
insights using both OES and high-speed imaging for the plasma 
assisted reaction in a GA plasma. This study forms a link between the 
arc dynamics and process performance. For the first time we present 
a methodology to systematically decipher the working of the gliding arc 
reactor by performing simultaneous measurements with OES, high 
speed imaging, power consumed by the discharge, and the NOx 
concentration, which will also be useful for other plasma assisted 
chemical conversions, e.g. for CO2 conversion, CH4 reforming, etc.  
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3.2 | Description of the experiments 

3.2.1 | Flat 2D gliding arc reactor and experimental set-up 
The experiments for plasma assisted NOx synthesis are performed at 
atmospheric pressure in a 2D flat gliding arc reactor, which is shown 
in Figure 3.1 together with the experimental set-up. The gliding arc 
reactor is fabricated from PEEK with quartz cover on top. The reactor 
consists of two thin diverging knife-shaped electrodes with thickness 
of 1 mm and height of 195 mm. One of the electrodes is connected to 
the high voltage source while the other electrode is kept grounded. The 
width of the reactor is 135 mm. The reactor is designed to facilitate 
easy electrode replacement and the discharge gap between the two 
electrodes is adjustable. Four different electrode materials (SS 316, 
Tungsten, Molybdenum and CS 1.0038) are investigated with three 
different discharge gaps (1.3, 3.3 and 6.3 mm) for their influence on 
the NOx production. The reactor volume is 4.5, 4.9 and 5.5 cm3 for the 
1.3, 3.3 and 6.3mm discharge gaps, respectively. The composition and 
physical properties of the electrode materials are given in Table 3.1. 
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Figure 3.1. Schematic of the 2D flat gliding arc reactor and experimental se-up used in this 

study. 
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Table 3.1. Properties of the electrode materials investigated. For the work function, the 
number between brackets is the value for the surface oxide. 

Electrode 
Material 

Elemental Composition Electrical 
resistivity 

(nΩ.m) 

Thermal 
conductivity 

(W/(m·K)) 

Work 
function 

(eV) 
SS 316 Fe, <0.03% C, 16-18.5% Cr, 

10-14%, Ni, 2-3% Mo, <2% 
Mn, <1% Si, <0.045% P, 
<0.03% S 

740  
(293 K) 

17 

4.4  
(CrO: 
4.6)[35] 
(FeO: 
5.9)[36] 

Carbon steel 
1.0038 

Fe, 0.17% C, 0.035%P, 
1.4%Mn, 0.035%S, 0.012%N, 
0.55%Cu 

430  
(316 K) 

24.2 
4.7-4.8 
(FeO: 
5.9)[36] 

Tungsten W= 99.95%, <0.001% Fe, 
<0.0011% C, 0.003% Mo, 
<0.001% Si, <0.001% P, 
<0.001% Al 

52.8  
(293 K) 

173 
4.3 - 5.2  

(WO3: 
4.8)[37] 

Molybdenum Mo = 99.96%, <0.002% C, 
0.002%  
Cr, 0.015% W, 0.001% Si, 
<0.003% K, <0.002% S 

53.4  
(293 K) 

138 
4.4 - 5.0  
(MoO3: 
5.0)[38] 

Flow rates of N2, O2 (Linde Gases, 99.9%) and dehumidified air 
introduced into the reactor are controlled using mass flow controllers 
from Bronkhorst. 

The reactor is powered by a customized Xenionik EP 4000 AC power 
supply system. The high voltage (kV) is measured with a Tektronix 
P6015A probe. The current (IGA) flowing through the gliding arc is 
measured by using the resistor method, where the voltage (VR) is 
recorded across a resistor (R=5 Ω). The operation of the gliding arc 
reactor was found to be optimum at 14 kHz and 25 μs based on the 
stability of the gliding arc and the NOx concentration. Thus, for all the 
experiments, power has been introduced in the form of 25 μs pulses at 
a constant frequency of 14 kHz (equal to a 35% duty cycle). The energy 
input per pulse (E) to the plasma reactor, total power, specific energy 
input (SEI), and the energy consumption per mole of NOx are defined 
by equations (1)-(5), respectively. 

   (1) 

  (2) 
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Table 3.1. Properties of the electrode materials investigated. For the work function, the 
number between brackets is the value for the surface oxide. 
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resistivity 

(nΩ.m) 
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(W/(m·K)) 

Work 
function 
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Mn, <1% Si, <0.045% P, 
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(293 K) 
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4.4  
(CrO: 
4.6)[35] 
(FeO: 
5.9)[36] 

Carbon steel 
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Fe, 0.17% C, 0.035%P, 
1.4%Mn, 0.035%S, 0.012%N, 
0.55%Cu 

430  
(316 K) 

24.2 
4.7-4.8 
(FeO: 
5.9)[36] 

Tungsten W= 99.95%, <0.001% Fe, 
<0.0011% C, 0.003% Mo, 
<0.001% Si, <0.001% P, 
<0.001% Al 

52.8  
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4.3 - 5.2  
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0.002%  
Cr, 0.015% W, 0.001% Si, 
<0.003% K, <0.002% S 

53.4  
(293 K) 

138 
4.4 - 5.0  
(MoO3: 
5.0)[38] 

Flow rates of N2, O2 (Linde Gases, 99.9%) and dehumidified air 
introduced into the reactor are controlled using mass flow controllers 
from Bronkhorst. 

The reactor is powered by a customized Xenionik EP 4000 AC power 
supply system. The high voltage (kV) is measured with a Tektronix 
P6015A probe. The current (IGA) flowing through the gliding arc is 
measured by using the resistor method, where the voltage (VR) is 
recorded across a resistor (R=5 Ω). The operation of the gliding arc 
reactor was found to be optimum at 14 kHz and 25 μs based on the 
stability of the gliding arc and the NOx concentration. Thus, for all the 
experiments, power has been introduced in the form of 25 μs pulses at 
a constant frequency of 14 kHz (equal to a 35% duty cycle). The energy 
input per pulse (E) to the plasma reactor, total power, specific energy 
input (SEI), and the energy consumption per mole of NOx are defined 
by equations (1)-(5), respectively. 

   (1) 

  (2) 
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      (3) 

   (4) 

 (5) 

Where, tpulse is the time span of a pulse (s), and f is the frequency (Hz). 

A typical input voltage signal with 70 Vpk-pk amplitude generated by the 
waveform generator is presented in Figure SI-1. The experiments for 
feed ratio are performed at constant input voltage of 70 Vpk-pk. All the 
experiments were performed four times. The experiments are 
reproducible within ± 5% error margin and all figures show 95% 
confidence interval. The temperature of the outlet gas was monitored 
with a thermocouple installed at the exit of the reactor. The maximum 
outgoing bulk gas temperature was found to be < 40 oC. A typical 
voltage-current signal for the pulsed power gliding arc reactor 
operation is shown in Figure 3.2; its correlation with the gliding arc 
operation regimes is explained in the section “Voltage-current signal and 
GA operating regimes”. 

3.2.2 | Product analysis 
The reaction products are analysed inline using a Fourier Transform 
Infrared Spectrophotometer (SHIMADZU, IRTracer-100) at resolution 
of 0.5 cm-1 with the gas cell equipped with CaF2 windows (Specac). NO 
and NO2 were the only products detected at 1900 cm-1 and 1630 cm-1, 
respectively. Their concentration were determined by using a series of 
calibration gas mixtures. In this manuscript, NOx referred to the sum 
of the NO and NO2 concentrations. The NO selectivity was calculated 
using Eq. 6:     

   (6) 

 

3.2.3 | High speed imaging and post-processing 

The investigation of the arc dynamics in the plasma reactor is 
performed using high-speed imaging. This helps us to answer following 
basic questions; 1) to correlate the GA operating regime and dynamics 
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with its V-I signal, and 2) to compute the GA lifetime, GA velocity, GA 
propagation height and GA processing time- all of which could play an 
important role in tuning the NOx plasma chemistry. 
The arc dynamics have been revealed by means of a CMOS high-speed 
camera (Phantom Speed Sense 341 model) which allows a maximum 
frame rate of 800 Hz at maximum resolution of 2560 by 1600 pixels 
(and up to 500 kHz at lower resolutions). Before all the experimental 
evaluations, the measurement technique has been intensely optimized 
to fine-tune the best recording conditions. The frame rate to visualize 
the arc propagation and exposure time of the detector to enhance the 
contrast between the arc and the reactor have been investigated. For 
most of the recordings a frame rate of 18 KHz at a resolution of 96 x 
300 pixels has been selected, and in all cases an exposure time of 25.5 
μm has been selected. Only for high definition recordings, the frame 
rate is reduced to 1.7 KHz to gain in the resolution to 800 x 1600 
pixels. Image enhancement has been carried out by the subtraction of 
a background image corresponding to the reactor without plasma. 
Visualization and post-processing of the images has been performed 
using the commercial software Davis 8.0 from LaVision. A set of 
experiments at different frame rates have been designed in order to 
better understand the formation, propagation and life-time of the 
gliding arcs at a fixed pulsing frequency of 14 kHz and different inlet 
gas flowrates (1, 2, 4, and 6 L/min) and power inputs. 

The average gliding arc cycle time (ms), their frequency (number of 
gliding arc cycles per sec), average gliding arc height, and the average 
gliding arc velocity (m/s) have been evaluated for different experiments 
as presented in the results and discussion section. The analysis of the 
arc velocity has been performed by measuring the displacement of the 
arc in the centre of the axial position of the gliding arc reactor as a 
function of time. The analysis and discussion of the high-speed 
recordings is presented in the section “results and discussion“, where 
the NOx production is directly correlated to the arc dynamics.  
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3.2.4 | OES measurements 
The light emitted by the GA plasma discharge was collected via an 
optical fibre and analysed by optical emission spectra recorded with a 
HR2000+ from Ocean Optics using a diffraction grating blazed at 330 
nm. The entrance and exit slit apertures were fixed at 300 μm, the 
integration time was 10 s and the resolution was 0.2 nm/pixel. 
Confocal collection optics were used, consisting of 250 mm lenses and 
an 800 μm pinhole, providing improved signal-to-noise and a ~ 1 mm 
spatial resolution. Spectra were collected for different electrode 
materials, electrode discharge gaps and variable flow rates in the 
bottom part of the reactor. Due to the relatively weak emission of the 
arc at increased heights, spectra were not obtainable at heights H> 40 
mm. The N2 second positive system was simulated and fitted to the 
data using SpecAir software to ascertain the rotational and vibrational 
temperature of nitrogen.  

3.2.5 | OD model description 
The GA is modelled by assuming the arc can be represented by a 
cylindrical volume with length w and radius λ. The list of species 
incorporated in this model is given in Table 3.2. These species include 
various neutral molecules in the ground state as well as several 
electronically and vibrationally excited levels, various radicals, positive 
and negative ions, and the electrons.  

The 0D chemical kinetics model for the arc provides an (averaged) 
concentration nr of species p in cm-3 within the volume of the arc. In 
this model, the time-evolution of the species densities is calculated by 
balance equations, taking into account the various production and 
loss terms by chemical reactions. 

    (7) 

Where, kj is the rate coefficient (in either s-1, cm3s-1 or cm6s-1) for 
reaction j and nr,j the species participating in that reaction. The rate 
coefficients kj can depend on gas temperature Tgas or electron 
temperature Te, both of which may depend on time t. Equation (7) is 
solved as a set of coupled differential equations for 74 species and 
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3.2.4 | OES measurements 
The light emitted by the GA plasma discharge was collected via an 
optical fibre and analysed by optical emission spectra recorded with a 
HR2000+ from Ocean Optics using a diffraction grating blazed at 330 
nm. The entrance and exit slit apertures were fixed at 300 μm, the 
integration time was 10 s and the resolution was 0.2 nm/pixel. 
Confocal collection optics were used, consisting of 250 mm lenses and 
an 800 μm pinhole, providing improved signal-to-noise and a ~ 1 mm 
spatial resolution. Spectra were collected for different electrode 
materials, electrode discharge gaps and variable flow rates in the 
bottom part of the reactor. Due to the relatively weak emission of the 
arc at increased heights, spectra were not obtainable at heights H> 40 
mm. The N2 second positive system was simulated and fitted to the 
data using SpecAir software to ascertain the rotational and vibrational 
temperature of nitrogen.  

3.2.5 | OD model description 
The GA is modelled by assuming the arc can be represented by a 
cylindrical volume with length w and radius λ. The list of species 
incorporated in this model is given in Table 3.2. These species include 
various neutral molecules in the ground state as well as several 
electronically and vibrationally excited levels, various radicals, positive 
and negative ions, and the electrons.  

The 0D chemical kinetics model for the arc provides an (averaged) 
concentration nr of species p in cm-3 within the volume of the arc. In 
this model, the time-evolution of the species densities is calculated by 
balance equations, taking into account the various production and 
loss terms by chemical reactions. 

    (7) 

Where, kj is the rate coefficient (in either s-1, cm3s-1 or cm6s-1) for 
reaction j and nr,j the species participating in that reaction. The rate 
coefficients kj can depend on gas temperature Tgas or electron 
temperature Te, both of which may depend on time t. Equation (7) is 
solved as a set of coupled differential equations for 74 species and 
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2991 reactions. The set of chemical reactions and corresponding rate 
coefficients are adopted from[39]. Details of the chemical reactions and 
the corresponding rate coefficients can be found in[40]. Transport 
processes are not considered; hence, the species densities are 
assumed to be constant in the entire simulation volume. 

High-speed camera measurements indicate that the gliding arc spots 
move along the electrodes with a small deformation of the plasma 
column. The gliding arc length w at each time instant is determined 
based on the high speed camera measurements. In the simulation, an 
arc diameter of 2λ = 1mm is used to calculate the gliding arc discharge 
volume.  

It is assumed that the arc velocity varc is always the same as the gas 
flow velocity vgas. In this case, the arc moves along with the gas and is 
essentially standing still with respect to the gas flow. It is clear that 
the discharge volume is increasing due to the arc elongation caused 
by changes in the gas flow when the arc moves away from the shortest 
gap separation. This means that the species concentrations are diluted 
by fresh gas entering the discharge channel, hence redistributing the 
species in a larger volume. Moreover, as a result of the decay in arc 
temperature, the background gas flows into the arc volume in order to 
keep a constant pressure within the discharge volume. These effects 
are taken into account when calculating the species concentrations at 
each time step. The arc temperature is assumed to decrease from 1500 
K upon arc ignition to 1000 K at the end of the arc gliding cycle. Once 
the discharge stops, the discharge channel reaches a relaxation stage 
and a cooling rate of dT/dt =-1.0x107 K/s is used to describe the arc 
quenching process till a gas temperature of 400K is reached.  

To match the conditions of a high frequency gliding arc discharge, we 
implemented a triangular pulse of power deposition every half cycle. 
The local species concentration and yield are scaled to the overall gas 
flowing into the reactor in the gliding arc cycle to obtain the overall 
values. 
Estimating the electron density in the GA 

During most of the propagating phase of the GA, the voltage across the 
arcs is ~ 2 kV with an average current of ~ 0.05 A, leading to an average 
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arc impedance R ≈ 40 kΩ. With the radius of an arc λ ≈ 500 μm and 
an average length of <w> ≈ 5 mm, the arc conductivity σ is 

,        (8) 

Giving σ ≈ 0.0018S/cm. The conductivity can be related to the electron 
density via the mobility of electrons μe using: 

,        (9) 

With e the electron charge. The mobility of electrons in a 2kV / 5 mm 
= 4 kV/cm electric field at atmospheric pressure is μe ≈ 2000cm2/Vs[41], 
giving an estimate of ne≈ 1012-1013 cm-3. This result is in full agreement 
with the model, as will be shown in the section on “underlying 
mechanisms” as obtained from the 0D model. 

Table 3.2 Species included in the 0D model. 

Molecules  Radicals Charged species Excited species 

N2 N O2+, O2-, O+,O-,O4-, O4+, 
O3- 

O2(a1 Δg), O2(b1 Σg- ), O(1D), O(1S) 

O2, O3 O N+, N2+, N3+, N4+ N2(A3∑+u), N2(B3∏g), N2(C3∏u), N2(a`1∑-

u), N(2D), N(2P) 

N2O, N2O3 NO, NO2, NO3 NO+, N2O+, NO2+, NO-, 
N2O-, NO2- 

NO(A), NO(B) 

N2O4, 
N2O5 

 NO3-, N2O2+,NO+(O2), 
NO+(O2), O2+(N2) 

 

3.3 | Results and discussions 
First we will discuss the dynamics of the GA development by 
correlating the V-I signal with high speed images to identify various 
GA operating regimes. Subsequently, the results obtained for NOx 
production will be explained for the investigated electrode materials, 
discharge gaps, flow rates, and feed ratio. The experimental results, 
both high speed imaging and NOx production, will then be correlated. 
Finally, the underlying plasma chemistry for the nitric oxide synthesis 
in the GA reactor will be discussed in more detail using the modelling 
results supported by the OES measurements.   
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3.3.1 | Voltage-current signal and GA operating regimes 
When looked with bare eyes, one can anticipate to have numerous arcs 
simultaneously gliding between the electrodes. However, when 
observed with high speed imaging it becomes clear that for high 
frequency operated GA discharges only one stable arc can rise along 
the reactor at a time, as already observed in literature by other authors 
for 50Hz operating gliding arcs[42]. A development of a high frequency 
gliding arc as a function of time has been depicted in Figure 3.3a to 
Figure 3.3h, where the first arc ignites and subsequently rises through 
the reactor for varying time scales, which depend on the electrode 
material, discharge gap, power input and flow rate. In the investigated 
GA reactor, the feed gas is introduced from the bottom of the reactor 
and flows parallel to two diverging metal electrodes. When the applied 
voltage reaches the breakdown voltage, an arc ignites at the narrowest 
distance between electrode (Figure 3.3a) and glides along the length of 
the electrodes (Figure 3.3b to Figure 3.3g) because of the push from 
the gas flow and the buoyancy force, before extinguishing (Figure 
3.3h). This sequence is henceforth named as a “gliding arc cycle”. 
Figure 3.2 gives the corresponding V-I signal. From the V-I signal and 
high-speed imaging, it is revealed that the GA cycle in case of high 
frequency operated GA consists of two distinct operating regimes: 
ignition regime and propagation regime. During the ignition regime, the 
applied voltage magnitude reaches the highest value, which enables 
breakdown of the process gas and let a high magnitude of current (~25 
Amp) pass within 10-30 ns as can be seen from Figure 3.3b. After arc 
ignition, both the applied voltage and current drop instantaneously. 
Once the arc is ignited, the voltage required to keep it burning 
decreases from 6 kV to ~2.5 kV and the GA operation enters into the 
arc propagation regime. In the GA propagation regime, the applied 
voltage increases step by step as the arc glides along the electrode 
length upto the highest voltage that can be sustained by the power 
supply. This regime is characterized by prolonged flow (30 - 40 μs) of 
low current (~20-100mA), which contributes significantly to the total 
power consumption, which can be seen in Figure 3.2c. The arc ends 
are attached to the electrodes and the arc elongates because the 
ionized gas molecules are pushed upward with the (non-uniform) gas 
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flow. This elongation of the arc raises the required applied voltage 
amplitude, compared to the previous cycle. At critical elongation 
length, the voltage required to sustain the elongated arc is higher 
compared to shifting the arc to higher attaching points on the 
electrodes. At that point, the arc attaching points shift to a higher 
position. The shifts to the next position can be identified in Figure 3.2a 
as fluctuations in peak applied voltage between arc ignition and 
extinguishing positions. This phenomenon continues until the applied 
voltage becomes too high for the peak applied voltage to ignite an arc, 
and then the operation in the propagation regime ends and the gliding 
arc extinguishes (Figure 3.3h). After this, the arc reignites at the 
narrowest point and the cycle continues from Figure 3.3a to Figure 
3.3h. High-current peaks occur for 1 – 6 periods during the ignition 
phase, with low current discharges occurring for the following 15 – 280 
periods, depending on the height travelled by the GA. The length of 
ignition and propagation regimes and their percentage contribution in 
the gliding arc cycle time is found to depend on the reactor 
configuration (electrode material and discharge gap), process 
parameters (flow rate) and electrical parameters (applied voltage / 
power input). At lower power input, longer discharge gaps, and higher 
flow rates, the gliding arc cycle time is shorter, thus the GA cycle re-
start very often. On the other hand, at higher power input, and lower 
flow rates, the gliding arc cycle time is longer, thus the GA operates 
mostly in the arc propagation regime.  

In this investigation, the gliding arc reactor is operated at 14 kHz, 
meaning that energy pulses were introduced every 71.42 μs. For the 
low frequency (50 Hz) operated gliding arcs, energy pulses would be 
delivered with an interval of 20,000 μs. A gliding arc cycle time of 20 
ms and a reactor operating at 14 kHz will introduce 280 high energy 
pulses while a reactor operating at 50 Hz will have only 1 pulse. Fast, 
repetitive pulsing ensures strong non-equilibrium conditions in the 
reactor by providing greater non-equilibrium between bulk gas and 
electron temperature, which facilitates ultra-fast quenching obligatory 
for freezing the produced NOx[43]. 
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Figure 3.3. Visualization of the gliding arc propagation along the reactor as a function of time 
by means of high speed recordings for the inlet feed flow rate = 2 L/min of air in a gliding arc 
reactor with 3.3 mm discharge gap and SS 316 as reactor material. Frame rate= 1.7 KHz with 

resolution of 800 X 1600 pixels and exposure time of 25.5 μs. 

3.3.2 | Selecting feed gas 
Process feed has important implications in the commercial 
employability of the containerized fertilizer production plant. A cheap 
and readily available feed such as air is suited and preferred than a 
pure N2+O2 mixture. Therefore, performance of various feed mixtures 
for NOx production is investigated to ascertain the optimum 
performing feed mixture in the GA reactor. Figure 3.4 shows the NOx 
concentration and NO selectivity achieved for N2+O2 (N2/O2=1), Air+O2 

(N2/O2=1) and air (N2/O2=4). The air+O2 and N2+O2 feed mixtures gave 
very similar concentrations of NOx as well as selectivity towards NO, 
where the highest concentration of NOx achieved was 9250 PPMv. Air        
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produced 2300 PPMv lower of NOx concentration than the oxygen rich, 
i.e. air+O2 and N2+O2, feed mixtures. The concentration of NOx 
increases with the increase in power input. As the power input per unit 
volume increases, the dissociation of the nitrogen and oxygen will 
likely also increase because of the higher rates of the electron 
dissociation reactions and higher GA cycle times, thus increased 
exposure time. Air has on an average 10% higher selectivity towards 
NO. An enhancement of NO2 production in the presence of higher 
oxygen concentrations suggests that the NO2 is produced 
predominantly through the NO oxidation channel via activated oxygen 
species (excited O2, O atoms or O3) as depicted by the following 
equation. 
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Figure 3.4. Effect of different feed mixtures on (a) NOx concentration and (b) NO selectivity (at 
frequency= 14 kHz, pulse width= 25 μs, SS 316 electrode with 1.3 mm discharge gap at flow 
rate 2 L/min). 

It can also be seen that the preference for NO2 formation increases with 
SEI, which can again be explained by the higher degree of O2 
dissociation/excitation[44] and NO formation at higher SEI, which 
enhances the NO2 formation via subsequent NO oxidation. In a GA 
reactor, strong non-equilibrium prevails, which facilitates NO to NO2 
conversion even at elevated temperatures. This is confirmed by the 0D 
model, where for SEI = 1400 J/L and N2:O2 = 1:1, the model predicts 
half of the NOx produced in the arc is NO2 instead of NO. The main 
channel through which this occurs is via reactions of NO with atomic 
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produced 2300 PPMv lower of NOx concentration than the oxygen rich, 
i.e. air+O2 and N2+O2, feed mixtures. The concentration of NOx 
increases with the increase in power input. As the power input per unit 
volume increases, the dissociation of the nitrogen and oxygen will 
likely also increase because of the higher rates of the electron 
dissociation reactions and higher GA cycle times, thus increased 
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oxygen concentrations suggests that the NO2 is produced 
predominantly through the NO oxidation channel via activated oxygen 
species (excited O2, O atoms or O3) as depicted by the following 
equation. 
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O. As the oxygen content decreases, as is the case for air mixtures, the 
rate of conversion from NO to NO2 via atomic O is decreased, leading 
towards higher selectivity for NO[40]. 

3.3.3 | Effect of the electrode material and discharge gap 
All the experiments were performed with Air+O2 at flow rate of 2 L/min 
keeping the feed ratio constant (N2/O2=1). The specification of the 
electrode materials investigated is given in Table 3.1 and three 
discharge gaps (1.3 mm, 3.3 mm and 6.3 mm) were studied for all 
electrode materials. The high-speed images recorded were post 
processed to deduce the average GA propagation height, average 
number of GA cycles per second and velocity of the GA over the reactor 
length, and these results are shown in Figure 3.5. The average number 
of GA cycles, i.e. the occurrence of GA cycles/second is higher at lower 
SEI and decreases with increase in SEI (Figure 3.5a). The highest 
frequency of GA cycles occurs for W as electrode material. On the other 
hand, CS 1.0038 electrodes have the lowest GA cycles/s. The GA 
propagation height increases with the increase in specific energy input 
for all electrode materials. A CS 1.0038 electrode has the highest 
gliding arc height followed by SS 316 and Mo and W (Figure 3.5b). A 
higher height of the GA cycle implies longer GA cycle times, which 
results in a lower number of GA cycles per second. At higher SEI, the 
arc is able to sustain to higher heights because it possesses a 
sufficiently high peak voltage. A discharge gap of 3.3 mm facilitates the 
gliding arc reactor to higher heights as compared to 1.3 mm and thus 
has a lower number of GA cycles per seconds. An increase in discharge 
gap from 1.3 mm to 3.3 mm requires a higher SEI to sustain the arc. 
The number of GA cycles per second decreases with increase in 
discharge gap, thus the GA height increases.  

An average gas flow velocity across the discharge gap is calculated from 
the gas flow rate and the reactor cross section. This gas velocity 
changes with the discharge gap, which also affects the gliding arc 
velocity. For all electrode materials and discharge gaps investigated, 
the velocity of the gliding arc is the highest at the narrowest point of 
the reactor and then decreases inversely along the height of the reactor 
as can be seen from Figure 3.5c. The peak velocity of the arc is as high 
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as 24 m/s and drops to < 2 m/s at a reactor height of 90 mm. The 
gliding arc velocity is measured at the axial position, where the gas 
flow velocity is the highest. Figure 3.5c also includes a calculation of 
the average gas flow velocity at a given height, which is always lower 
than the peak gliding arc velocity. The data also suggest that the peak 
gas flow velocity at the axial position does not depend strongly on the 
gap width and that the gas flow velocity profile is non-uniform for wider 
gaps. The GA cycle time for 6.3 mm discharge gap was usually too 
small to be measured accurately, thus the GA cycle frequency, and the 
GA height are not shown for the 6.3 mm discharge gap in Figure 3.5a 
and b. 
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O. As the oxygen content decreases, as is the case for air mixtures, the 
rate of conversion from NO to NO2 via atomic O is decreased, leading 
towards higher selectivity for NO[40]. 

3.3.3 | Effect of the electrode material and discharge gap 
All the experiments were performed with Air+O2 at flow rate of 2 L/min 
keeping the feed ratio constant (N2/O2=1). The specification of the 
electrode materials investigated is given in Table 3.1 and three 
discharge gaps (1.3 mm, 3.3 mm and 6.3 mm) were studied for all 
electrode materials. The high-speed images recorded were post 
processed to deduce the average GA propagation height, average 
number of GA cycles per second and velocity of the GA over the reactor 
length, and these results are shown in Figure 3.5. The average number 
of GA cycles, i.e. the occurrence of GA cycles/second is higher at lower 
SEI and decreases with increase in SEI (Figure 3.5a). The highest 
frequency of GA cycles occurs for W as electrode material. On the other 
hand, CS 1.0038 electrodes have the lowest GA cycles/s. The GA 
propagation height increases with the increase in specific energy input 
for all electrode materials. A CS 1.0038 electrode has the highest 
gliding arc height followed by SS 316 and Mo and W (Figure 3.5b). A 
higher height of the GA cycle implies longer GA cycle times, which 
results in a lower number of GA cycles per second. At higher SEI, the 
arc is able to sustain to higher heights because it possesses a 
sufficiently high peak voltage. A discharge gap of 3.3 mm facilitates the 
gliding arc reactor to higher heights as compared to 1.3 mm and thus 
has a lower number of GA cycles per seconds. An increase in discharge 
gap from 1.3 mm to 3.3 mm requires a higher SEI to sustain the arc. 
The number of GA cycles per second decreases with increase in 
discharge gap, thus the GA height increases.  

An average gas flow velocity across the discharge gap is calculated from 
the gas flow rate and the reactor cross section. This gas velocity 
changes with the discharge gap, which also affects the gliding arc 
velocity. For all electrode materials and discharge gaps investigated, 
the velocity of the gliding arc is the highest at the narrowest point of 
the reactor and then decreases inversely along the height of the reactor 
as can be seen from Figure 3.5c. The peak velocity of the arc is as high 
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as 24 m/s and drops to < 2 m/s at a reactor height of 90 mm. The 
gliding arc velocity is measured at the axial position, where the gas 
flow velocity is the highest. Figure 3.5c also includes a calculation of 
the average gas flow velocity at a given height, which is always lower 
than the peak gliding arc velocity. The data also suggest that the peak 
gas flow velocity at the axial position does not depend strongly on the 
gap width and that the gas flow velocity profile is non-uniform for wider 
gaps. The GA cycle time for 6.3 mm discharge gap was usually too 
small to be measured accurately, thus the GA cycle frequency, and the 
GA height are not shown for the 6.3 mm discharge gap in Figure 3.5a 
and b. 
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Figure 3.5. Effect of discharge gap and electrode material on GA cycle frequency (a), GA 
propagation height (b), and calculated average gas flow velocity<vgas>and measured peak arc 
velocity (c) (at frequency= 14 kHz, pulse width= 25 μs and Air+O2 at 2 L/min with N2/O2=1) 

Figure 3.6a shows the influence of the electrode material and the 
discharge gap on the NOx formation. The highest NOx concentration of 
1.6 vol% for a feed flow rate of 2 L/min was reached at a discharge gap 
of 6.3 mm for both tungsten and molybdenum electrodes. All the 
electrode materials and discharge gaps exhibit identical performance 
below 1400 J/L, but beyond 1400 J/L the electrode material and 
discharge gap showed slight differences in the NOx concentration 
achieved and the NO selectivity. Mo performed best for the 1.3 as well 
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as 6.3 mm discharge gap, whereas W was better for the 3.3 mm 
discharge gap. SS 316 and CS 1.0038 were consuming more power to 
produce NOx equivalent to the one produced by Mo and W electrodes. 
This difference could possibly be explained by differences in the work 
functions for these metals, see Table 3.1. Both carbon steel and 
stainless steel can be expected to have substantial iron oxides at the 
surface, which compared to tungsten or molybdenum oxide, has a ~1 
eV higher work function. This could lead to differences in discharge 
behaviour (in terms of electron density and electron temperature) and 
thus to lower NOx production. 

It is clear from the Figure 3.6 that the breakdown of the feed mixture 
takes place at higher SEI (higher input voltage) for the 6.3 mm 
discharge gap followed by the 3.3 mm and then the 1.3 mm discharge 
gap. Overall, the highest NOx production is achieved for the 6.3 mm 
gaps using Mo and W electrodes. A higher gap width allows for higher 
SEI, because the average gas flow velocities are lower and longer arcs 
dissipate more power. 

Correlating the NOx concentration with the dynamics of the GA, higher 
NOx concentration was attained when the GA cycle time was shorter, 
i.e. the number of GA cycles per second was higher and the GA 
propagation height was shorter. This is because when the GA rises to 
lower heights, a maximum fraction of the feed gas can be processed or 
could pass through the active GA volume. 
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Figure 3.5. Effect of discharge gap and electrode material on GA cycle frequency (a), GA 
propagation height (b), and calculated average gas flow velocity<vgas>and measured peak arc 
velocity (c) (at frequency= 14 kHz, pulse width= 25 μs and Air+O2 at 2 L/min with N2/O2=1) 

Figure 3.6a shows the influence of the electrode material and the 
discharge gap on the NOx formation. The highest NOx concentration of 
1.6 vol% for a feed flow rate of 2 L/min was reached at a discharge gap 
of 6.3 mm for both tungsten and molybdenum electrodes. All the 
electrode materials and discharge gaps exhibit identical performance 
below 1400 J/L, but beyond 1400 J/L the electrode material and 
discharge gap showed slight differences in the NOx concentration 
achieved and the NO selectivity. Mo performed best for the 1.3 as well 
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as 6.3 mm discharge gap, whereas W was better for the 3.3 mm 
discharge gap. SS 316 and CS 1.0038 were consuming more power to 
produce NOx equivalent to the one produced by Mo and W electrodes. 
This difference could possibly be explained by differences in the work 
functions for these metals, see Table 3.1. Both carbon steel and 
stainless steel can be expected to have substantial iron oxides at the 
surface, which compared to tungsten or molybdenum oxide, has a ~1 
eV higher work function. This could lead to differences in discharge 
behaviour (in terms of electron density and electron temperature) and 
thus to lower NOx production. 

It is clear from the Figure 3.6 that the breakdown of the feed mixture 
takes place at higher SEI (higher input voltage) for the 6.3 mm 
discharge gap followed by the 3.3 mm and then the 1.3 mm discharge 
gap. Overall, the highest NOx production is achieved for the 6.3 mm 
gaps using Mo and W electrodes. A higher gap width allows for higher 
SEI, because the average gas flow velocities are lower and longer arcs 
dissipate more power. 

Correlating the NOx concentration with the dynamics of the GA, higher 
NOx concentration was attained when the GA cycle time was shorter, 
i.e. the number of GA cycles per second was higher and the GA 
propagation height was shorter. This is because when the GA rises to 
lower heights, a maximum fraction of the feed gas can be processed or 
could pass through the active GA volume. 
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Figure 3.6. Performance of electrode materials and discharge gaps for NOx production 
with respect to (a) specific energy input and (b) height that the gliding arc travelled (at 

frequency= 14 kHz, pulse width= 25 μs and flow rate 2 L/min). 

3.3.4 | Effect of feed ratio (N2/O2) 
The influence of the feed ratio on the GA dynamics is presented in 
Figure 3.7a. It is clear from Figure 3.7 that the feed ratio has negligible 
effect on the gliding arc cycle frequency and the gliding arc propagation 
height, indicating identical arc dynamics. 

The effect of feed ratio (=N2/O2) was investigated for 1.3 mm discharge 
gap and Molybdenum electrodes at 2 L/min and constant input voltage 
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of 70 Vpk-pk. As can be seen from Figure 3.7b, a feed ratio of 1.5 is 
found to be optimum for NOx production. Effect of feed ratio for 6.3 
mm discharge gap is presented in supplementary information F.  
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Figure 3.7. Influence of feed ratio on (a) GA frequency and GA propagation height and (b) on 
NOx concentration(at frequency= 14 kHz, pulse width= 25 μs, flow rate 2 L/min, Air + oxygen, 

Mo with 1.3 mm discharge gap at 70 Vpk-pk). 

3.3.5 | Effect of feed flowrate 
The feed flow rate is found to have a large influence on the dynamics 
of the gliding arc. The frequency of the gliding arc cycle increases with 
increase in the flow rate and it decreases with power input as can be 
seen in Figure 3.8a. A lower gliding arc cycle frequency for 1 L/min 
indicates a longer time scale for the gliding arc cycles and a higher 
height that the gliding arc can sustain to (see Figure 3.8a). Figure 3.8a 
also clearly shows that when the gliding arc reactor is operated at 
higher flowrate, the number of gliding arc cycles is enormously higher 
because the arc could not sustain the energy losses to the gas stream, 
as a result the arc breaks and has to start all over again. This 
ultimately results in shorter gliding arc heights, e.g. the arc could glide 
not more than 40 mm for 6 L/min even at the highest SEI. 

The velocity of the arc is found to be very high at the narrowest 
distance between the electrodes and it decreases inversely for all flow 
rates (Figure 3.8b). An arc velocity as high as 70 m/s was achieved for 
6 L/min flow rates. The arc velocity of the smaller flow rate stabilizes 
much faster than for the larger flow rates. A larger flow rate has a 
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Figure 3.6. Performance of electrode materials and discharge gaps for NOx production 
with respect to (a) specific energy input and (b) height that the gliding arc travelled (at 

frequency= 14 kHz, pulse width= 25 μs and flow rate 2 L/min). 

3.3.4 | Effect of feed ratio (N2/O2) 
The influence of the feed ratio on the GA dynamics is presented in 
Figure 3.7a. It is clear from Figure 3.7 that the feed ratio has negligible 
effect on the gliding arc cycle frequency and the gliding arc propagation 
height, indicating identical arc dynamics. 

The effect of feed ratio (=N2/O2) was investigated for 1.3 mm discharge 
gap and Molybdenum electrodes at 2 L/min and constant input voltage 
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of 70 Vpk-pk. As can be seen from Figure 3.7b, a feed ratio of 1.5 is 
found to be optimum for NOx production. Effect of feed ratio for 6.3 
mm discharge gap is presented in supplementary information F.  
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Figure 3.7. Influence of feed ratio on (a) GA frequency and GA propagation height and (b) on 
NOx concentration(at frequency= 14 kHz, pulse width= 25 μs, flow rate 2 L/min, Air + oxygen, 

Mo with 1.3 mm discharge gap at 70 Vpk-pk). 

3.3.5 | Effect of feed flowrate 
The feed flow rate is found to have a large influence on the dynamics 
of the gliding arc. The frequency of the gliding arc cycle increases with 
increase in the flow rate and it decreases with power input as can be 
seen in Figure 3.8a. A lower gliding arc cycle frequency for 1 L/min 
indicates a longer time scale for the gliding arc cycles and a higher 
height that the gliding arc can sustain to (see Figure 3.8a). Figure 3.8a 
also clearly shows that when the gliding arc reactor is operated at 
higher flowrate, the number of gliding arc cycles is enormously higher 
because the arc could not sustain the energy losses to the gas stream, 
as a result the arc breaks and has to start all over again. This 
ultimately results in shorter gliding arc heights, e.g. the arc could glide 
not more than 40 mm for 6 L/min even at the highest SEI. 

The velocity of the arc is found to be very high at the narrowest 
distance between the electrodes and it decreases inversely for all flow 
rates (Figure 3.8b). An arc velocity as high as 70 m/s was achieved for 
6 L/min flow rates. The arc velocity of the smaller flow rate stabilizes 
much faster than for the larger flow rates. A larger flow rate has a 
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higher axial gas and gliding arc velocity, thus the arc elongates and 
bulges comparatively much more as it travels along the reactor height, 
requiring higher voltages to sustain the arc. Because the generator 
cannot sustain the required voltages, the arc extinguishes at lower 
heights, thus giving a smaller gliding arc cycle time. Since axial 
velocities of gas and arc are lower for the smaller flow rates, this leads 
to less elongation of the arc. This in turn reduces the required voltage 
to sustain the arc and allows greater arc heights to be attained, with 
correspondingly longer gliding arc cycle times. 
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Figure 3.8. Effect of flow rate on GA cycle frequency and GA propagation height at constant 
input voltage of 100 Vpk-pk (a), GA velocity with reactor length (b) (at 14 kHz and 25 μs, Mo 

electrode with 1.3 mm discharge gap and Air+O2 with N2/O2=1). 

The effect of the flow rate on the NOx concentration is shown in Figure 
3.9 for molybdenum electrode with 6.3 mm discharge gap. The 
concentration of NOx is found to be increasing with increase in SEI for 
all investigated flow rates. A lower flow rate produced considerably 
higher NOx, due to the higher SEI. With 1 L/min of flow rate, a NOx 
concentration as high as 2 vol% was achieved. This is the first time 
that using a GA reactor a NOx concentration equivalent to that of the 
“Birkeland-Eyde” process was produced, which once achieved 2% NOx 
using a thermal arc. A higher flow rate produced lower NOx 
concentrations, but also consumed much lower SEI, even though the 
overall power input was similar for all the investigated flow rates. At 
higher SEI, as reported in the earlier work, a higher number of N2 and 
O2 molecules was dissociated/excited that actively participate in the 
NO formation and subsequently in the NO oxidation reactions. The 
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NOx concentration versus SEI plot shows that the lower flow rates are 
reaching to the concentration plateau, however higher flow rates can 
produce higher NOx than 2% by few % at higher (equivalent to lower 
flow rate) SEI. This shows a high potential of the gliding arc discharge 
for NOx production in containerized chemical synthesis and can 
operate at even larger flow rates. Flowrate study with Mo and 1.3 mm 
discharge gap is presented in supplementary information E.  
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Figure 3.9. Effect of flow rate on NOx concentration (at frequency= 14 kHz, pulse width= 25 
μs, Air+Oxygen with N2/O2 =1, Mo electrode with 6.3 mm discharge gap). 

3.3.6 | Energy Efficiency 
The energy required per mole of NOx is shown in Figure 3.10 for various 
electrode materials, discharge gaps and flow rates investigated. The 
best performance in terms of NOx concentration and energy required 
per mole was achieved for molybdenum and tungsten at a discharge 
gap of 6.3 mm at 2 L/min, which required 4.3 and 3.8 MJ/mol to 
produce 1.63 % and 1.56% NOx, respectively. For the highest NOx 
production scenario with 1 L/min flow and 6.3 mm discharge gap, 7.2 
MJ/mol of energy was demanded for 2 vol % concentration of NOx. 
From an energy requirement viewpoint, operation at higher flow rates 
is essential. For example, operation of the gliding arc at 6 L/min could 
produce 0.8 vol% of NOx and reduce the energy requirement to 2.8 
MJ/mol of NOx.   
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higher axial gas and gliding arc velocity, thus the arc elongates and 
bulges comparatively much more as it travels along the reactor height, 
requiring higher voltages to sustain the arc. Because the generator 
cannot sustain the required voltages, the arc extinguishes at lower 
heights, thus giving a smaller gliding arc cycle time. Since axial 
velocities of gas and arc are lower for the smaller flow rates, this leads 
to less elongation of the arc. This in turn reduces the required voltage 
to sustain the arc and allows greater arc heights to be attained, with 
correspondingly longer gliding arc cycle times. 
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Figure 3.8. Effect of flow rate on GA cycle frequency and GA propagation height at constant 
input voltage of 100 Vpk-pk (a), GA velocity with reactor length (b) (at 14 kHz and 25 μs, Mo 

electrode with 1.3 mm discharge gap and Air+O2 with N2/O2=1). 

The effect of the flow rate on the NOx concentration is shown in Figure 
3.9 for molybdenum electrode with 6.3 mm discharge gap. The 
concentration of NOx is found to be increasing with increase in SEI for 
all investigated flow rates. A lower flow rate produced considerably 
higher NOx, due to the higher SEI. With 1 L/min of flow rate, a NOx 
concentration as high as 2 vol% was achieved. This is the first time 
that using a GA reactor a NOx concentration equivalent to that of the 
“Birkeland-Eyde” process was produced, which once achieved 2% NOx 
using a thermal arc. A higher flow rate produced lower NOx 
concentrations, but also consumed much lower SEI, even though the 
overall power input was similar for all the investigated flow rates. At 
higher SEI, as reported in the earlier work, a higher number of N2 and 
O2 molecules was dissociated/excited that actively participate in the 
NO formation and subsequently in the NO oxidation reactions. The 
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NOx concentration versus SEI plot shows that the lower flow rates are 
reaching to the concentration plateau, however higher flow rates can 
produce higher NOx than 2% by few % at higher (equivalent to lower 
flow rate) SEI. This shows a high potential of the gliding arc discharge 
for NOx production in containerized chemical synthesis and can 
operate at even larger flow rates. Flowrate study with Mo and 1.3 mm 
discharge gap is presented in supplementary information E.  
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Figure 3.9. Effect of flow rate on NOx concentration (at frequency= 14 kHz, pulse width= 25 
μs, Air+Oxygen with N2/O2 =1, Mo electrode with 6.3 mm discharge gap). 

3.3.6 | Energy Efficiency 
The energy required per mole of NOx is shown in Figure 3.10 for various 
electrode materials, discharge gaps and flow rates investigated. The 
best performance in terms of NOx concentration and energy required 
per mole was achieved for molybdenum and tungsten at a discharge 
gap of 6.3 mm at 2 L/min, which required 4.3 and 3.8 MJ/mol to 
produce 1.63 % and 1.56% NOx, respectively. For the highest NOx 
production scenario with 1 L/min flow and 6.3 mm discharge gap, 7.2 
MJ/mol of energy was demanded for 2 vol % concentration of NOx. 
From an energy requirement viewpoint, operation at higher flow rates 
is essential. For example, operation of the gliding arc at 6 L/min could 
produce 0.8 vol% of NOx and reduce the energy requirement to 2.8 
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Table 3. 3 list out the energy consumption reported for per mol of nitrogen 
fixed in the literature. The potential of the gliding arc reactor is evident, as 
GA is among the most efficient plasma reactors reported in the literature. 
Moreover, with 2 vol% of NOx produced, gliding arc is among very few other 
plasma reactors with which reasonably high concentration of NOx could 
produce. 
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Figure 3.10. Energy consumption per mole of NOx produced for (a) various electrode 
materials and discharge gaps, and (b) for different flow rates using Mo with 6.3 mm 

discharge gap (at frequency= 14 kHz, pulse width= 25 μs). 
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Table 3. 3 Energy efficiencies reported in literature for plasma assisted NOx synthesis. 

Plasma discharge Ambient gas Products MJ/mol of N Ref 

DC corona discharges CO2 and N2 NO 5974 [45] 

Contact glow discharge 
electrolysis 

N2 and H2O NH3 and NO3− 2697.9 [46] 

Negative pulsed corona 
discharges 

Air NO and NO2 1638 [47] 

Positive pulsed corona 
discharges 

Air NO and NO2 1059.9 

DBD + Cu(165)-ZSM-5 
catalyst 

5.4% O2 + N2 NO 539.58 [48] 

Pulsed corona discharges H2O and N2 HNO3 481.77 [49] 

Arc discharges N2 and Ar NH3, HNO2 & 
HNO3 

346.88 [50] 

Pulsed corona discharges H2O and Air HNO3 180.28 [51] 

Exploding water jet 
discharge 

Air and H2O NO and NO2 47.21 [52] 

Laser-induced Plasma 
(lightning) 

CO2 (80%)+N2 NO 46.25 [53] 

Spark discharges Air NO and NO2 20.23 [47] 

Shielded sliding 
discharges 

Air (320°C) NO and NO2 15.42 [54] 

Radio-frequency 
discharges 

Air HNO3 11.56 [55] 

Pulsed arc discharges Air NO and NO2 10.6 [56] 

Laser discharges Air NO and NO2 8.96 [57] 

Gliding arc reactors Air + O2 NO and NO2 4.8 [28] 

Microwave discharges Air NO and NO2 4.05 [58] 

Thermal plasma Air NO 3.47 [59] 

Gliding arc reactors Air + O2 NO and NO2 2.8, 3.8 This 
Work 

Spark discharges Air NO and NO2 2.41 [52] 

RF discharge based 
atmospheric pressure 
plasma jet 

Ar(99%)+air NO 0.29 [60] 

Microwave plasma N2-O2 NO 0.29 [61] 

3.3.7 | OES spectra for temperature determination 
A representative OES spectrum, with fitting results of the N2 Second 
Positive System, Δν = -2, -1, 0 and +1 bands is depicted in Figure 3.11. 
The spectrum is obtained at the narrowest point between the electrodes and 
belongs to the high current ignition. For all conditions, the fitted 
temperatures are Trot = (3000 ± 200) K and Tvib= (5000 ± 500) K (see 
supplementary information B). The rotational Trot should, to a good 
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Figure 3.10. Energy consumption per mole of NOx produced for (a) various electrode 
materials and discharge gaps, and (b) for different flow rates using Mo with 6.3 mm 
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approximation, be equal to the gas temperature within the high 
current arcs and, therefore, it represents an upper limit of the gas 
temperature occurring in the GA reactor. With the output gas stream 
being no hotter than ~ 320 K, it is expected that the small volume of 
gas heated by the arcs during the propagating phase has a 
temperature Tgas≤ 3000K. In the 0D model a gas temperature between 
1000 K and 1500 K is assumed for the propagating phase. 
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Figure 3.11. OES spectrum for molybdenum electrode with discharge gap of 6.3mm 
and gas flow rate of 2 L/min. 

 

3.4 | Underlying mechanisms as obtained from 
the 0D model 

The chemical kinetics for the formation of NO, revealed by the 0D 
model, can be described by the non-thermal Zeldovich mechanism. 
The main pathways for the NOx chemistry are depicted schematically 
in Figure 3.12.  
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Figure 3.12. Reaction scheme to illustrate the main pathways of the NOx chemistry in 
the gliding arc as predicted by the model. The thickness of the arrows corresponds to 

the importance of the reactions for a 50% N2 / 50% O2 mixture. N2(E) and N2(V) 
indicate the sum of all the electronically and vibrationally excited N2 molecules, 

respectively.  Solid line: important reactions; dashed line: less important reaction. 

In this scheme, the 9 eV strong triple bond of N2 is broken with the aid 
of vibrational excitation and a reaction with an oxygen radical to form 
NO and a nitrogen radical according to reaction R2.  

 H  Ea  3 eV/molecule. (R2) 

The nitrogen radical reacts subsequently with an oxygen molecule to form 
a second nitric oxide and a new oxygen radical as per reaction R3. 

     H -1 eV/molecule, Ea 0.3 eV/molecule. (R3) 

The reaction chain is closed when the new oxygen radical reacts with the 
next vibrationally excited nitrogen molecule. Because the forward direction 
of reaction (R2) is strongly activated, the rate coefficient for this process 
would be extremely low if the vibrational temperature of N2 were in 
equilibrium with the gas temperature. In the GA reactor, the average 
electron energy is in the range of 0.6 – 4 eV, which results in a ≈ 90% energy 
transfer directly to N2 vibrational excitation[34]. As a result, the effective 
vibrational temperature of N2 approaches the electron temperature, i.e. 5000 
– 10000 K, and the forward rate of R2 is enhanced by a factor of 108 – 1010 

compared to the thermal case.  
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Figure 3.13. Calculated species molar fractions over time during the very first arc half-

cycle. The gas mixture is N2:O2 = 1:1 and SEI = 1400 J/L. 

Figure 3.13 shows the molar fractions of a selection of relevant species, as 
calculated in the 0D model for the case N2:O2 = 1:1. It can be seen that NOx 

(i.e., NO + NO2) concentrations as high as 2.5 % in the first half of an arc 
cycle can be produced in the plasma. For a total gliding arc cycle, a NOx 
concentration as high as 20 % can be reached, showing that non-
equilibrium plasma can be used to achieve conversion degrees not attainable 
by thermal processes. As discussed previously, NO2 is mainly formed by 
oxidation of NO upon impact with atomic oxygen according to reaction R4. 

    (R4) 

Where, M is a third particle. Atomic O, important to initiate the Zeldovich 
mechanism via (R2), is present in significant amounts (0.53 % for the first 
half cycle). The main channel responsible for this is electron impact 
dissociation is shown in reaction R5. 

    (R5)  

As already stated in the section on model description that the electron 
density is ≈ 1012-1013 cm-3, which is consistent with the measured 
electrical data. Because atomic N is lost rapidly via the backward reaction 
of (R2) as well as by (R3), the overall concentration of N is never more than 
0.1 %. Nitrous oxide (N2O), which is predominantly produced upon impact 
between nitrogen atoms and NO2 (see Figure 3.13), has a minor 
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concentration in the gliding arc compared with NO and NO2. This is 
consistent with the FTIR measurements, where no N2O signature was 
detected during the experiments. The O3 concentration is even lower as a 
result of its dissociation into oxygen molecules and atoms by two body 
impact as given by reaction R6. 

    (R6) 

Because reaction (R6) is relatively effective at a gas temperature of 1000 – 
1500 K, the contribution to the GA chemistry is negligible. The model 
similarly shows that the contributions of N2O3, N2O4 and N2O5 are well below 
the detection limit of the FTIR due to their limited lifetimes.  

3.5 | Conclusions 
This chapter has presented a thorough investigation on plasma 
assisted nitric oxides production from air at atmospheric pressure in 
a gliding arc reactor, which is found to be a strong contender for 
containerized process plants. It is shown through this work that nitric 
oxides can be produced in high concentrations by using air as the only 
feed mixture in a non-thermal gliding arc reactor. This chapter clearly 
establishes the operation and dynamics of the high frequency pulse 
power driven gliding arc reactor, the influence of important reactor 
geometrical (electrode material and discharge gap) and process 
parameters (feed mixtures, feed flow rate and feed ratio), using high-
speed imaging, OES measurements and a 0D NOx chemistry model. 
The following conclusions can be drawn from this study: 

a. High-speed imaging clarifies that the high frequency gliding arc 
reactor operates in two regimes: ignition and propagation of the 
gliding arc. The power input and flow rate are found to have major 
influence on the GA dynamics by affecting the gliding arc cycle 
frequency, gliding arc propagation height and gliding arc velocity. 

b. When only air is used as feed, 30% lower NOx was produced, 
however, employing air+O2 instead of N2+O2 eases the 
containerized plant operation and conceptualization and thus 
makes it feasible. 
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c. The electrode materials tested do not show any catalytic activity 
for NOx production; however, they possess different cathode 
material properties that enabled varied performance for NOx 
production. Molybdenum and tungsten performed equally, giving 
1.6 vol % NOx. Longer discharge gaps essentially needed a higher 
SEI to ignite and sustain the plasma than the shorter discharge 
gaps and also offered slightly longer residence time for the reactant 
mixture, hence they resulted in higher NOx concentration.  

d. The flowrate influences the residence time and hence the amount 
of NOx produced. 2 vol% of NOx concentration was realized for 1 
L/min, which is the highest ever reached by a gliding arc reactor. 
The 0D model accurately reproduces the measured NOx 
concentration. For a total gliding arc cycle, a NOx concentration as 
high as 20 % can be reached within the arc volume. 

e. The NO2 production from NO is enhanced when the feed mixture 
contains a higher oxygen %. It is also affected by the SEI. An 
increase in SEI resulted in higher NO oxidation to NO2. The most 
important reaction for NO2 formation is found to be O + NO + M → 
NO2 + M. 

f. The model results indicate that vibrational excitation of N2 

significantly enhances production of NO via the non-thermal 
Zeldovich mechanism: N2(ν>0) + O  NO + N. This provides an 
energy efficient pathway for NO production in the gliding arc.  

In conclusion, application of the gliding arc reactor is possible only 
when the energy consumption is decreased by a factor of 6 to match 
with benchmark value. To increase the energy efficiency further and to 
realize higher product concentration, electrical energy must be deliver 
at even higher pulsing frequency to further enhance the non-
equilibrium condition within the reactor. Other possibility to 
selectively deliver energy to vibrational excitation of nitrogen, which 
contribute to NO/NO2 formation, and block the reactions that lead to 
recombination of N atoms and destruction of the produced NO and 
NO2. Lastly, the reactor geometry must be further intensified to reduce 
the feed gas bypassing by making GA cycles shorter and thinner 
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electrodes, so to expose the maximum amount of feed gas to the 
plasma. Together with the study presented in this chapter and the 
concept of containerized plant, will open new doors for a containerized 
plasma nitrogen fixation process.  
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A. Set-up details:  
a. Signal from signal generator to transformer:  

 

0 25 50 75 100 125

0

20

40

60

80

In
pu

t V
ol

ta
ge

 (V
)

Time ( s)

 Input voltage

Pulse width 
= 25 s

Input voltage 
= 70 Vpk-pk

 
 

Figure SI 1. Voltage signal supplied by the signal generator (at frequency=14 kHz, pulse width= 25 μs and 
amplitude= 70 Vpk-pk). 
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B. OES measurements 

Table SI-1. OES fitting results of the N2 Second Positive System, Δν = -1, 0 and +1 bands. 

Both temperatures, Trot and Tvib, are accurate to ± 200 K. The vibrational temperature Tvib is 

likely higher than 5000 K (by up to approximately 500 K), but the current model is not 

capable of simulating this. The rotational Trot should be equal to the gas temperature within 

the high current arcs to a good approximation. 

Electrode material and 
discharge gap 

Experimental 
conditions 

Trot (K) Tvib (K) 

Mo, 6.3 mm All feed ratios 2800 > 5000 

Mo, 1.3 mm Feed ratio = 0.25 2400 5000 

Feed ratio = 1.0 2600 5000 

Feed ratio = 1.5 2700 > 5000 

Feed ratio = 3.0 2800 > 5000 

Feed ratio = 3.72 2900 > 5000 

Mo, 6.3 mm 1 L/min flow 2800 > 5000 

4 L/min flow 2800 > 5000 

6 L/min flow 3000 > 5000 

 

 

Figure SI 3. Example fit of the Δν = -1, 0 and +1 bands for the Mo 6.3 mm feed ratio series. Note the small 

errors in the baseline correction on the right side of the in the -1 and +1 bands. This could be improved 

with further effort, but since the  Δν = 0 band is fitted well, Trot values are already reliable. 



3

Chapter 3 | Unravelling Gliding Arc Reactor Dynamics 

 

Page | 86 

Supplementary Information 

Contents: 

A. Set-up details: Voltage signal supplied by the waveform generator  

B. 0D model  

C. OES measurements  

D. Selecting feed gas 

E. Effect of electrode material and discharge gap 

F. Effect of flowrate for 1.3 and 6.3 mm discharge gap 

G. Effect of feed ratio 

 

A. Set-up details:  
a. Signal from signal generator to transformer:  
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Figure SI 1. Voltage signal supplied by the signal generator (at frequency=14 kHz, pulse width= 25 μs and 
amplitude= 70 Vpk-pk). 
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B. OES measurements 

Table SI-1. OES fitting results of the N2 Second Positive System, Δν = -1, 0 and +1 bands. 

Both temperatures, Trot and Tvib, are accurate to ± 200 K. The vibrational temperature Tvib is 

likely higher than 5000 K (by up to approximately 500 K), but the current model is not 

capable of simulating this. The rotational Trot should be equal to the gas temperature within 

the high current arcs to a good approximation. 

Electrode material and 
discharge gap 

Experimental 
conditions 

Trot (K) Tvib (K) 

Mo, 6.3 mm All feed ratios 2800 > 5000 

Mo, 1.3 mm Feed ratio = 0.25 2400 5000 

Feed ratio = 1.0 2600 5000 

Feed ratio = 1.5 2700 > 5000 

Feed ratio = 3.0 2800 > 5000 

Feed ratio = 3.72 2900 > 5000 

Mo, 6.3 mm 1 L/min flow 2800 > 5000 

4 L/min flow 2800 > 5000 

6 L/min flow 3000 > 5000 

 

 

Figure SI 3. Example fit of the Δν = -1, 0 and +1 bands for the Mo 6.3 mm feed ratio series. Note the small 

errors in the baseline correction on the right side of the in the -1 and +1 bands. This could be improved 

with further effort, but since the  Δν = 0 band is fitted well, Trot values are already reliable. 
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C. Selecting Feed Gas 
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Figure SI 4. a. Energy efficiency for different feeds and b. Relation between applied voltage and SEI (at 
frequency= 14 kHz, pulse width= 25 μs and Flowrate= 2 L/min (N2/O2=1)). 
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Figure SI 5. Effect of electrode material and the discharge gap a. NO selectivity trend for different 
electrode materials and discharge gaps, b. Amplitude Vs SEI (at frequency= 14 kHz, pulse width= 25 μs, 
and Flowrate= 2 L/min Air+O2 (N2/O2=1)). 
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E. Effect of Flowrate 
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Figure SI 6. Variation of GA cycle frequency and height with specific energy input (at frequency= 14 kHz, 
PW= 25 μs, Molybdenum electrode with 1.3 mm discharge gap, Air+O2 with N2/O2=1). 
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Figure SI 7. Effect of flowrate for Molybdenum electrode and 1.3 mm discharge gap a. NOx concentration 
% Vs SEI and b. NO selectivity vs SEI, c. Energy demand vs SEI and d. amplitude vs SEI (at frequency= 
14 kHz, PW= 25 μs, Air+O2 at 2 L/min with N2/O2=1). 
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Figure SI 4. a. Energy efficiency for different feeds and b. Relation between applied voltage and SEI (at 
frequency= 14 kHz, pulse width= 25 μs and Flowrate= 2 L/min (N2/O2=1)). 
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Figure SI 5. Effect of electrode material and the discharge gap a. NO selectivity trend for different 
electrode materials and discharge gaps, b. Amplitude Vs SEI (at frequency= 14 kHz, pulse width= 25 μs, 
and Flowrate= 2 L/min Air+O2 (N2/O2=1)). 
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Figure SI 6. Variation of GA cycle frequency and height with specific energy input (at frequency= 14 kHz, 
PW= 25 μs, Molybdenum electrode with 1.3 mm discharge gap, Air+O2 with N2/O2=1). 
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Figure SI 7. Effect of flowrate for Molybdenum electrode and 1.3 mm discharge gap a. NOx concentration 
% Vs SEI and b. NO selectivity vs SEI, c. Energy demand vs SEI and d. amplitude vs SEI (at frequency= 
14 kHz, PW= 25 μs, Air+O2 at 2 L/min with N2/O2=1). 
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Figure SI 8. Effect of flowrate for Molybdenum electrode and 6.3 mm discharge gap a. NO selectivity 

vs SEI, and b. amplitude vs SEI (at frequency= 14 kHz, PW= 25 μs, Air+O2 at 2 L/min with 
N2/O2=1).  

 
 

F. Effect of feed Ratio 
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Figure SI 9. Effect of feed ratio (N2/O2): a. NOx concentration vs feed ratio, b. NO selectivity for different 

feed ratio, c. Energy efficiency for different feed ration and d. variation of SEI with feed ratio. (at frequency= 
14 kHz, pulse width= 25 μs, and amplitude= 70 Vpk-pk). 
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Figure SI 8. Effect of flowrate for Molybdenum electrode and 6.3 mm discharge gap a. NO selectivity 

vs SEI, and b. amplitude vs SEI (at frequency= 14 kHz, PW= 25 μs, Air+O2 at 2 L/min with 
N2/O2=1).  

 
 

F. Effect of feed Ratio 
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Figure SI 9. Effect of feed ratio (N2/O2): a. NOx concentration vs feed ratio, b. NO selectivity for different 

feed ratio, c. Energy efficiency for different feed ration and d. variation of SEI with feed ratio. (at frequency= 
14 kHz, pulse width= 25 μs, and amplitude= 70 Vpk-pk). 
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Abstract  
The direct synthesis of NOx from N2 and O2 by non-thermal plasma in 1-
sided Dielectric Barrier Discharge (DBD) reactor at atmospheric pressure 
and low temperature is presented in this chapter. For this, different catalyst 
support materials were packed in a DBD reactor. The support materials and 
their particle sizes both had a significant effect on the concentration of NOx. 
This is attributed to different surface areas, relative dielectric constants and 
particles shapes. The γ-Al2O3 with smallest particles size of 250-160 μm, 
gave the highest concentration of NOx and the lowest specific energy 
consumption of all the tested materials and particle sizes. The NOx 
concentration of 5700 ppm was reached at the highest residence time of 0.4 
sec and an N2/O2 feed ratio of 1 was found to be the most optimum for NOx 
production. In order to intensify the NOx production in plasma, a series of 
metal oxide catalysts supported on γ-Al2O3 were tested in a packed DBD 
reactor. A 5 % WO3/ γ-Al2O3 catalyst increased the NOx concentration 
further by about 10 % compared to γ-Al2O3. These data suggest that oxygen 
activation plays a minor role in plasma catalytic nitrogen fixation under the 
studied conditions with the main role ascribed to the generation of 
microdischarges on sharp edges of large-surface area plasma catalysts. 
However, when the loading of active metal oxides was increased to 10%, NO 
selectivity decreased, suggesting possibility of thermal oxidation of NO to 
NO2 through reaction with surface oxygen species. 
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selectivity decreased, suggesting possibility of thermal oxidation of NO to 
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4.1. | Introduction 
The reactions assisted by plasma are difficult to control and the selectivity 
is rarely optimum towards the desired products. Hence, NTP is combined 
with heterogeneous catalysis through Plasma Catalysis, and it is a rapidly 
growing research area[1–5]. Plasma enables reactions at low temperatures 
and at faster rates, whereas catalysts increase reaction selectivity[6,2,3]. When 
plasma and catalysts are combined, they have very strong interactions and 
often yields a synergetic effect. Presence of catalyst is known to influence 
plasma discharge by enhancing the electric field, by changing the discharge 
type, and by facilitating micro-discharge formation in catalyst pores. 
Similarly catalyst’s exposure to plasma changes its morphology, reduces 
metallic oxide to metallic catalyst[7,8]. Non-thermal plasma-catalyst systems 
have been effectively investigated for a range of processes such as CO2 
conversion to value added products[2,9], CH4 reforming[10–12], volatile organic 
compound abatement[13–16], and automotive applications[6,17]. 

Despite the significant advantages of plasma catalysis, catalytic plasma 
nitrogen fixation is rather poorly studied[18–20]. Plasma catalytic NOx 
synthesis was investigated by Cavadias and Amouroux in inductively 
coupled high frequency plasma reactor coated with catalysts such as MoO3 
and WO3[21]. The yield of NOx was about 8 % without catalyst, but increased 
to 19 % by using the WO3 catalyst. Mutel et al.[22] used the same metal oxides 
deposited on the plasma reactor wall. The energy consumption for catalytic 
nitrogen fixation process was found to be 0.93 MJ/mol of N, which provided 
a 78 % improvement in energy efficiency compared to thermal plasma 
process[22]. However, this energy consumption numbers are still far away 
from the energy consumption by Haber-Bosch process (i.e. 0.48 MJ/mol), 
which uses thermal catalysis. Belova et al.[23,24] investigated plasma catalytic 
nitric oxide synthesis in a glow discharge reactor and found the following 
order of catalyst effectiveness Pt>CuO>Cu>Fe>Ag[23,24]. Recently, Cu-ZSM-5 
catalyst was investigated by Sun et al.[25] for NOx formation in DBD reactor 
with a single stage configuration, where temperatures above 350oC was 
found favorable for NOx formation[25]. Plasma-catalysis assisted ammonia 
synthesis in a DBD reactor is also reported in the literature as an alternative 
to thermal catalysis process, however the energy efficiency and yields are far 
from the current commercial process[18,26–28]. Nevertheless, to the best of our 
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knowledge, no follow-up literature was published or commercial process 
developed, acknowledging and explaining the obvious synergetic effect of the 
catalyst in the results obtained. Similarly, various catalytic materials such 
as a range of metal oxides were patented for plasma nitrogen fixation 
applications[29,30]. However, no independent studies of these catalysts have 
been published to assess their suitability for plasma NOx synthesis and no 
systematic work exists covering the performance parameters of the plasma 
reactor.  

The analysis of existing literature shows that very few catalysts have been 
systematically studied for plasma catalytic NOx synthesis in NTP. Moreover, 
no study has been carried out to explain the reasons for the synergetic effect 
between plasma and catalyst. In particular, there are a number of 
overlapping reasons for the synergetic effect between the plasma and 
catalyst, e.g. influences caused by the different support material, the 
different active catalyst and process parameters, etc. The decoding of such 
a complex topic needs a systematic approach in a simplified way. Till now, 
the information on the effect of catalyst support materials and reactor 
performance parameters on NOx synthesis are scarce. Therefore, in this 
chapter, we aimed for a systematic study of plasma NOx synthesis on 
supported oxide catalyst in a one-sided DBD reactor. Firstly, the effect of 
catalyst support, its dielectric properties, porosity, particle size and shape 
are investigated. Secondly, the main process parameters such as residence 
time and feed ratio are studied. Finally, a series of active metal oxides 
supported on the optimal support are tested. 

4.2. | Experimental section 

4.2.1. | 1-SDBD plasma-catalytic reactor 
Plasma NOx synthesis was performed in a one-sided DBD plasma reactor at 
atmospheric pressure with a bed of catalytic material placed in the discharge 
zone. The schematic of the experimental set-up is shown in Figure 4.1. Two 
different configurations of 1-SDBD reactor were used. Both reactor 
configurations consisted of an axial stainless steel (SS) inner high voltage 
electrode and a ground electrode made of SS mesh tightly wrapped around 
the quartz reactor body and a support/catalysts were embedded in the 
plasma zone. The discharge gap of 2 mm and the length of the discharge 
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zone of 60 mm were identical for both reactor configurations. For the 
catalyst support experiments, the high voltage electrode was 20 mm o.d. and 
the quartz reactor body was 24 mm i.d. For the supported catalyst 
experiments, these dimensions were 6 and 10 mm, respectively. In the latter 
case, the small volume of the reactor allowed for tests with a small amount 
of the catalyst (about 2 g) compared to ~10-20 g used in the larger reactor. 
The reactors were placed in a tubular furnace to heat only the plasma 
discharge (catalyst) zone, while keeping the reactor ends outside of the 
furnace (shown in Figure SI-7 of supplementary information section F).  

Both reactors were powered by a customized Xenionik EP 4000 alternating 
current power supply consisting of a signal generator (Siglent SDG 1025), a 
4 kW audio amplifier (Behringer EP 4000) and a high voltage transformer 
(Xenionik). The applied voltage was measured using a high voltage probe 
(Tektronix P6015A) near the high voltage electrode. The capacitor (100nF) 
voltage was measured using 1:10 voltage probe on the grounded side as 
shown in Figure 4.1. The power consumed by the DBD plasma reactor was 
calculated using the Lissajous method[31], based on the area of the plot 
between the applied and the capacitor voltages. All the electrical signals were 
recorded using a USB powered 4 channel PC Oscilloscope (PicoScope® 3000). 
The equations used to calculate the total power (Ptot), specific energy input 
(SEI), and the energy consumption per mole of NOx (ENOx) are shown in Eq. 
(1-3), respectively.  

   (1) 

     (2) 

    (3) 

Where V is the applied voltage, Cp - capacitance of the capacitor, ƒ - applied 
voltage frequency, Qgas - volumetric gas flow rate, CNOx - concentration of NOx 
in gas.  
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Figure 4.1. A Scheme of the one-sided DBD plasma experimental set-up. 

N2 and O2 (Linde Gases, 99.9%) were used as reactant and were introduced 
into the reactor using mass flow controllers (Bronkhorst). The reaction 
products were analyzed online in the gas cell with CaF2 windows (Specac) 
using a Fourier Transform Infrared Spectrophotometer (Shimadzu IRTracer-
100) at the resolution of 0.5 cm-1. The concentrations of NO and NO2 were 
determined by the adsorption bands at 1900 cm-1 and 1630 cm-1, 
respectively, using a series of calibration gas mixtures. The concentration of 
NOx was determined as a sum of NO and NO2 concentrations. In all the 
experiments, full spectra were recorded and the main products were NO and 
NO2. In a few experiments, N2O was detected, but its concentration was 
negligible (N2O intensity was more than 20 times lower than that of NO2). 
Ozone was not detected, because it might have quickly decomposed or 
oxidized NO to NO2, even if formed. In all the cases, N2 and O2 conversion 
was below 0.5 %. Hence, NO selectivity reported was calculated using Eq. 4, 

   (4) 

The operation frequency and the pulse width were optimized to achieve the 
highest NOx concentration. For the bigger reactor, the frequency of 18 kHz 
and the pulse width of 20 μs was found to be the optimum. Whereas for the 
smaller reactor, the optimum frequency was 21 kHz and the pulse width 25 
μs. The tested material was kept in-place by quartz wool (Carl Roth GmbH) 
positioned outside the catalyst bed.  

Before every experiment, the reactor was heated to 150 oC with pre-heated 
nitrogen flow of 1 L/min to dry the tested support/catalysts. All the 
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experiments were performed twice and all reported data were obtained as an 
average of at least 10 measured values. The temperatures of the plasma 
region and the gas outlet were monitored continuously with thermocouples. 
For monitoring the plasma region temperature, the thermocouple was 
installed externally 1.5 cm away from the grounding electrode, the 
maximum temperature was found to be 200 oC. The outlet product stream 
temperature was always less than 26 oC. Temperature of the plasma-catalyst 
bed was determined by using IR camera (detailed in supplementary 
information section E). The plasma- catalyst bed reaches above 400oC at the 
highest power input (without external heating). Blank experiments with 
thermal (non-plasma) catalysis were performed up to the temperature of 400 
oC and neither NO nor NO2 were detected. Hence, all NOx obtained was 
formed during plasma and plasma-catalytic processes.  

4.2.2. | Support and catalyst preparation 
The support materials investigated in this work, γ-Al2O3, α-Al2O3, TiO2, 
BaTiO3, and MgO, were purchased from Mateck GmBh and Sigma Aldrich 
in the form of ~3 mm pellets and lumps, which are then crushed and sieved 
into a series of particle fractions using a mechanical shaker.  

Supported catalysts were prepared using conventional wet impregnation 
techniques using pelletized γ-Al2O3 support by Hull University, UK. Active 
materials were selected to study the effect of oxygen binding energy as well 
as the performance of partial oxidation catalyst. About 50 g of the support 
was placed into a 1 L round-bottom flask, 500 mL of the precursor aqueous 
solution was added. Water was slowly evaporated by rotavapor for 5 h at 40 
oC. The samples were placed in a tube furnace and dried at 110oC for 4 h 
(heating rate 1 oC/min) and calcined for 2 h at 400 oC in air. The amount of 
the precursor was taken to obtain the active component (oxide) loading of 5 
or 10 wt %. The following precursors were used: cobalt (II) nitrate (Alfa Aesar, 
>98 wt %) for Co3O4, oxalic acid dihydrate (Sigma-Aldrich, >99 wt %) and 
ammonium heptamolybdate (Fluka, >99 wt %) in 3:1 molar ratio for MoO3,  
nickel (II) nitrate hydrate (Alfa Aesar, >98 wt %) for NiO, oxalic acid and 
ammonium metavanadate (Alfa Aesar, >99 wt %) in 3:1 molar ratio for V2O5, 
copper (II) nitrate (Alfa Aesar, >99 wt %) for CuO, ammonium tungsten oxide 
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hydrate (Alfa Aesar, >99 wt %) for WO3, lead (II) nitrate (Alfa Aesar, >99 wt 
%) for PbO.  

4.2.3. | Characterization of support and catalyst 
Surface areas and pore distributions were measured by N2 physiosorption 
using a TriStar 3000 micrometrics surface area and porosity analyser using 
standard multipoint Brunauer-Emmett-Teller (BET) analysis and Barrett 
Joyner Halenda (BJH) pore distribution methods. All specimens were dried 
at 150 oC for 1 h before the measurements in nitrogen flow. The results are 
presented in Table 4.1. All the materials except γ-Al2O3 and TiO2 were non-
porous (Vpore<0.5 μL/g). Average pore diameter for γ-Al2O3 was 15.5 nm and 
for TiO2 – 16.6 nm. Nitrogen adsorption isotherm and a corresponding pore 
size distribution of γ-Al2O3 is presented in Figure SI-1of supplementary data. 

Scanning electron microscopy (SEM) study was performed on the QuantaTM 
3D FEG with electon beam resolution of 1.2 nm at 30 kV and electron 
acceleration voltage of 200 V-30 kV. Powdered samples as well as fractured 
pellets were studied by applying them on conductive tape followed by 
carbon-coating before the SEM analysis. SEM results of support and 
catalyst is presented in supporting information section C.  

Table 4.1. Properties of support materials. 

 Support Type Surface Area(m2g-1) Relative dielectric 
constant 

γ-Al2O3 112 9.3-11.5 

α-Al2O3 0.3 9.3 

TiO2 34 85 

MgO 0.03 9.7 

BaTiO3 0.1 400-6500 

Quartz Wool 0.5 4.6 

Powder X-ray diffraction measurements of crushed samples were performed 
using an Empyrean powder X-ray diffractometer equipped with a 
monochromatic Kα-Cu X-ray source in the 2θ range of 10-80o, step length 
0.026o, step time 147 s. The X-ray diffraction measurements are presented 
in Figure SI-2. The characterisation of supports and catalysts was performed 
before and after the plasma catalytic tests and no differences in either 
textural and chemical properties of the catalysts were observed. 
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Powder X-ray diffraction measurements of crushed samples were performed 
using an Empyrean powder X-ray diffractometer equipped with a 
monochromatic Kα-Cu X-ray source in the 2θ range of 10-80o, step length 
0.026o, step time 147 s. The X-ray diffraction measurements are presented 
in Figure SI-2. The characterisation of supports and catalysts was performed 
before and after the plasma catalytic tests and no differences in either 
textural and chemical properties of the catalysts were observed. 
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4.3. | Results and discussion 

4.3.1. | Effect of support material  

4.3.1.1. | Effect on NOx production  

To understand the effect of the different support materials on NOx 
production, experiments were conducted with 500-630 μm particles (except 
quartz wool) at varying specific energy input and flow rate of 1 L/min with 
N2:O2 volume ratio of 1. Support materials studied were γ-Al2O3, α-Al2O3, 
MgO, TiO2, BaTiO3 and quartz wool. A blank experiment was also conducted 
without packing to compare with the packed bed experiments. 
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Figure 4.2. (a) The effect of catalyst support on NOx concentration. (b) The effect of specific 

energy input on the NO selectivity. 
 

 

In Figure 4.2a, the concentration of NOx is plotted against the SEI for 
different supports. The input power was in the same range for all the tested 
catalyst supports. The effect of the packed catalyst support on NOx 
production is clearly visible, the NOx concentration increases proportionally 
with SEI for all support materials. The SEI for quartz wool, MgO, γ-Al2O3, α-
Al2O3 and the blank experiment fall in the same range of 2000 to 4000 J/L 
with varying concentration of the NOx from 700 to 3000 ppm. Comparing 
these catalyst supports shows that the blank experiment without packing 
any catalyst support always has the lowest NOx concentration at the same 
SEI. Whereas, the γ-Al2O3 gave the highest NOx concentration. At the SEI of 
4000 J/L, γ-Al2O3 gives a 100% increase in the NOx concentration compared 
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to the blank experiment. Quartz wool was also found to be an efficient 
catalyst support for NOx generation, similar to γ-Al2O3.  

The results obtained for the higher relative dielectric constant supports such 
as TiO2 and BaTiO3 are located in a lower range of SEI (< 2500 J/L). The 
NOx concentrations for these two packed materials are similar at SEI higher 
than 1250 J/L. However, for these materials at comparable SEI, NOx 
concentrations are substantially lower, indicating the fact that the plasma 
discharge might be less intense and was in the form of glow discharge.   

Another important criteria is the selectivity of support materials to produce 
either NO or NO2. In Figure 4.2b, the selectivity towards NO is plotted 
against the SEI. The selectivity towards NO for all the materials studied lies 
around 50 % in the SEI range from 1500 to 3800 J/L, while it changes non-
linearly at a lower SEI reaching more than 90 % for BaTiO3 and TiO2 at the 
lower SEI studied. On the contrary, at a higher energy input (> 3800 J/L), 
the NO selectivity slowly decreased. These trends suggest that nitrogen 
fixation in NTP initially occurs in the form of NO. When the energy input 
increases, chances of NO oxidation increase, resulting in the increasing 
formation of NO2. The NO selectivity for γ-Al2O3 is lower than quartz wool, 
even though both of them produced equally high concentration of NOx. This 
difference in NO selectivity for γ-Al2O3 and quartz wool suggests the 
possibility of reaction of NO species with surface adsorbed oxygen species 
on γ-Al2O3 to yield higher amount of NO2. Based on the results from this 
study, one can choose the SEI range and the catalyst support to obtain the 
desired product. 

4.3.1.2. | Reasons of varied effect on NOx production with different 
support material  

Discharge behavior 

The electrical signals for various support materials can provide important 
information on discharge behavior of the studied systems. Even though the 
signal generator supplies energy in the form of pulses with a frequency of 
18 kHz and a pulse width of 20 μs, the voltage and current signal measured 
on the DBD reactor was quasi-sinusoidal for all the packing materials 
investigated, as shown in Figure 4.3.  
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investigated, as shown in Figure 4.3.  
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As can be seen from Figure 4.3, the spikes on the capacitor voltage /current 
were different for different materials and resulted in different discharge 
behaviors as shown in the characteristic photographs presented in Figure 
SI-8 of the Supplementary information. These spikes are characteristic for 
the formation of the microdischarges (filamentary discharges) in DBD 
reactor [15,32]. As reported for the standard one-sided DBD without packing, 
the microdischarge crosses the complete discharge gap, starting from the 
inner electrode to the surface of the dielectric. When the discharge gap was 
packed with support material, the available space for the filamentary 
microdischarge formation became limited.  

Thus, only weak microdischarges were generated in-homogeneously in the 
void space between pellets and between pellets and the dielectric wall as well 
as pellets and the high voltage electrode. Along with filamentary discharges, 
surface discharges were formed and propagated over the support material 
surface, similar to[33,34]. Therefore, the filamentary discharge formed in the 
DBD reactor without packing transits into the combination of localized weak 
filamentary discharges and surface discharges in case of the packed bed 
DBD reactor[33].  

When the discharge gap is packed with catalyst support, the 
microdischarges cannot travel on the same tracks any more. It can be 
noticed from V-I curve of γ-Al2O3 packed DBD and without packed DBD. 
Thus, it can be concluded that there were microdischarges generated 
between the particles surfaces or between the particles and 
electrode/dielectric in case of γ-Al2O3 packed DBD.  However, for BaTiO3, no 
obvious spikes were identified demonstrating that no microdischarges had 
been formed and discharge was Townsend like. Minor surface discharges 
might have occurred at the catalyst surface resulting in low NOx formation. 
For MgO and TiO2, the spikes were moderate but weaker than the blank 
experiment, which demonstrated the formation of weak microdischarges. It 
is also worth noting that the quartz wool had the highest amplitude for 
current and capacitor voltage spikes, which mean that the microdischarges 
generated in case of quartz wool were stronger than the other catalyst 
supports. 
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Figure 4.3. Discharge signals for various packing materials at a plasma power of 45 watts; 
(a) the blank experiment without packing, (b) γ-Al2O3, (c) BaTiO3, (d) MgO, (e) Quartz wool, 
(f) TiO2 (at 18 kHz, 20 μs, flow rate of 1 L/min, N2/O2 ratio of 1). 

As a result, various materials provide substantially different discharge 
behavior, either improving or suppressing the formation of microdischarges. 
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Figure 4.3. Discharge signals for various packing materials at a plasma power of 45 watts; 
(a) the blank experiment without packing, (b) γ-Al2O3, (c) BaTiO3, (d) MgO, (e) Quartz wool, 
(f) TiO2 (at 18 kHz, 20 μs, flow rate of 1 L/min, N2/O2 ratio of 1). 

As a result, various materials provide substantially different discharge 
behavior, either improving or suppressing the formation of microdischarges. 



4

Chapter 4| NOx Production in Catalytic DBD Reactor 

 

Page | 104 

From the comparison of the V-I signals and NOx concentration data, it is 
clear that the formation of microdischarges is essential for the nitrogen 
fixation. The possible reasons for the different V-I behavior of the materials 
studied are the differences in relative dielectric constant, surface area, or 
particle shape. The detailed analysis of these factors is provided below. 
However, it should be mentioned that other parameters such as surface 
electrical conductivity and presence of structural features generating high 
electric field may also contribute. Therefore, further controlled experiments 
are required to elucidate these parameters. 

Surface area 

As shown in Figure 4.2a, the γ-Al2O3 catalyst support, with the highest 
surface area, gave the highest NOx concentration (Table 4.1). A more direct 
comparison between γ-Al2O3 and α-Al2O3, which have a similar chemical 
functionality and close relative dielectric constants, shows that the surface 
area is crucial for plasma nitrogen fixation.  

Surface area is known to be essential for conventional (thermal) 
heterogeneous catalysis for extensive reasons. A high surface area in a 
catalyst provides more active sites; or alternatively, a catalyst support with 
a higher area generally holds smaller metal nanoparticles with larger active 
(metal) area. In the case of plasma catalysis, the reaction is activated by the 
microdischarges between the particles or between particles and 
electrode/dielectric. The discharge area without any packing material is only 
the area of the reactor walls. In the presence of the packing particles, the 
discharges happen mainly on the surface of the particles as observed in 
other studies[35]. Hence, the higher surface area is considered to lead to 
higher frequency of discharges resulting in higher NOx concentration. 
Similarly, an empty DBD reactor has a negligible geometric area of its walls 
and is the reason for the lowest NOx concentration observed (Figure 4.2a). 

Relative dielectric constant 

As described in the section 4.3.1.1, at the same input power, the NOx 
concentration obtained with TiO2 and BaTiO3 catalyst supports was much 
lower compared even to the blank experiment. The relative dielectric 
constants of TiO2 and BaTiO3 are much higher than that of other materials 
(Table 4.1), which suggests an important role of the relative dielectric 
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constant on NOx plasma synthesis. For a comparison, the blank experiment 
can be considered as an experiment with a relative dielectric constant of 1 
for the packing material, which is the mixture of N2 and O2. All the other 
materials have a relative dielectric constant lower than 10, while TiO2 has 
85 and BaTiO3 has in the range of 600-4500 depending on temperature[36].  

The relative dielectric constant is an indication about how easily a material 
can be polarized when an electric field is applied. A higher relative dielectric 
constant means a material can polarize more easily when an electric field is 
applied and a polarized material creates an internal electric field which 
opposes the overall electric field. This reduces the effective electric field and 
results in decreased in energy of electrons. In other words, the voltage on 
the packing material (Up) depends on the relative dielectric constants of the 
gas phase (εg) and packing material (εp) as well as mean gap thicknesses in 
the gas (dg) and the solid respectively (dp) as shown in Eq. 5[35]. 
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Thus, with a higher relative dielectric constant, a lower voltage will be added 
to the packing material because the sum of Up and Ug is the total voltage 
applied to the packed DBD reactor. In case of BaTiO3, which has a very high 
relative dielectric constant, plasma ignition is very easy. As a result of lower 
voltage on the packaging material, electrons have lower acceleration and 
carry smaller energy. Smaller electron energy leads not only to a decrease in 
the energy of the reactive species, but also to decreased gas ionization as 
well. The latter happens because in a higher electric field, shorter distance 
is required for electrons to reach the ionization energy resulting in larger 
number of ionizations inside the fixed discharge gap. In our case, only very 
low plasma current could be observed when BaTiO3 was used as support. 
Also, BaTiO3 does not show the spikes in current or capacitor voltage 
signals, indicating the presence of glow (Townsend like discharge) instead of 
filamentary discharges. As a result, it was difficult to increase the SEI to 
BaTiO3 packed DBD, even though the input energy was of the same 
magnitude as other supports. Thus, the results from BaTiO3 are located in 
the lowest range in Figure 4.2a. When alumina, with a lower relative 
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comparison between γ-Al2O3 and α-Al2O3, which have a similar chemical 
functionality and close relative dielectric constants, shows that the surface 
area is crucial for plasma nitrogen fixation.  

Surface area is known to be essential for conventional (thermal) 
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As described in the section 4.3.1.1, at the same input power, the NOx 
concentration obtained with TiO2 and BaTiO3 catalyst supports was much 
lower compared even to the blank experiment. The relative dielectric 
constants of TiO2 and BaTiO3 are much higher than that of other materials 
(Table 4.1), which suggests an important role of the relative dielectric 
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constant on NOx plasma synthesis. For a comparison, the blank experiment 
can be considered as an experiment with a relative dielectric constant of 1 
for the packing material, which is the mixture of N2 and O2. All the other 
materials have a relative dielectric constant lower than 10, while TiO2 has 
85 and BaTiO3 has in the range of 600-4500 depending on temperature[36].  

The relative dielectric constant is an indication about how easily a material 
can be polarized when an electric field is applied. A higher relative dielectric 
constant means a material can polarize more easily when an electric field is 
applied and a polarized material creates an internal electric field which 
opposes the overall electric field. This reduces the effective electric field and 
results in decreased in energy of electrons. In other words, the voltage on 
the packing material (Up) depends on the relative dielectric constants of the 
gas phase (εg) and packing material (εp) as well as mean gap thicknesses in 
the gas (dg) and the solid respectively (dp) as shown in Eq. 5[35]. 
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Thus, with a higher relative dielectric constant, a lower voltage will be added 
to the packing material because the sum of Up and Ug is the total voltage 
applied to the packed DBD reactor. In case of BaTiO3, which has a very high 
relative dielectric constant, plasma ignition is very easy. As a result of lower 
voltage on the packaging material, electrons have lower acceleration and 
carry smaller energy. Smaller electron energy leads not only to a decrease in 
the energy of the reactive species, but also to decreased gas ionization as 
well. The latter happens because in a higher electric field, shorter distance 
is required for electrons to reach the ionization energy resulting in larger 
number of ionizations inside the fixed discharge gap. In our case, only very 
low plasma current could be observed when BaTiO3 was used as support. 
Also, BaTiO3 does not show the spikes in current or capacitor voltage 
signals, indicating the presence of glow (Townsend like discharge) instead of 
filamentary discharges. As a result, it was difficult to increase the SEI to 
BaTiO3 packed DBD, even though the input energy was of the same 
magnitude as other supports. Thus, the results from BaTiO3 are located in 
the lowest range in Figure 4.2a. When alumina, with a lower relative 
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dielectric constant, was used as support for the reaction, intense plasma 
was visible. This also resulted in a higher concentration of NOx (Figure 4.2a).  

Shape of the catalyst support 

The surface area and the relative dielectric constant are not the only factors 
that affect NOx formation because the quartz wool has shown very high NOx 
concentration as γ-Al2O3. A possible explanation for this effect is the increase 
in electric field in places with highest curvature. Quartz wool has a fine 
fibrous structure with the rigid sharp edges which induces very high electric 
fields as reflected by the sharpest V-I spikes (Figure 4.3e). Chen et al.[37] 
proved that the sharp edges of packing material led to higher local electric 
fields and highly energetic electrons[9]. Thus, the superior performance of 
quartz wool for NOx production can be explained by fibrous sharp edge 
morphology (see the SEM images of Figure SI -3). 

Similarly, γ-Al2O3 also showed considerable number of high intensity peaks 
for current and voltage, which could be the result of the sharp edges on the 
particles as can be seen from the SEM pictures in (Figure SI-3). Analogous 
sharp edges can also be seen in case of BaTiO3. For BaTiO3, the effect of 
electric field enhancement by sharp edges could have been nullified by its 
comparatively high relative dielectric constant. Similarly, the shape 
considerations also worked for other materials. For example, the SEM shows 
that MgO and TiO2 have much smoother edges in agreement with lower 
microdischarges and NOx formation.  

4.3.2. | Effect of particle size  

4.3.2.1. | Effect on NOx production  
Results from this work show that particle shape has substantial effect on 
NOx formation and γ-Al2O3 was found to be the most efficient catalyst 
support. As a result of this, the effect of γ-Al2O3 particle size on NOx 
formation was studied further.   
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Figure 4.4. The effect of the catalyst support (γ-Al2O3) particle size (a) on NOx concentration 
and (b) the selectivity towards NO. (Flow rate of 1 L/min and N2/O2=1 at frequency of 18 kHz 

and pulse width of 20 μs.) 

The concentration of NOx increases proportionally with SEI for all particle 
sizes investigated as shown in Figure 4.4a. There is a marked effect of 
particle size on the NOx concentration. The smaller support particles gave 
higher concentration of NOx as compared to the corresponding larger 
support particle. The highest NOx concentration of 5000 ppm was achieved 
with smallest support particle (250-160 μm) tested. The reasons could be 
the changes in discharge behavior and void fraction which are discussed in 
the next section. 

For all particle sizes, the NO selectivity decreased with the increasing SEI, 
as shown in Figure 4.4b. The chances of NO oxidation increased with the 
corresponding increase in energy input, yielding higher amounts of NO2. 
Although not linearly, but generally smaller particles favored NO2 formation 
than NO formation. This is because the smaller particles exhibit higher 
discharge and surface area, which increases the electron energy as well as 
influences the residence time. These two factors contribute to the oxidation 
of NO to NO2 during the course of the reaction. A previous study showed 
that the SEI and residence time are the two factors that lead to further 
oxidation of NO to NO2[38]. Here, the residence time is influenced by the void 
fraction which will be discussed below. 
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that affect NOx formation because the quartz wool has shown very high NOx 
concentration as γ-Al2O3. A possible explanation for this effect is the increase 
in electric field in places with highest curvature. Quartz wool has a fine 
fibrous structure with the rigid sharp edges which induces very high electric 
fields as reflected by the sharpest V-I spikes (Figure 4.3e). Chen et al.[37] 
proved that the sharp edges of packing material led to higher local electric 
fields and highly energetic electrons[9]. Thus, the superior performance of 
quartz wool for NOx production can be explained by fibrous sharp edge 
morphology (see the SEM images of Figure SI -3). 

Similarly, γ-Al2O3 also showed considerable number of high intensity peaks 
for current and voltage, which could be the result of the sharp edges on the 
particles as can be seen from the SEM pictures in (Figure SI-3). Analogous 
sharp edges can also be seen in case of BaTiO3. For BaTiO3, the effect of 
electric field enhancement by sharp edges could have been nullified by its 
comparatively high relative dielectric constant. Similarly, the shape 
considerations also worked for other materials. For example, the SEM shows 
that MgO and TiO2 have much smoother edges in agreement with lower 
microdischarges and NOx formation.  

4.3.2. | Effect of particle size  

4.3.2.1. | Effect on NOx production  
Results from this work show that particle shape has substantial effect on 
NOx formation and γ-Al2O3 was found to be the most efficient catalyst 
support. As a result of this, the effect of γ-Al2O3 particle size on NOx 
formation was studied further.   
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Figure 4.4. The effect of the catalyst support (γ-Al2O3) particle size (a) on NOx concentration 
and (b) the selectivity towards NO. (Flow rate of 1 L/min and N2/O2=1 at frequency of 18 kHz 

and pulse width of 20 μs.) 

The concentration of NOx increases proportionally with SEI for all particle 
sizes investigated as shown in Figure 4.4a. There is a marked effect of 
particle size on the NOx concentration. The smaller support particles gave 
higher concentration of NOx as compared to the corresponding larger 
support particle. The highest NOx concentration of 5000 ppm was achieved 
with smallest support particle (250-160 μm) tested. The reasons could be 
the changes in discharge behavior and void fraction which are discussed in 
the next section. 

For all particle sizes, the NO selectivity decreased with the increasing SEI, 
as shown in Figure 4.4b. The chances of NO oxidation increased with the 
corresponding increase in energy input, yielding higher amounts of NO2. 
Although not linearly, but generally smaller particles favored NO2 formation 
than NO formation. This is because the smaller particles exhibit higher 
discharge and surface area, which increases the electron energy as well as 
influences the residence time. These two factors contribute to the oxidation 
of NO to NO2 during the course of the reaction. A previous study showed 
that the SEI and residence time are the two factors that lead to further 
oxidation of NO to NO2[38]. Here, the residence time is influenced by the void 
fraction which will be discussed below. 
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4.3.2.2. | Reasons of varied effect with different particle sizes  

Discharge behavior 

First of all, the change of discharge behavior is the most straightforward 
explanation of particle size effect as can be seen from the V-I curves (Figure 
4.5). Comparing the current and voltage curves for various particle sizes, it 
can be noted that the particle size has a considerable effect on the intensity 
of spikes. For the smaller particles sizes, a higher amplitude of current 
fluctuations was observed demonstrating higher intensity of 
microdischarges formed. As discussed in section 4.3.1.2, these high 
intensity spikes are the reason for the higher amount of NOx produced. The 
smaller particles with sizes of 355-250 and 250-160 μm, generated a higher 
amount of NOx likely due to the high intensity localized electric field 
generated at particle-particle, particle-electrode and particle-dielectric 
contact points. The decrease in the particle size also increases the exposed 
surface area of particle to the plasma discharge. These combinations of 
effects are responsible for higher amount of NOx produced in smaller size 
particles. 

0 20 40 60 80
-9

-6

-3

0

3

6

9

(a)

1600-1000 m  Capacitor voltage (V)
 Applied Voltage (kV)
 Current (mA)

Time ( s)

Vo
lta

ge

-900

-600

-300

0

300

600

900

 C
ur

re
nt

 

0 20 40 60 80
-9

-6

-3

0

3

6

9

(b)

 C
ur

re
nt

 Capacitor voltage (V)
 Applied Voltage (kV)
 Current (mA)

850-630 m

Vo
lta

ge

Time ( s)

-900

-600

-300

0

300

600

900

 

0 20 40 60 80
-9

-6

-3

0

3

6

9

-900

-600

-300

0

300

600

900

 C
ur

re
nt

Vo
lta

ge

350-250 m

Time ( s)

 Capacitor voltage (V)
 Applied Voltage (kV)
 Current (mA)

(c)

 

 
Figure 4.5. Discharge signals at a plasma 
power of 45 watts, 18 kHz, 20 μs, flow rate 
of1 L/min and N2/O2 ratio of 1 for the 
DBD reactor packed with γ-Al2O3 with the 
particle diameters of (a) 1600-1000 μm, 
(b) 850-630 μm, (c) 350-250 μm. The 
following designations are used: (blue) 
current, (black) applied voltage, (blue) 
capacitor voltage 
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Void fraction 

Except for the discharge behavior, the void fraction was also changed. For 
the same reactor volume, the void fraction decreases with the decrease in 
particle size. This decrease in void fraction results in the higher number of 
contact points between support particles and between particle and 
electrode/dielectric, these are the points where electric field is stronger than 
the mean value in the reactor [10]. Hence, the discharge area must have been 
much higher and intense in case of DBD reactor packed with smaller 
particles than with the larger particle sizes. As a result, NOx formation 
increased with the smaller particles, which is in good agreement with the 
results obtained for CO2 conversion[9,10,35]. 

4.3.3. | Effect of residence time  
The mean residence time will affect the extent of the reaction in conventional 
thermal catalysis. Thus, the performance of DBD reactor with varying 
residence time was investigated with particles of γ-Al2O3 (500-355 μm) up to 
an acceptable pressure drop. Therefore, four residence times were 
investigated with a feed ratio (N2/O2) of 1 (Figure 4.6). The residence time of 
0.1 s, 0.13 s, 0.2 s and 0.4 s were achieved by changing the gas feed flowrate 
to 2, 1.5, 1, to 0.5 L/min, respectively.  
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Figure 4.6. The effect of the residence time for γ-Al2O3 packed DBD reactor on (a) NOx 

concentration and (b) the selectivity towards NO. (Particle size= 500-355 μm, 18 kHz, 20 μs). 

Figure 4.6a shows the effect of residence time and SEI on NOx concentration. 
Concentration of NOx increases proportionally to SEI for all residence times 
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4.3.2.2. | Reasons of varied effect with different particle sizes  
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amount of NOx likely due to the high intensity localized electric field 
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contact points. The decrease in the particle size also increases the exposed 
surface area of particle to the plasma discharge. These combinations of 
effects are responsible for higher amount of NOx produced in smaller size 
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Figure 4.5. Discharge signals at a plasma 
power of 45 watts, 18 kHz, 20 μs, flow rate 
of1 L/min and N2/O2 ratio of 1 for the 
DBD reactor packed with γ-Al2O3 with the 
particle diameters of (a) 1600-1000 μm, 
(b) 850-630 μm, (c) 350-250 μm. The 
following designations are used: (blue) 
current, (black) applied voltage, (blue) 
capacitor voltage 
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Void fraction 

Except for the discharge behavior, the void fraction was also changed. For 
the same reactor volume, the void fraction decreases with the decrease in 
particle size. This decrease in void fraction results in the higher number of 
contact points between support particles and between particle and 
electrode/dielectric, these are the points where electric field is stronger than 
the mean value in the reactor [10]. Hence, the discharge area must have been 
much higher and intense in case of DBD reactor packed with smaller 
particles than with the larger particle sizes. As a result, NOx formation 
increased with the smaller particles, which is in good agreement with the 
results obtained for CO2 conversion[9,10,35]. 

4.3.3. | Effect of residence time  
The mean residence time will affect the extent of the reaction in conventional 
thermal catalysis. Thus, the performance of DBD reactor with varying 
residence time was investigated with particles of γ-Al2O3 (500-355 μm) up to 
an acceptable pressure drop. Therefore, four residence times were 
investigated with a feed ratio (N2/O2) of 1 (Figure 4.6). The residence time of 
0.1 s, 0.13 s, 0.2 s and 0.4 s were achieved by changing the gas feed flowrate 
to 2, 1.5, 1, to 0.5 L/min, respectively.  
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Figure 4.6. The effect of the residence time for γ-Al2O3 packed DBD reactor on (a) NOx 

concentration and (b) the selectivity towards NO. (Particle size= 500-355 μm, 18 kHz, 20 μs). 

Figure 4.6a shows the effect of residence time and SEI on NOx concentration. 
Concentration of NOx increases proportionally to SEI for all residence times 
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investigated. The highest concentration of 5670 ppm was achieved with SEI 
of 8980 J/L for residence time of 0.4 s.  

Longer residence times results in a higher concentration of NOx because of 
longer reaction times and the higher SEI per unit volume of the feed gases. 
Increase in residence time helps in the ionization and reaction of the 
maximum number of reactant species. Supplying a higher SEI per unit 
volume of reactants gives high mean energy to electrons to react and 
produces the reaction species, which lead to reaction to produce nitric oxide 
and NO2. 

Figure 4.6b shows the selectivity to produce NO over NO2. For the highest 
residence time, 0.4 s, the selectivity for NO decreases with the increased 
SEI, therefore NO2 formation is favored over NO formation. At short 
residence time, i.e. 0.1 s, selectivity for NO formation is higher. With a long 
residence time inside the discharge zone, NO is further oxidized to NO2. 
Whereas with a short residence time, it is not sufficient for oxidation of NO 
to NO2, therefore NO leaves in higher amount as final product.  

4.3.4. | Effect of feed ratio  
The effect of feed ratio on NOx synthesis was investigated by varying the feed 
ratio of N2 to O2 from 0 to 4. The effect of feed ratio on the concentration of 
NOx and the selectivity of NO is shown in Figure 4.7. A feed ratio of 1 to 1.5 
was found to be optimum to produce higher amount of NOx, similar to our 
previously published study on gliding arc reactor[38]. At a feed ratio of 1, 
reactive species of nitrogen and oxygen have equal probability to combine 
with adjacent oxygen and nitrogen species, respectively. The combination 
reaction gives NO first and then further oxidation yields NO2.  

As the ratio of N2 to O2 increases, NO is produced in higher amount than 
NO2. For a ratio of 4, the selectivity of NO is 56 % and at the feed ratio of 
0.25 the selectivity of NO is 35%. At a lower feed ratio meaning a higher feed 
rate of oxygen, the formation of NO2 is favored more as the NO produced is 
readily further oxidized to NO2 because of the higher proportion of O2 in the 
feed, thus the atomic oxygen.  
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Figure 4.7. The effect of feed ratio on NOx concentration and NO selectivity in a DBD packed 
with γ-Al2O3 particles 500-355 μm at the total gas flow rate of 1 L/min. 

4.3.5. | Active metal oxides supported catalysts 
In order to study the effect of catalyst in plasma nitrogen fixation, the best 
performing γ-Al2O3 support was selected and various metal oxides were 
deposited on it. Supported rather than single-phase catalysts were used, so 
the overall physical properties of the particles such as relative dielectric 
constant and shape were constant, apart from catalyst surface chemical 
properties which are determined by the supported active oxide. This 
combination provided a direct comparison of the plasma catalytic properties 
of the active metal oxide, rather than a combination of physical and chemical 
properties as has been previously performed.  

The conventional catalysts for complete oxidation of hydrocarbons were 
selected for the study, because their main role in the thermal activation of 
oxygen species is thoroughly studied[39,40]. It is expected that in the plasma-
catalytic nitrogen fixation, nitrogen species will be activated by the high-
energy plasma species, then these species should react with the oxygen 
species either thermally activated by the catalysts or by plasma.  

To study these hypotheses, a wide range of oxides with various degrees of 
oxygen activation abilities were supported. For example, alumina is almost 
inactive in oxygen activation, while PbO, CuO and Co3O4 provide quick 
oxidation of hydrocarbons with the activity inferior only to noble metals 
(Figure SI-5 in the Supplementary information)[39]. Noble metals were not 
considered in the current work, because highly conductive metallic particles 
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investigated. The highest concentration of 5670 ppm was achieved with SEI 
of 8980 J/L for residence time of 0.4 s.  

Longer residence times results in a higher concentration of NOx because of 
longer reaction times and the higher SEI per unit volume of the feed gases. 
Increase in residence time helps in the ionization and reaction of the 
maximum number of reactant species. Supplying a higher SEI per unit 
volume of reactants gives high mean energy to electrons to react and 
produces the reaction species, which lead to reaction to produce nitric oxide 
and NO2. 

Figure 4.6b shows the selectivity to produce NO over NO2. For the highest 
residence time, 0.4 s, the selectivity for NO decreases with the increased 
SEI, therefore NO2 formation is favored over NO formation. At short 
residence time, i.e. 0.1 s, selectivity for NO formation is higher. With a long 
residence time inside the discharge zone, NO is further oxidized to NO2. 
Whereas with a short residence time, it is not sufficient for oxidation of NO 
to NO2, therefore NO leaves in higher amount as final product.  

4.3.4. | Effect of feed ratio  
The effect of feed ratio on NOx synthesis was investigated by varying the feed 
ratio of N2 to O2 from 0 to 4. The effect of feed ratio on the concentration of 
NOx and the selectivity of NO is shown in Figure 4.7. A feed ratio of 1 to 1.5 
was found to be optimum to produce higher amount of NOx, similar to our 
previously published study on gliding arc reactor[38]. At a feed ratio of 1, 
reactive species of nitrogen and oxygen have equal probability to combine 
with adjacent oxygen and nitrogen species, respectively. The combination 
reaction gives NO first and then further oxidation yields NO2.  

As the ratio of N2 to O2 increases, NO is produced in higher amount than 
NO2. For a ratio of 4, the selectivity of NO is 56 % and at the feed ratio of 
0.25 the selectivity of NO is 35%. At a lower feed ratio meaning a higher feed 
rate of oxygen, the formation of NO2 is favored more as the NO produced is 
readily further oxidized to NO2 because of the higher proportion of O2 in the 
feed, thus the atomic oxygen.  
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Figure 4.7. The effect of feed ratio on NOx concentration and NO selectivity in a DBD packed 
with γ-Al2O3 particles 500-355 μm at the total gas flow rate of 1 L/min. 

4.3.5. | Active metal oxides supported catalysts 
In order to study the effect of catalyst in plasma nitrogen fixation, the best 
performing γ-Al2O3 support was selected and various metal oxides were 
deposited on it. Supported rather than single-phase catalysts were used, so 
the overall physical properties of the particles such as relative dielectric 
constant and shape were constant, apart from catalyst surface chemical 
properties which are determined by the supported active oxide. This 
combination provided a direct comparison of the plasma catalytic properties 
of the active metal oxide, rather than a combination of physical and chemical 
properties as has been previously performed.  

The conventional catalysts for complete oxidation of hydrocarbons were 
selected for the study, because their main role in the thermal activation of 
oxygen species is thoroughly studied[39,40]. It is expected that in the plasma-
catalytic nitrogen fixation, nitrogen species will be activated by the high-
energy plasma species, then these species should react with the oxygen 
species either thermally activated by the catalysts or by plasma.  

To study these hypotheses, a wide range of oxides with various degrees of 
oxygen activation abilities were supported. For example, alumina is almost 
inactive in oxygen activation, while PbO, CuO and Co3O4 provide quick 
oxidation of hydrocarbons with the activity inferior only to noble metals 
(Figure SI-5 in the Supplementary information)[39]. Noble metals were not 
considered in the current work, because highly conductive metallic particles 
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have different electronic properties. In such a case, it would be impossible 
to attribute any observed differences in activity to the factor of chemical 
properties. Other oxides such as NiO, MoO3, V2O5 and WO3 are expected to 
be of intermediate activity between Al2O3 and Co3O4, if oxygen activation 
step is crucial for nitrogen fixation.  

These catalysts were characterized by nitrogen physisorption, powder X-ray 
diffraction and SEM. These results are given in Figure SI-1, SI-2, SI-3 and 
SI-4 respectively in the Supplementary information. They showed that the 
introduction of the active oxide on alumina did not affect its overall physical 
properties. Elemental mapping confirmed a uniform distribution of the 
oxides over the support.  

4.3.5.1. | Influence of active metal oxides 
Packing catalyst support or supported metal oxides in DBD clearly shows a 
considerable improvement in the amount of NOx produced compared to the 
blank experiment conducted as shown in Figure 4.8a. Also the SEI for all 
the performed experiments was the same, demonstrating that the 
assumption of supported metal oxides did not change the physical 
properties of the catalyst support is valid. The comparison of γ-Al2O3 with 
the supported catalysts does not show a large increase in NOx concentration. 
However, the trends are in excellent agreement with the results of Gicquiel 
et al.[41], who showed that WO3 provided the highest nitrogen fixation activity 
in plasma followed by MoO3 and empty radio-frequency discharge reactor. 

The catalysts also affected the selectivity towards NO (Figure 4.8b). For the 
blank experiment, the NO selectivity was the highest suggesting that the 
primary product of plasma nitrogen fixation, NO, had lower chances of 
further oxidation to form NO2. For the plasma-catalytic nitrogen fixation, 
however, the results were unexpected. In particular, the most active 5% 
WO3/Al2O3 catalyst showed the lowest activity suggesting that it increased 
either NO oxidation or provided an alternative direct route towards NO2 
formation. Surprisingly, the other two active catalysts 5% Co3O4/Al2O3 and 
5% PbO/Al2O3 which showed similar NOx concentrations demonstrated the 
different NO selectivities, 48 and 56 % respectively. Conversely, it was 
expected to obtain very similar results due to very similar oxygen activation 
properties of these two catalysts. Such a difference indicates that there 
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exists a separate channel for NO2 formation on certain catalysts. However, 
the mechanistic studies do not support the possibility of NO2 formation as 
a product of plasma oxidation of N2[42,43]. As a result, the effect of the catalyst 
on NO selectivity could be explained in terms of localized discharge 
formation, i.e. enhancement of plasma formation in the catalyst vicinity 
allowing for higher plasma intensity, resulting in higher chances of 
secondary oxidation of NO either with plasma-activated oxygen species or 
with surface adsorbed oxygen species. The catalyst-dependent plasma 
formation near the surface was reported by Durme et al.[15].  
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Figure 4.8. The effect of metal oxides supported over γ-Al2O3 on (a) NOx concentration and (b) 

the selectivity towards NO. 

Further comparison of the catalytic results has been performed following the 
known trends in complete catalytic oxidation of hydrocarbons, i.e. studying 
the effect of catalyst activity depending on oxygen "binding" energy[39]. 
Interestingly, there is only a minor correlation between the nitrogen fixation 
activity in plasma and the activity in oxygen activation (Figure 4.9). For 
example, PbO and Co3O4, which are the most active in oxygen activation, 
demonstrated only slightly higher NOx concentration compared to γ-Al2O3. 
Also, the WO3 catalyst showed NOx concentration noticeably higher than 
expected based on its oxygen activation activity. These observations suggest 
that oxygen activation on the catalysts plays a role in plasma-catalytic 
nitrogen fixation. However, this role is much less important compared to 
thermal oxidation reaction probably because oxygen activation under the 
studied conditions takes place mostly in plasma as shown by the results 
obtained with all the supported catalysts which were closely similar.  



4

Chapter 4| NOx Production in Catalytic DBD Reactor 

 

Page | 112 

have different electronic properties. In such a case, it would be impossible 
to attribute any observed differences in activity to the factor of chemical 
properties. Other oxides such as NiO, MoO3, V2O5 and WO3 are expected to 
be of intermediate activity between Al2O3 and Co3O4, if oxygen activation 
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considerable improvement in the amount of NOx produced compared to the 
blank experiment conducted as shown in Figure 4.8a. Also the SEI for all 
the performed experiments was the same, demonstrating that the 
assumption of supported metal oxides did not change the physical 
properties of the catalyst support is valid. The comparison of γ-Al2O3 with 
the supported catalysts does not show a large increase in NOx concentration. 
However, the trends are in excellent agreement with the results of Gicquiel 
et al.[41], who showed that WO3 provided the highest nitrogen fixation activity 
in plasma followed by MoO3 and empty radio-frequency discharge reactor. 
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primary product of plasma nitrogen fixation, NO, had lower chances of 
further oxidation to form NO2. For the plasma-catalytic nitrogen fixation, 
however, the results were unexpected. In particular, the most active 5% 
WO3/Al2O3 catalyst showed the lowest activity suggesting that it increased 
either NO oxidation or provided an alternative direct route towards NO2 
formation. Surprisingly, the other two active catalysts 5% Co3O4/Al2O3 and 
5% PbO/Al2O3 which showed similar NOx concentrations demonstrated the 
different NO selectivities, 48 and 56 % respectively. Conversely, it was 
expected to obtain very similar results due to very similar oxygen activation 
properties of these two catalysts. Such a difference indicates that there 
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exists a separate channel for NO2 formation on certain catalysts. However, 
the mechanistic studies do not support the possibility of NO2 formation as 
a product of plasma oxidation of N2[42,43]. As a result, the effect of the catalyst 
on NO selectivity could be explained in terms of localized discharge 
formation, i.e. enhancement of plasma formation in the catalyst vicinity 
allowing for higher plasma intensity, resulting in higher chances of 
secondary oxidation of NO either with plasma-activated oxygen species or 
with surface adsorbed oxygen species. The catalyst-dependent plasma 
formation near the surface was reported by Durme et al.[15].  
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Figure 4.8. The effect of metal oxides supported over γ-Al2O3 on (a) NOx concentration and (b) 

the selectivity towards NO. 

Further comparison of the catalytic results has been performed following the 
known trends in complete catalytic oxidation of hydrocarbons, i.e. studying 
the effect of catalyst activity depending on oxygen "binding" energy[39]. 
Interestingly, there is only a minor correlation between the nitrogen fixation 
activity in plasma and the activity in oxygen activation (Figure 4.9). For 
example, PbO and Co3O4, which are the most active in oxygen activation, 
demonstrated only slightly higher NOx concentration compared to γ-Al2O3. 
Also, the WO3 catalyst showed NOx concentration noticeably higher than 
expected based on its oxygen activation activity. These observations suggest 
that oxygen activation on the catalysts plays a role in plasma-catalytic 
nitrogen fixation. However, this role is much less important compared to 
thermal oxidation reaction probably because oxygen activation under the 
studied conditions takes place mostly in plasma as shown by the results 
obtained with all the supported catalysts which were closely similar.  



4

Chapter 4| NOx Production in Catalytic DBD Reactor 

 

Page | 114 

Complete hydrocarbon oxidation usually takes place at elevated 
temperatures of 300-500 oC, but the studied reactions were performed 
without external heating. As a result, it may result in insufficient oxygen 
activation on the catalyst surface and this may affect the conclusions drawn 
regarding the catalytic activity. This possibility and the influence of 
temperature between 200 and 400 oC for a selected NiO/Al2O3 catalyst has 
been studied and reported in supplementary information section E. The 
results presented in Figure SI-6c of the Supplementary information show 
that NOx concentration slightly decreases at a higher temperature, which 
confirms that oxygen activation in plasma nitrogen fixation does not play an 
important role. 

  

Figure 4.9. NOx concentration for the studied 5% alumina-supported catalysts at the highest 
specific energy input as a function of oxygen "binding" energy (standard enthalpy of oxide 

formation per oxygen atom) with the (red) general trend on the expected concentration in case 
of a limiting step of oxygen activation. 

4.3.5.2. | Influence of active metal oxide loading 
To study the effect of the supported oxide on plasma nitrogen fixation, 
several selected catalysts with higher active metal contents were prepared. 
Figure 4.10a shows that the NOx concentrations for the 5 and 10 % active 
metal oxide loaded catalysts in plasma are very close, which supports the 
conclusion that active metal oxides play a minor role in plasma nitrogen 
fixation. Furthermore, the catalyst that contain 10 % of the active oxides is 
shifted to a lower SEI compared to that containing 5%, which indicates that 
for these catalysts not only surface chemical properties, but bulk physical 
properties discussed in 4.3.1 (e.g., relative dielectric constant), were 
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substantially affected. Interestingly, the MoO3 catalyst which was reported 
by several authors to be efficient in plasma nitrogen fixation showed rather 
marginal improvement compared to γ-Al2O3[22,41].  

However, the difference in catalyst performance was most clear while 
considering NO selectivity. Because, a well-known active oxidation catalyst, 
10% Co3O4/Al2O3, provided enough active species for oxidation of NO into 
NO2 (Figure 4.10b). Even though, different loadings of metal oxides catalyst 
found not to change the concentration of NOx much, the selectivity to NO2 
increased significantly for 10% loaded metal oxide catalysts, especially for 
Co3O4 as can be seen from Figure 4.10b. It strongly suggests that the 
activation of N2 and O2 mainly takes place in the plasma phase and the 
catalyst do play an important role in oxidation of NO to NO2 through reaction 
with surface adsorbed O species.  
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substantially affected. Interestingly, the MoO3 catalyst which was reported 
by several authors to be efficient in plasma nitrogen fixation showed rather 
marginal improvement compared to γ-Al2O3[22,41].  

However, the difference in catalyst performance was most clear while 
considering NO selectivity. Because, a well-known active oxidation catalyst, 
10% Co3O4/Al2O3, provided enough active species for oxidation of NO into 
NO2 (Figure 4.10b). Even though, different loadings of metal oxides catalyst 
found not to change the concentration of NOx much, the selectivity to NO2 
increased significantly for 10% loaded metal oxide catalysts, especially for 
Co3O4 as can be seen from Figure 4.10b. It strongly suggests that the 
activation of N2 and O2 mainly takes place in the plasma phase and the 
catalyst do play an important role in oxidation of NO to NO2 through reaction 
with surface adsorbed O species.  
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Figure 4.10. The effect of the supported oxide loading on (a) on NOx concentration and (b) the 
selectivity towards NO. 

4.3.6. | Energy efficiency for plasma NOx synthesis 
Figure 4.11 shows the energy efficiency for NOx synthesis in the DBD reactor 
for various support material, particle sizes and flow rates investigated. 
Among all the support material tested, γ-Al2O3 and quartz wool requires 
lowest energy per mol of NOx produced, giving the highest energy efficiency 
of 33 MJ per mol of NOx. Adding a support material in discharge gap always 
resulted in lower energy requirement, thus enhancing the energy efficiency.  

Energy required per mol of NOx have the same exponential decrease trend 
for all the particle sizes investigated as shown in Figure 4.11b. Smaller 
particles of γ-Al2O3 have shown lower energy requirement as compared to 
corresponding bigger particle sizes. Lowest energy requirement found to be 
for 250-160 μm sized particles, which is 20 MJ/mol. This energy 
requirement is 75% lower as compare to 1600-1000 μm size particles for the 
same concentration range of NOx.  

Energy efficiency of NOx synthesis seems to increase with increasing flow 
rate thereby decreasing the energy required per mol of NOx as can be seen 
from Figure 4.11c. Each investigated flow clearly shows its own trend line 
for energy required, increasing from highest flow to lowest flow investigated. 
The energy efficiency for lower flow is lowest even though the concentration 
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of NOx is highest, this is purely due to higher expense of SEI for a lower flow 
rate.  
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Figure 4.11. Energy Efficiency of NOx synthesis in DBD reactor: a. for various support 
material, b. For different particle sizes, c. For different flowrates 

 

4.4. | Conclusions 
A systematic study of the plasma catalytic nitrogen oxidation has been 
performed in a one-sided DBD reactor and reported in this chapter. A range 
of catalyst supports, α-Al2O3, γ-Al2O3, TiO2, MgO, BaTiO3 and quartz wool 
were studied, which showed varying performance. Quartz wool and γ-Al2O3 
showed almost twofold increase in NOx concentration compared to the blank 
experiment, while BaTiO3 provided much lower concentration due to the 
formation of Townsend-like discharge compared to numerous filamentous 
microdischarges that were obtained using other supports. Electrical 
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Figure 4.10. The effect of the supported oxide loading on (a) on NOx concentration and (b) the 
selectivity towards NO. 

4.3.6. | Energy efficiency for plasma NOx synthesis 
Figure 4.11 shows the energy efficiency for NOx synthesis in the DBD reactor 
for various support material, particle sizes and flow rates investigated. 
Among all the support material tested, γ-Al2O3 and quartz wool requires 
lowest energy per mol of NOx produced, giving the highest energy efficiency 
of 33 MJ per mol of NOx. Adding a support material in discharge gap always 
resulted in lower energy requirement, thus enhancing the energy efficiency.  

Energy required per mol of NOx have the same exponential decrease trend 
for all the particle sizes investigated as shown in Figure 4.11b. Smaller 
particles of γ-Al2O3 have shown lower energy requirement as compared to 
corresponding bigger particle sizes. Lowest energy requirement found to be 
for 250-160 μm sized particles, which is 20 MJ/mol. This energy 
requirement is 75% lower as compare to 1600-1000 μm size particles for the 
same concentration range of NOx.  

Energy efficiency of NOx synthesis seems to increase with increasing flow 
rate thereby decreasing the energy required per mol of NOx as can be seen 
from Figure 4.11c. Each investigated flow clearly shows its own trend line 
for energy required, increasing from highest flow to lowest flow investigated. 
The energy efficiency for lower flow is lowest even though the concentration 
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of NOx is highest, this is purely due to higher expense of SEI for a lower flow 
rate.  
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Figure 4.11. Energy Efficiency of NOx synthesis in DBD reactor: a. for various support 
material, b. For different particle sizes, c. For different flowrates 

 

4.4. | Conclusions 
A systematic study of the plasma catalytic nitrogen oxidation has been 
performed in a one-sided DBD reactor and reported in this chapter. A range 
of catalyst supports, α-Al2O3, γ-Al2O3, TiO2, MgO, BaTiO3 and quartz wool 
were studied, which showed varying performance. Quartz wool and γ-Al2O3 
showed almost twofold increase in NOx concentration compared to the blank 
experiment, while BaTiO3 provided much lower concentration due to the 
formation of Townsend-like discharge compared to numerous filamentous 
microdischarges that were obtained using other supports. Electrical 
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characteristics of the microdischarges were studied and showed a direct 
correlation between the formation of microdischarges and NOx formation. 
Hence, maximizing the formation of microdischarges seems to be an 
appropriate means of increasing nitrogen fixation in plasma. 

The comparison of the physical properties of the investigated catalyst 
supports indicated that 3 characteristics contribute in facilitating 
microdischarges formation. Firstly, high surface area provides large area for 
the propagation of the surface-microdischarges because γ-Al2O3 (~100 m2/g) 
showed about 30 % higher NOx concentration compared to α-Al2O3 (<1 
m2/g). Secondly, moderate relative dielectric constant (<10), provides high 
voltage difference across the packing material and results in high NOx 
concentration. In case of higher relative dielectric constants, the glowing 
discharge was observed for BaTiO3, producing lower NOx concentration. 
Thirdly, the presence of sharp edges where the electric field is high was an 
important factor. Rigid fibrous quartz wool provided enough sharp edges, 
where the electric field is stronger to generate high intensity 
microdischarges, which gave higher NOx concentration similar to γ-Al2O3. 
Similarly, smaller particles provided smaller radii curvature, which 
increased NOx formation by almost twofold when comparing γ-Al2O3 
particles of 0.2 and 1.3 mm average diameter. However, at this stage it is 
impossible to rule out contribution of other effects such as surface electrical 
conductivity and presence of structural features on the catalyst surface. 

Results of gas residence time study in a plasma reactor packed with γ-Al2O3 
showed that a higher gas flow rate increases energy efficiency by about 50 
%, but decreases total NOx concentration considerably in the gas. The gas 
ratio, N2/O2, of 1, was found to be optimum. 

A range of metal oxides were supported on γ-Al2O3, which provided 
comparable physical properties of the catalysts and allowed for direct 
comparison of the effect of surface chemistry on the plasma nitrogen 
fixation. The supported catalysts showed rather marginal (at most 10 %) 
increase compared to the catalyst support used (γ-Al2O3). Interestingly, WO3 
was found to be the most active, while well-known oxygen activation catalyst 
such as PbO or Co3O4 showed much lower improvement of below 5 %. These 
data show that oxygen activation on complete combustion catalysts plays a 
minor role. It is likely that the excited nitrogen species, which are known to 
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be formed in plasma[41,42], have a higher probability of reaction with the 
mobile oxygen species on the catalyst surface. When the loading of active 
metal oxide was increased from 5% to 10%, the difference in catalysts 
activity was the most evident in case of 10% Co3O4/Al2O3, a well-known 
oxidation catalyst, which likely provided a large amount of activated oxygen 
to oxidize plasma-formed NO into NO2.  

Based on the results of this work, it is clear that further efforts are required 
to make plasma nitrogen fixation commercially feasible. Firstly, NOx yield 
should reach an order of at least 1-2 vol. % for ease of separation. Secondly, 
the energy efficiency should be increased to a level comparable to that of the 
Haber-Bosch process. Even having the same energy efficiency, plasma 
nitrogen fixation could be a compelling business case provided by off-the-
grid economy opportunities. For example, synthesis of nitrogen fertilizers in 
container-scale miniplants can be performed using local renewable energy 
resources such as wind and solar.  
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Supplementary Data  
A. Supplementary Data contains the following information:  

B. Nitrogen adsorption isotherm of pristine γ-alumina support,  

C. Powder X-ray diffraction patterns of the catalysts synthesised,  

D. SEM Images of catalyst supports and the supported active metal oxides,  

E. Volcano plot of catalytic activity for propylene oxidation on oxide catalysts, 

F. Temperature of catalyst bed and its effect on the NOx conc and NO selectivity 

G. Pictures of tubular furnace and plasma discharge with different supports 

 

A. Nitrogen adsorption isotherm of pristine γ-alumina support 

 
Figure SI-1 Nitrogen adsorption isotherm of pristine γ-alumina support. Identical isotherms were obtained 

for alumina-supported catalysts. 

B. Powder X-ray diffraction patterns of the catalysts synthesized 

 
Figure SI-2 Powder X-ray diffraction patterns of the catalysts synthesized. Baselines are shifted for clarity. 
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C. SEM Images of catalyst supports and the supported active metal oxides: 
a. Support Materials: 

Υ-Al2O3 

 
BaTiO3 

 
MgO 

Quartz wool 

 
TiO2 

 
α-Al2O3 

  
Figure SI-3 SEM images of the support materials 
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b. γ-Al2O3 supported metal oxides 

γ-Al2O3 CuO/γ-Al2O3 

  
MoO3/γ-Al2O3 PbO/γ-Al2O3 

  
Co3O4/γ-Al2O3 V2O5/γ-Al2O3 

  
NiO/γ-Al2O3 WO3/γ-Al2O3 

  

Figure SI-4 SEM images of the active metal oxide catalysts supported on γ-Al2O3 

D. Volcano plot of catalytic activity for propylene oxidation on oxide catalysts 

 
Figure SI-5  Volcano plot of catalytic activity for propylene oxidation on oxide catalysts[44]. 
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E. Temperature of the plasma-catalyst bed and its effect on the NOx concentration 
and NO selectivity: 

Infra-red camera is used to measure the temperature of the plasma-catalyst zone, as can be 
seen from Figure SI-6a, the plasma-catalyst bed can reach as high as 400oC at highest input 
voltage. The DBD reactor packed with 5% NiO/Al2O3 was tested at different temperatures in 
order to study the effect of temperature on synergy effect for plasma catalytic NOx synthesis. 
For this experiment, the power supply system’s parameters such as input voltage amplitude, 
pulse width, and frequency were kept constant at 28 Vpp, 25 us and 21 kHz respectively. With 
the increase in temperature, the plasma discharge found to be getting weaker because of the 
decreased in microdischarges (this can be observed from the V-I curve Figure SI-6b). This 
ultimately resulted in a lower concentration of NOx with increasing temperature (Figure SI-6c), 
which shows that there was no synergy effect between plasma and catalyst at investigated 
temperature range for plasma NOx synthesis, If there had been any synergy between the catalyst 
and plasma, the concentration would have been largely increased, compensating the decrease 
in concentration caused by lowered SEI. The Figure SI-6d shows the influence of temperature 
on the concentration of NO and NO2, it is interesting to see that the NO2 concentration 
decreases while the NO concentration was almost the same and increase even a bit at 400 °C. 
It is fitting to the trend shown in Figure 4.3B and 4.4B, where the NO selectivity is increases 
with the decrease of SEI for γ-Al2O3 packed DBD. 

 

 

 

 

 
Figure SI-6. a. Temperature profile of DBD reactor as captured by IR camera in case of without heating., 
b. Capacitor voltage signal for experiments without external heating and with heating (at 400oC), c. Effect 
of temperature on NOx concentration, and d. Effect of temperature on NO and NO2 concentration. 
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F. Images of the catalyst-support packed DBD reactor: 

 
Figure SI-7 1-SDBD reactor used in this study for catalyst support investigation. 

Without 
Catalyst 

γ-Al2O3 

 

TiO2 

 

MgO 

 

Quartz Wool 

 

Figure SI-8 Images when plasma is on for plasma + catalyst in case of catalyst support experiment. 
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F. Images of the catalyst-support packed DBD reactor: 
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Figure SI-8 Images when plasma is on for plasma + catalyst in case of catalyst support experiment. 
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CHAPTER 5 
DECIPHERING THE PLASMA- CATALYST SUPPORT 
INTERACTION: AMMONIA SYNTHESIS AT 
ATMOSPHERIC PRESSURE IN A PACKED DBD 
REACTOR 

This chapter has been adapted from:  

Patil, B. S., F. J. J. Peeters, A.S.R. van Kaathoven, Hessel, V., Lang, J., Wang, Q., (2016) 
Deciphering the plasma-catalyst support interaction for plasma assisted ammonia synthesis in 
a packed DBD reactor. Submitted to Ind & Eng Chem Research. 

Abstract 
In this chapter, the commonly used catalyst supports, γ-Al2O3, α-Al2O3, 
TiO2, MgO, CaO, quartz wool, and BaTiO3, have been investigated for 
ammonia synthesis and to understand the synergetic effect by employing 
the DBD reactor. All the catalyst supports have substantial effect on the 
ammonia production. The quartz wool followed by γ-Al2O3 produce the 
highest amount of ammonia, 2900 and 2700 PPMv respectively, due to their 
ability to generate intense filamentary microdischarges. The particles with 
average diameter of 200 μm yielded 64% higher concentration of NH3 than 
1300 μm diameter particles, seemingly because of its amplified electric field 
strength from upsurge in particle-particle contact points. The process 
parameters such as feed flow ratio (N2/H2), flow rate and % argon dilution 
have also been investigated. A feed flow ratio > 2 gives higher concentrations 
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CHAPTER 5 
DECIPHERING THE PLASMA- CATALYST SUPPORT 
INTERACTION: AMMONIA SYNTHESIS AT 
ATMOSPHERIC PRESSURE IN A PACKED DBD 
REACTOR 

This chapter has been adapted from:  

Patil, B. S., F. J. J. Peeters, A.S.R. van Kaathoven, Hessel, V., Lang, J., Wang, Q., (2016) 
Deciphering the plasma-catalyst support interaction for plasma assisted ammonia synthesis in 
a packed DBD reactor. Submitted to Ind & Eng Chem Research. 

Abstract 
In this chapter, the commonly used catalyst supports, γ-Al2O3, α-Al2O3, 
TiO2, MgO, CaO, quartz wool, and BaTiO3, have been investigated for 
ammonia synthesis and to understand the synergetic effect by employing 
the DBD reactor. All the catalyst supports have substantial effect on the 
ammonia production. The quartz wool followed by γ-Al2O3 produce the 
highest amount of ammonia, 2900 and 2700 PPMv respectively, due to their 
ability to generate intense filamentary microdischarges. The particles with 
average diameter of 200 μm yielded 64% higher concentration of NH3 than 
1300 μm diameter particles, seemingly because of its amplified electric field 
strength from upsurge in particle-particle contact points. The process 
parameters such as feed flow ratio (N2/H2), flow rate and % argon dilution 
have also been investigated. A feed flow ratio > 2 gives higher concentrations 
of NH3 and improved energy efficiency than the stoichiometric feed ratio of 
0.33. The feed flowrate have a negligible influence, however specific energy 
input per unit volume shows greater impact on the ammonia production. At 
0.4 L/min, 3505 ppm of ammonia was produce with an energy efficiency of 
1.23 g NH3/kWh. Dilution with 2-5% of argon is optimum, yielding on an 
average 2% improvement in the concentration and energy efficiency. 
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5.1 | Introduction 
Ammonia, being the second largest produced chemical compound, has a 
very important economic implications[1]. With ever increasing global 
population, thus the food demand, ammonia is destined to be at the focal 
point for its unreplaceable role in the fertilizer production[2]. Beside its major 
use in the artificial fertilizer production (urea, ammonium nitrate, 
ammonium phosphates and ammonium sulphate), ammonia is also used 
as starting compound to produce number of chemicals (polyamides, 
caprolactam, hydrazine and explosives, etc). All the ammonia used in afore 
mentioned applications is produced on enormous scale by the well-known 
Haber-Bosch process. On the other hand, new opportunities in the 
renewable energy production and process design concepts have been 
established recently[3–5], leading to additional applications of the ammonia 
such as in NOx abatement from vehicle emissions by SCR[6], as fuel[7] and as 
energy storage chemical[8], etc. These new developments demand localized 
production of ammonia and on the smaller scales, for which Haber-Bosch 
process will not be economically feasible for obvious reasons. Therefore, it is 
a prerequisite to search for an innovative approach for ammonia production 
as essential for these applications[9,10]. 

The ammonia formation from nitrogen and hydrogen is represented by 
overall reaction R1, which is highly exothermic in nature[1]. The rate 
determining step in ammonia synthesis is dissociation of nitrogen-nitrogen 
triple bond, which alone demands 940 kJ/mol of N2[11].  

  ΔHf=-46.3 kJ mol-1 (R1) 

Plasma assisted synthesis of ammonia has been investigated using various 
plasma discharges such as glow[12,13], microwave[14–17], radio frequency[14,18], 
and dielectric barrier[19–21] discharge plasmas. Some studies pointed out the 
existence of synergy between various supported metal catalysts and 
plasmas. For example, the basic oxides (MgO and CaO) were found to 
enhance the ammonia formation, unlike acidic oxides (Al2O3, WO3, and SiO2-
Al2O3)[12], the order of catalytic activity for active metals was reported as 
follows: Pt>SS>Ag>Fe>Cu>Al>Zn in glow discharge plasma[13] and yield of 
ammonia found to be higher in presence of iron wires in radio frequency 
plasma[18].  
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Technical simplicity and ease of catalyst testing have driven number of 
studies on ammonia synthesis using a DBD reactor. When MgO was used 
as catalyst by smearing it on the electrode surface, the yield of ammonia 
found increased by 1.54-1.75 times and the overall ammonia concentration 
obtained was 0.5%[22]. Mizushima et al.[23] used a plasma DBD reactor 
packed with membrane like alumina support loaded with active metals. The 
ammonia yield reported to increase in the following order Ru>Ni>Pt>Fe>only 
alumina membrane. However, the energy efficiency and yields of ammonia 
are far from the current commercial process. Nevertheless, plasma assisted 
ammonia synthesis have been continuingly attracting attention of the 
researchers[19,24,25], owing to its promising outlook.  

These reported studies suggest that the packing materials (either catalyst or 
catalyst supports) have obvious and important influence on the yield of 
ammonia. Even though, the plasma assisted ammonia synthesis have long 
been investigated using various plasma discharges and also by combining 
plasma-catalysts, the role of the catalysts support in ammonia synthesis is 
not adequately understood. Specifically, its influence on the physical 
characteristics such as discharge behavior and how it contributes to the 
chemical reactions of ammonia formation. In chapter 4[26], physical 
parameters of the packing material that influences the synergy between 
plasma and catalyst were investigated for nitric oxide formation reaction. 
The synergy between plasma and catalytic packing was found to be govern 
by the dielectric constant, surface area, bed void fraction, and particle 
shape, etc. Similar approach can be undertaken to investigate plasma-
catalyst assisted ammonia formation and validate whether analogous range 
of catalyst support’s physical parameters can also enable the synergy 
between plasma and catalyst for ammonia synthesis.  

In this chapter, we systematically investigate the plasma assisted ammonia 
synthesis in a packed 1-sided dielectric barrier discharge (1-SDBD) reactor 
with cylindrical co-axial configuration. The emphasis is on investigating the 
causes of the synergetic effects of widely used catalysts supports in 
ammonia synthesis, such as γ-Al2O3, α-Al2O3, TiO2, MgO, CaO, and BaTiO3, 
to get better insights of interaction between these catalyst supports and the 
plasma discharge. Beside these catalyst supports, quartz wool was also 
tested. Particle size is an important aspect in catalysis, which is also 
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investigated for the optimum performing catalyst support. Effect of various 
process parameters such as feed flow ratio, flowrate and argon percentage 
addition is also unraveled. As an outcome of this investigation guidelines on 
the selection of catalyst supports for plasma assisted nitrogen fixation 
reactions to produce nitric oxide or ammonia are given.  

5.2 | Experimental 

5.2.1 | Packed DBD reactor 
Plasma assisted NH3 synthesis was performed in a 1-sided DBD plasma 
reactor at atmospheric pressure with catalyst support material placed in the 
discharge zone, similar to chapter 4. A stainless steel mesh is wrapped 
around a quartz tube with I.D. 10 mm and thickness 1.5 mm. The SS mesh 
acts as grounding electrode, whereas the quartz tube served as dielectric 
barrier. An axial stainless steel rod with 6 mm O.D. acted as high voltage 
electrode. The discharge gap and length of the discharge zone was 
maintained at 2 mm and 60 mm, respectively. The reactor was placed in a 
tubular furnace to pre-heat only the plasma discharge zone (shown in Figure 
SI-7 of chapter 4). For more details about the set-up, power supply system, 
please refer to our previous publication[26] and chapter-4. The equations 
used to calculate the total power (Ptot), specific energy input (SEI), and the 
energy consumption per mole of NH3 (E NH3) are shown in Eq. (1-3), 
respectively.  

cycleoneptot dVtVCfP )(     (1) 

( / ) tot

gas

PSEI J L Q      (2) 

3
3
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NH gas
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Where, V is the applied voltage, Cp - capacitance of the capacitor, ƒ - applied 
voltage frequency, Qgas - volumetric gas flow rate, CNH3 - concentration of 
NH3 in gas.  

N2 and H2 gases (Linde Gases, 99.9%) were used as feed and their flowrate 
was controlled using Bronkhorst mass flow controllers. The reaction 
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products were analyzed inline using a Fourier transform infrared 
spectrophotometer (Shimadzu IRTracer-100) equipped with KBr gas cell 
windows (Specac) at the resolution of 0.5 cm-1. The concentration of NH3 
was determined by the absorption band at 965 cm-1, using an extinction 
coefficient of 4.4203, obtained from the number of calibration gas mixtures. 
In all the experiments, full spectra were recorded and the main product was 
NH3. The product gases, before leaving the set-up, were scrubbed in a series 
of water filled wash-bottles to capture the produced ammonia.  

The electrical power is supplied to the DBD reactor in the form of 
microsecond pulses, set via a waveform generator. The power input to DBD 
reactor was changed by changing the peak to peak voltage of this pulse 
signal, which is referred to as input voltage (V) in the manuscript (shown in 
Figure SI-1). The optimum frequency and pulse width of this pulsed signal 
was found to be 21 kHz and 25 μs respectively, based on the highest NH3 
concentration produced. Before every experiment, the DBD reactor was 
heated for 1 h at 150 oC and pre-heated nitrogen (at 150oC) was flowing 
through reactor at 1 L/min to remove the moisture from the packed catalyst 
support. All the experiments were performed at least twice and the reported 
results were obtained after averaging these two experimental runs. For 
monitoring the plasma region temperature, the thermocouple was placed 
inside the packed bed zone, so the temperature was measured immediately 
after plasma discharge was off. The maximum temperature of the packed 
bed zone was found to be 400 oC, which was verified with the Infrared 
camera measurement and found to be ± 10oC. Nevertheless, the outgoing 
gaseous stream temperature was always less than 23 oC.    

5.2.2 | Support materials 
The most widely used catalyst support materials were chosen, based on their 
dielectric and surface properties, to investigate their performance for the 
NH3 synthesis. The support materials investigated in this work, γ-Al2O3, α-
Al2O3, TiO2, and BaTiO3, were purchased (Mateck GmBh) in the form of ~3 
mm pellets. MgO, and CaO were purchased in the form of lumps from Sigma 
Aldrich and Merck Millipore respectively. These pellets and lumps were 
crushed and sieved into a series of particle fractions using a mechanical 
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shaker. The quartz wool in the form of fibers of 5 μm to 30 μm (Carl Roth 
GmbH) was used as purchased. 

5.2.3 | Characterization of support material 
The surface area and pore size distribution were determined using standard 
multipoint Brunauer-Emmett-Teller (BET) analysis and Barrett Joyner 
Halenda (BJH) pore distribution method respectively, following the similar 
procedure as reported in chapter 4. The results of BET analysis are 
presented in Table 5.1. 

Table 5.1. Properties of the support materials tested. 

Support Type Surface Area  
(m2g-1) 

Relative dielectric 
constant 

γ-Al2O3 111 9.3-11.5 

α-Al2O3 0.24 9.3 

TiO2 34.1 85 

MgO 0.2 9.7 

CaO 3.5 11.8 

BaTiO3 0.1 400-6500 

Quartz Wool 0.26 4.6 

SEM analysis was performed as reported in chapter 4 and the  SEM images 
of catalyst supports can be found in supplementary information of chapter 
4. SEM images of CaO are in the supplementary information Figure SI-2. 
The characterisation was performed before and after the plasma exposure 
experiments and no differences in the catalyst supports were observed. 

5.3 | Results and discussion 
The packed catalyst support material can enhance the product formation 
either by improving the plasma discharge or by augmenting the surface 
interactions between nitrogen and hydrogen. These two aspects are 
discussed in the following sections.  
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5.3.1 | Electrical discharge characteristics of the packing 
materials  

5.3.1.1 | Effect of support material 

Figure 5.1a represents the electrical signals recorded for ammonia synthesis 
in a 1-SDBD reactor packed with various catalyst supports and empty 
reactor. Pictures depicting the plasma discharge for various catalyst 
supports packed in the DBD reactor are presented in Figure SI-3 of the 
supplementary information. The volume barrier discharge, such as the 1-
SDBD reactor reported in this study, is characterized by the presence of 
numerous microdischarges. These microdischarge channels cross the gas 
gap and connect the cathode to the anode[27]. As can be seen from Figure 
5.1, the applied and capacitor voltage waveforms are quasi-sinusoidal with 
superimposed transient filamentary microdischarges. Ringing in the 
capacitor waveform signal indicates the presence of filamentary 
microdischarges (for Figure 5.1a, b, c, e, f, and h). Thus, greater ringing 
implies the presence of a larger number of filaments. A greater height of the 
ringing spikes could imply a higher peak current per filament, though it 
could equally be the result of many overlapping ringing signals from 
filamentary microsdischarges occurring simultaneously. The amplitude of 
the peak current per filament will depend mainly on the packing material, 
while the number of filaments is also a function of the applied voltage, as 
reported by Peeters et al.[28]. It can, therefore, be noticed that the discharge 
characteristics are significantly influenced by the type of material packed in 
the DBD reactor. The empty reactor, without any packing, clearly 
demonstrates the typical filamentary discharge formation as also reported 
by Mei et al.[29] and Patil et al.[26]. Interestingly, the reactor packed with TiO2 
and BaTiO3 shows no ringing in the capacitor voltage. The addition of 
packing material in the discharge gap shifts this discharge mode to either a 
filamentary discharge (for moderate dielectric constant materials, Figure 
5.1b, c, e, f, and h) or to a non-filamentary type of discharge, such as a 
Townsend or glow discharge (for high dielectric constant materials, Figure 
5.1d and g). The change in the discharge mode might result in a shift in the 
electron energy distribution in the plasma that could affect the crucial 
reactive species production, which can then enhance the ammonia 
production[30]. Based on the amount of ringing visible in the capacitor 
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waveform signal of Figure 5.1h, the number of discharge filaments is highest 
for quartz wool. This may be due to the highly porous bed and the sharp 
edges of the quartz wool, providing more locations for microdischarge 
ignition[26,29]. Similarly, packing with quartz wool can be thought of as 
subdividing the discharge volume into many separate small discharge gaps, 
for which it has been shown in[28] that the number of filaments increases 
significantly as gas gaps become thinner. These effects justify the intense 
plasma emission observed for quartz wool packed reactor (Figure SI-3), 
which is in good agreement with[26,31].  

One of the reasons behind the difference in discharge behaviour by the 
various packing/catalyst support material could be their dielectric 
constants. Under investigated experimental conditions, for moderate 
dielectric constant materials (such as γ-Al2O3, α-Al2O3, MgO, and CaO), 
filamentary microdischarges are found to be dominating and for high 
dielectric constant materials (such as BaTiO3 and TiO2), a non-filamentary 
discharge [32] prevailed. A high dielectric constant of the material ensures 
that the applied electric field is more concentrated within the voids, i.e. the 
higher dielectric constant packing material repels more of the applied 
voltage and thus more of the applied voltage drops across the gas in the 
voids. Since the applied voltage amplitude is the same for all packing 
materials in Figure 5.1 and Figure 5.2, there are greater electric field 
strengths across the gas when BaTiO3 and TiO2 are packed. To make this 
clearer, assume a void fraction ‘f ‘ filled with gas and fraction ‘1 - f ‘ of the 
volume filled with pellets with a dielectric constant εr. The applied voltage 
drops from the powered (center) electrode to the ground (outer) electrode, 
with a distance d between them. For simplicity, the quartz tube is neglected 
and a plane-parallel plate configuration is assumed. From the standard 
equation for plane-parallel capacitors; the capacitance of the pellets Cpellets 
and the capacitance of the void fraction (or gas between the pellets) Cgas can 
be defined as- 

     (4) 

,      (5) 

where A is the surface area of the capacitors and ε0 is the vacuum 
permittivity. Since the applied voltage Vapplied drops over a distance (1-f)d 
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along the pellets as ΔVpellets and over a distance fd along the gas as ΔVgas, 
with Vapplied = ΔVpellets + ΔVgas, the following equation from circuit theory for 
two capacitors in series can be applied: 

,    (6) 

Combining with Eq. (5) and (6) gives out the difference in voltages: 

.      (7) 

If we now assume a void fraction f = 0.3 and a dielectric constant εr = 400, 
we find that only 0.7/(0.3·400) ≈ 0.006, or less than 1% of the applied voltage 
drops across the pellets and > 99% over the gas between the pellets. The 
electric field resulting from the applied voltage (with an average of Vapplied/d), 
is therefore, mostly found in the gas between the pellets (as ΔVgas/(fd)). Why 
this would result in a non-filamentary type of discharge warrants further 
study beyond the scope of this work.  

Figure 5.2 shows the V-Q Lissajous figures for various materials tested at 
the same input voltage of 36 Vpk-pk. It can be clearly seen that the power 
dissipated in the reactor changes significantly depending on the type of 
support material packed in the DBD reactor, even though same voltage is 
supplied. The shape of the Lissajous figure changes from typical 
parallelogram to oval shape when BaTiO3 or TiO2 is packed in the discharge 
gap, similar findings are reported by Mei et al.[29] and Butterworth and 
Allen[33]. The area enclosed by V-Q Lissajous figure for high dielectric 
materials i.e. BaTiO3 and TiO2 is much lower than the moderate dielectric 
constant materials e.g. γ-Al2O3, α-Al2O3, MgO, and CaO. The power 
consumption in the plasma reactor is only 14.2 W for BaTiO3 versus 46.6 W 
for γ-Al2O3 at input voltage of 36 Vpk-pk, as can be deduced from Figure 5.2. 
Quartz wool was found to be most efficient in dissipating power in the 
plasma discharge by generating an intense filamentary discharge, as 
indicated by the highest area enclosed in Figure 5.2.  
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waveform signal of Figure 5.1h, the number of discharge filaments is highest 
for quartz wool. This may be due to the highly porous bed and the sharp 
edges of the quartz wool, providing more locations for microdischarge 
ignition[26,29]. Similarly, packing with quartz wool can be thought of as 
subdividing the discharge volume into many separate small discharge gaps, 
for which it has been shown in[28] that the number of filaments increases 
significantly as gas gaps become thinner. These effects justify the intense 
plasma emission observed for quartz wool packed reactor (Figure SI-3), 
which is in good agreement with[26,31].  

One of the reasons behind the difference in discharge behaviour by the 
various packing/catalyst support material could be their dielectric 
constants. Under investigated experimental conditions, for moderate 
dielectric constant materials (such as γ-Al2O3, α-Al2O3, MgO, and CaO), 
filamentary microdischarges are found to be dominating and for high 
dielectric constant materials (such as BaTiO3 and TiO2), a non-filamentary 
discharge [32] prevailed. A high dielectric constant of the material ensures 
that the applied electric field is more concentrated within the voids, i.e. the 
higher dielectric constant packing material repels more of the applied 
voltage and thus more of the applied voltage drops across the gas in the 
voids. Since the applied voltage amplitude is the same for all packing 
materials in Figure 5.1 and Figure 5.2, there are greater electric field 
strengths across the gas when BaTiO3 and TiO2 are packed. To make this 
clearer, assume a void fraction ‘f ‘ filled with gas and fraction ‘1 - f ‘ of the 
volume filled with pellets with a dielectric constant εr. The applied voltage 
drops from the powered (center) electrode to the ground (outer) electrode, 
with a distance d between them. For simplicity, the quartz tube is neglected 
and a plane-parallel plate configuration is assumed. From the standard 
equation for plane-parallel capacitors; the capacitance of the pellets Cpellets 
and the capacitance of the void fraction (or gas between the pellets) Cgas can 
be defined as- 

     (4) 
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where A is the surface area of the capacitors and ε0 is the vacuum 
permittivity. Since the applied voltage Vapplied drops over a distance (1-f)d 
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along the pellets as ΔVpellets and over a distance fd along the gas as ΔVgas, 
with Vapplied = ΔVpellets + ΔVgas, the following equation from circuit theory for 
two capacitors in series can be applied: 

,    (6) 

Combining with Eq. (5) and (6) gives out the difference in voltages: 

.      (7) 

If we now assume a void fraction f = 0.3 and a dielectric constant εr = 400, 
we find that only 0.7/(0.3·400) ≈ 0.006, or less than 1% of the applied voltage 
drops across the pellets and > 99% over the gas between the pellets. The 
electric field resulting from the applied voltage (with an average of Vapplied/d), 
is therefore, mostly found in the gas between the pellets (as ΔVgas/(fd)). Why 
this would result in a non-filamentary type of discharge warrants further 
study beyond the scope of this work.  

Figure 5.2 shows the V-Q Lissajous figures for various materials tested at 
the same input voltage of 36 Vpk-pk. It can be clearly seen that the power 
dissipated in the reactor changes significantly depending on the type of 
support material packed in the DBD reactor, even though same voltage is 
supplied. The shape of the Lissajous figure changes from typical 
parallelogram to oval shape when BaTiO3 or TiO2 is packed in the discharge 
gap, similar findings are reported by Mei et al.[29] and Butterworth and 
Allen[33]. The area enclosed by V-Q Lissajous figure for high dielectric 
materials i.e. BaTiO3 and TiO2 is much lower than the moderate dielectric 
constant materials e.g. γ-Al2O3, α-Al2O3, MgO, and CaO. The power 
consumption in the plasma reactor is only 14.2 W for BaTiO3 versus 46.6 W 
for γ-Al2O3 at input voltage of 36 Vpk-pk, as can be deduced from Figure 5.2. 
Quartz wool was found to be most efficient in dissipating power in the 
plasma discharge by generating an intense filamentary discharge, as 
indicated by the highest area enclosed in Figure 5.2.  
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Figure 5.1. Voltage signals for various catalyst support materials at input voltage of 36 
Vpk-pk; (a) the blank experiment without packing, (b) γ-Al2O3, (c) α-Al2O3, (d) TiO2, (e) MgO, 
(f) CaO, (g) BaTiO3, (h) Quartz wool (with 355-250 μm particles at the total gas flow rate of 

0.4 L/min, N2:H2=1:3, 21 kHz and pulse width of 25 μs). 
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Figure 5.2. V-Q Lissajous figure for various catalyst supports (At input voltage of 36 Vpk-pk, 

with 355-250 μm particles at the total gas flow rate of 0.4 L/min, N2:H2=1:3, 21 kHz and 
pulse width of 25 μs). 

5.3.1.2 | Effect of support particle size 

Particle size of the catalyst support also showed significant influence on the 
discharge characteristics. Figure 5.3 shows the typical electrical signals 
recorded for 4 different particle sizes of γ-Al2O3. The intensity and number 
of filamentary microdischarges produced in 1600-1000 μm (Figure 5.3a) and 
850-630 μm (Figure 5.3b) packed DBD reactor are considerably less than 
the empty DBD reactor (Figure 5.1a). The particle size of 355-250 μm (Figure 
5.3c) has discharge behavior similar to that of the empty reactor, but with 
significant changes in the ringing level during positive cycles of applied 
voltage. The filamentary microdischarges produced for the smallest particle 
size, 250-160 μm (Figure 5.3d), are much more intense than that of the 
reactor without packing and that of other particle sizes investigated. As 
stated in the previous section, this ringing is an indication of filamentary 
microdischarges, and changes in this ringing indicate changes in the density 
of filamentary microdischarges. The porosity or void fraction for packed bed 
is higher for larger particle size. Thus, for 250-160 μm particles, the number 
of particle-particle contact points is much higher than the 1600-1000 μm 
particles. It is established that the electric field strength is much higher at 
these contacts points[34]. Also, smaller particles have sharp edges and higher 
curvatures, producing higher electric field strength at these points. This is 
reflected in the increased ringing level in Figure 5.3d compared to Figure 
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Figure 5.1. Voltage signals for various catalyst support materials at input voltage of 36 
Vpk-pk; (a) the blank experiment without packing, (b) γ-Al2O3, (c) α-Al2O3, (d) TiO2, (e) MgO, 
(f) CaO, (g) BaTiO3, (h) Quartz wool (with 355-250 μm particles at the total gas flow rate of 

0.4 L/min, N2:H2=1:3, 21 kHz and pulse width of 25 μs). 
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Figure 5.2. V-Q Lissajous figure for various catalyst supports (At input voltage of 36 Vpk-pk, 

with 355-250 μm particles at the total gas flow rate of 0.4 L/min, N2:H2=1:3, 21 kHz and 
pulse width of 25 μs). 

5.3.1.2 | Effect of support particle size 

Particle size of the catalyst support also showed significant influence on the 
discharge characteristics. Figure 5.3 shows the typical electrical signals 
recorded for 4 different particle sizes of γ-Al2O3. The intensity and number 
of filamentary microdischarges produced in 1600-1000 μm (Figure 5.3a) and 
850-630 μm (Figure 5.3b) packed DBD reactor are considerably less than 
the empty DBD reactor (Figure 5.1a). The particle size of 355-250 μm (Figure 
5.3c) has discharge behavior similar to that of the empty reactor, but with 
significant changes in the ringing level during positive cycles of applied 
voltage. The filamentary microdischarges produced for the smallest particle 
size, 250-160 μm (Figure 5.3d), are much more intense than that of the 
reactor without packing and that of other particle sizes investigated. As 
stated in the previous section, this ringing is an indication of filamentary 
microdischarges, and changes in this ringing indicate changes in the density 
of filamentary microdischarges. The porosity or void fraction for packed bed 
is higher for larger particle size. Thus, for 250-160 μm particles, the number 
of particle-particle contact points is much higher than the 1600-1000 μm 
particles. It is established that the electric field strength is much higher at 
these contacts points[34]. Also, smaller particles have sharp edges and higher 
curvatures, producing higher electric field strength at these points. This is 
reflected in the increased ringing level in Figure 5.3d compared to Figure 
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5.3a. Therefore, this suggests that the peak current of individual filamentary 
microdischarges is affected significantly by particle size[31]. Since the 
dielectric capacitance of the DBD reactor will increase for smaller particle 
sizes (decreased void fraction), this is in line with[28], where it is shown that 
an increase in dielectric capacitance leads to an increase in filamentary peak 
current. 
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Figure 5.3. Electrical signals recorded for the investigated support sizes: a. 1600-1000 
μm, b. 850-630 μm, c. 355-250 μm and d. 250-160 μm (at the total gas flow rate of 0.4 

L/min, N2:H2=1:3, 21 kHz and pulse width of 25 μs). 

The V-Q Lissajous figures are plotted for all the investigated particle sizes in 
Figure 5.4. It shows that the larger particle size fractions, 1600-1000 and 
850-630 μm, have similar area enclosed on the V-Q Lissajous figure. The 
smallest particle size of 250-160 μm encloses the highest area among all 
particle sizes, thus indicating a higher dissipated power. The power 
dissipated by 1600-1000, 850-630, 355-250 and 250-160 μm particle sizes 
are 42.2 W, 43.2 W, 46.3 W and 49.8 W, respectively at the constant input 
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voltage of 36 Vpk-pk. These values are in best agreement with the observed 
microdischarge formation behavior of Figure 5.3. 
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Figure 5.4. V-Q Lissajous figure for various catalyst particle sizes (At input voltage of 36 Vpk-

pk, with γ-Al2O3 particles at 0.4 L/min, N2:H2=1:3, 21 kHz and pulse width of 25 μs). 

When DBD is packed with any catalyst support material, the average electric 
field strength, mean electron energy and charge transfer characteristics 
increase significantly[29]. Packing material in DBD reactor can be expected 
to increase the local electric field strength, specifically near the pellet-pellet 
contact points. This increase in electric field also enhances the production 
of high energy electrons, which in turn initiates generation of reactive 
chemical species contributing in various plasma reaction channels, leading 
to increase in the ammonia concentration.  

However, it should be mentioned that when the DBD reactor is packed, 
beside the dielectric constant of packing, it’s particle size and shape, surface 
area, pore size, frequency of operation, and surface electrical conductivity 
all have a combined influence on the plasma discharge behavior. Therefore, 
these factors can all affect reactor performance to varying extent. 

5.3.2 | Ammonia production in packed DBD reactor 

5.3.2.1 | Effect of support material 

To investigate the influence of the various catalyst support materials on the 
NH3 production, experiments were conducted at flowrate of 0.4 L/min by 
maintaining the flow ratio of N2:H2 = 1:3. The catalyst support materials with 
particle size 355-250 μm were packed in the plasma discharge zone. The 
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5.3a. Therefore, this suggests that the peak current of individual filamentary 
microdischarges is affected significantly by particle size[31]. Since the 
dielectric capacitance of the DBD reactor will increase for smaller particle 
sizes (decreased void fraction), this is in line with[28], where it is shown that 
an increase in dielectric capacitance leads to an increase in filamentary peak 
current. 
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Figure 5.3. Electrical signals recorded for the investigated support sizes: a. 1600-1000 
μm, b. 850-630 μm, c. 355-250 μm and d. 250-160 μm (at the total gas flow rate of 0.4 

L/min, N2:H2=1:3, 21 kHz and pulse width of 25 μs). 

The V-Q Lissajous figures are plotted for all the investigated particle sizes in 
Figure 5.4. It shows that the larger particle size fractions, 1600-1000 and 
850-630 μm, have similar area enclosed on the V-Q Lissajous figure. The 
smallest particle size of 250-160 μm encloses the highest area among all 
particle sizes, thus indicating a higher dissipated power. The power 
dissipated by 1600-1000, 850-630, 355-250 and 250-160 μm particle sizes 
are 42.2 W, 43.2 W, 46.3 W and 49.8 W, respectively at the constant input 
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voltage of 36 Vpk-pk. These values are in best agreement with the observed 
microdischarge formation behavior of Figure 5.3. 

-10 -8 -6 -4 -2 0 2 4 6 8 10
-0.4

-0.2

0.0

0.2

0.4
 1650-1000 m
 850-630 m
 355-250 m
 250-160 m

C
ha

rg
e 

(
C

)

Voltage (kV)  
Figure 5.4. V-Q Lissajous figure for various catalyst particle sizes (At input voltage of 36 Vpk-

pk, with γ-Al2O3 particles at 0.4 L/min, N2:H2=1:3, 21 kHz and pulse width of 25 μs). 

When DBD is packed with any catalyst support material, the average electric 
field strength, mean electron energy and charge transfer characteristics 
increase significantly[29]. Packing material in DBD reactor can be expected 
to increase the local electric field strength, specifically near the pellet-pellet 
contact points. This increase in electric field also enhances the production 
of high energy electrons, which in turn initiates generation of reactive 
chemical species contributing in various plasma reaction channels, leading 
to increase in the ammonia concentration.  

However, it should be mentioned that when the DBD reactor is packed, 
beside the dielectric constant of packing, it’s particle size and shape, surface 
area, pore size, frequency of operation, and surface electrical conductivity 
all have a combined influence on the plasma discharge behavior. Therefore, 
these factors can all affect reactor performance to varying extent. 

5.3.2 | Ammonia production in packed DBD reactor 

5.3.2.1 | Effect of support material 

To investigate the influence of the various catalyst support materials on the 
NH3 production, experiments were conducted at flowrate of 0.4 L/min by 
maintaining the flow ratio of N2:H2 = 1:3. The catalyst support materials with 
particle size 355-250 μm were packed in the plasma discharge zone. The 
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concentration of ammonia was found to increase linearly with specific 
energy input for the empty reactor experiment and for all support materials, 
except for TiO2, as can be seen in Figure 5.5a. Figure 5.5a shows 95% 
confidence interval bars, which are within 1-4% of the NH3 concentration 
values, showing that the results are reproducible. The slope of the 
concentration trend line varies with packing material and is always higher 
than the empty reactor. The linear increase in concentration with input 
power has been commonly reported for plasma assisted reactions[26,31,35]. For 
filamentary discharges it is established by experimental investigations that 
an increase in specific energy input is the result of a proportional increase 
in the number of filaments that are ignited in the reactor[36]. Provided each 
individual microdischarge produces a certain amount of ammonia, this 
leads to a linear relation between SEI and ammonia production. The energy 
consumption per mole of ammonia, see Figure 5.5b, increases with increase 
in the specific energy input, because the concentration of ammonia does not 
increase exactly proportionally to the increase in SEI. For BaTiO3 and TiO2, 
the concentration of ammonia produced was negligible and therefore the 
energy consumption per mole of ammonia was exceptionally high. Therefore, 
BaTiO3 and TiO2 are not included in Figure 5.5b. The lowest energy 
consumption per mole of ammonia produced is given by quartz wool i.e. 50.2 
MJ/mol of NH3, followed by γ-Al2O3 i.e. 63.2 MJ/mol of NH3, owing to their 
ability to produce higher amount of ammonia than the other investigated 
catalyst supports. The quartz wool packed DBD reactor required at least 
105% lower energy per mole of ammonia produced as compared to the empty 
reactor. 

When the reactor is packed, except for TiO2 and BaTiO3, higher amounts of 
ammonia are always produced than in the empty reactor (blank). The 
presence of support material increases the ammonia concentration at least 
by 68% (for CaO). Figure 5.5a, clearly shows that quartz wool is the best 
performing packing/support material by producing 2900 PPMv of ammonia, 
which is 113% higher than that for the blank experiment. γ-Al2O3 is the 
second best performing support, with a maximum concentration of 2660 
PPMv, giving 95% increase in ammonia concentration compared to blank 
experiment. Any catalytic activity of gamma alumina cannot be ruled out 
and that could also influence the reaction rate positively. BaTiO3 and TiO2 
could produce a maximum of only 243 and 155 PPMv of ammonia, 
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respectively. The standard deviation in case of TiO2 was so high that it 
nullifies the produced ammonia. No post characterization was performed to 
investigate the ammonia adsorption on the surface, hence the possibility of 
ammonia adsorption on the support surface cannot be excluded[12,37]. The 
results obtained for a BaTiO3 packed reactor are in contrast to results 
obtained for CO2 conversion by Mei et al., where packing a DBD reactor with 
BaTiO3 gave higher conversion of CO2[29]. The order for tested supports 
according to the amount of ammonia produced is as follows; quartz wool> 
γ-Al2O3 > α-Al2O3 > MgO> CaO > Blank > BaTiO3 > TiO2.  

The residence time for the gases is decreased in the reactor when the reactor 
is packed with a support material. For the empty reactor the residence time 
is typically 0.45 sec for 0.4 L/min. Assuming a void fraction of 30%, the 
residence time for the packed bed reactor decreases by a factor 3.2 times to 
0.14 s. The decrease in residence time leads to a reduction of contact time 
of the reactant gases, which could be expected to actually lead to a decrease 
in the concentration of the ammonia produced. However, the concentration 
of the ammonia can be more than doubled at a given SEI when the reactor 
is packed with catalyst supports. The reason behind such an increase in 
product concentration can be explained by (I) the increased energy input per 
unit volume of the gas and (II) due to an increase in the available surface 
area.   
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Figure 5.5. a. NH3 concentration Vs SEI, b. Energy efficiency for ammonia synthesis for 

different catalyst support tested (with 355-250 μm particles at the total gas flow rate of 0.4 
L/min, N2:H2=1:3, 21 kHz and pulse width of 25 μs). 

The catalyst supports which generate the most ringing and, therefore, likely 
a higher number of filamentary microdischarges, have yielded a higher 
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concentration of ammonia was found to increase linearly with specific 
energy input for the empty reactor experiment and for all support materials, 
except for TiO2, as can be seen in Figure 5.5a. Figure 5.5a shows 95% 
confidence interval bars, which are within 1-4% of the NH3 concentration 
values, showing that the results are reproducible. The slope of the 
concentration trend line varies with packing material and is always higher 
than the empty reactor. The linear increase in concentration with input 
power has been commonly reported for plasma assisted reactions[26,31,35]. For 
filamentary discharges it is established by experimental investigations that 
an increase in specific energy input is the result of a proportional increase 
in the number of filaments that are ignited in the reactor[36]. Provided each 
individual microdischarge produces a certain amount of ammonia, this 
leads to a linear relation between SEI and ammonia production. The energy 
consumption per mole of ammonia, see Figure 5.5b, increases with increase 
in the specific energy input, because the concentration of ammonia does not 
increase exactly proportionally to the increase in SEI. For BaTiO3 and TiO2, 
the concentration of ammonia produced was negligible and therefore the 
energy consumption per mole of ammonia was exceptionally high. Therefore, 
BaTiO3 and TiO2 are not included in Figure 5.5b. The lowest energy 
consumption per mole of ammonia produced is given by quartz wool i.e. 50.2 
MJ/mol of NH3, followed by γ-Al2O3 i.e. 63.2 MJ/mol of NH3, owing to their 
ability to produce higher amount of ammonia than the other investigated 
catalyst supports. The quartz wool packed DBD reactor required at least 
105% lower energy per mole of ammonia produced as compared to the empty 
reactor. 

When the reactor is packed, except for TiO2 and BaTiO3, higher amounts of 
ammonia are always produced than in the empty reactor (blank). The 
presence of support material increases the ammonia concentration at least 
by 68% (for CaO). Figure 5.5a, clearly shows that quartz wool is the best 
performing packing/support material by producing 2900 PPMv of ammonia, 
which is 113% higher than that for the blank experiment. γ-Al2O3 is the 
second best performing support, with a maximum concentration of 2660 
PPMv, giving 95% increase in ammonia concentration compared to blank 
experiment. Any catalytic activity of gamma alumina cannot be ruled out 
and that could also influence the reaction rate positively. BaTiO3 and TiO2 
could produce a maximum of only 243 and 155 PPMv of ammonia, 
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respectively. The standard deviation in case of TiO2 was so high that it 
nullifies the produced ammonia. No post characterization was performed to 
investigate the ammonia adsorption on the surface, hence the possibility of 
ammonia adsorption on the support surface cannot be excluded[12,37]. The 
results obtained for a BaTiO3 packed reactor are in contrast to results 
obtained for CO2 conversion by Mei et al., where packing a DBD reactor with 
BaTiO3 gave higher conversion of CO2[29]. The order for tested supports 
according to the amount of ammonia produced is as follows; quartz wool> 
γ-Al2O3 > α-Al2O3 > MgO> CaO > Blank > BaTiO3 > TiO2.  

The residence time for the gases is decreased in the reactor when the reactor 
is packed with a support material. For the empty reactor the residence time 
is typically 0.45 sec for 0.4 L/min. Assuming a void fraction of 30%, the 
residence time for the packed bed reactor decreases by a factor 3.2 times to 
0.14 s. The decrease in residence time leads to a reduction of contact time 
of the reactant gases, which could be expected to actually lead to a decrease 
in the concentration of the ammonia produced. However, the concentration 
of the ammonia can be more than doubled at a given SEI when the reactor 
is packed with catalyst supports. The reason behind such an increase in 
product concentration can be explained by (I) the increased energy input per 
unit volume of the gas and (II) due to an increase in the available surface 
area.   
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different catalyst support tested (with 355-250 μm particles at the total gas flow rate of 0.4 
L/min, N2:H2=1:3, 21 kHz and pulse width of 25 μs). 

The catalyst supports which generate the most ringing and, therefore, likely 
a higher number of filamentary microdischarges, have yielded a higher 
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amount of ammonia (compare Figure 5.1 and Figure 5.5). This is in 
agreement with previous studies of NOx production in DBD[26] and H2 
production in DBD[31]. When the reactor was packed with high dielectric 
supports TiO2 and BaTiO3, which produce a non-filamentary discharge, 
almost no ammonia was formed. This suggests that the filamentary 
discharge is more suitable for ammonia synthesis. Researchers have diverse 
opinions about the effect of the dielectric constant of the packing material 
on the discharge behavior and the chemical reactions under investigation. 
Takaki et al.[38] found that dielectric constant played no role in C2F6 
destruction. Similarly, Tu et al.[30,31] reported a very minor influence of the 
packing material on breakdown voltage for dielectric constants <100. 
Whereas, Ogata et al.[39] found that the benzene removal efficiency increases 
up to dielectric constant of 1100. These findings suggests that the dielectric 
constant of the packing material, and the resulting discharge mode, may 
have varying effects for different plasma-catalyst assisted reactions. This 
suggests that the influence of dielectric constant on the discharge mode (and 
subsequent chemical reaction rates) is extremely complex and thus deserves 
more fundamental investigation.  

Two pathways contribute to the ammonia formation; the first pathway is the 
reactions taking place in the gas phase and the second pathway occurs on 
the surface. Considering that recombination reactions are far more effective 
on a surface (via Eley-Rideal or Langmuir-Hinshelwood mechanisms), the 
important function of the plasma is likely the dissociation or excitation of N2 
and H2. Based on the results for the empty reactor in Figure 5.5a, the gas 
phase does contribute to ammonia formation directly, but not as effectively 
as when the available surface area is increased. Adsorption of plasma 
excited N2 on an alumina surface, followed by reactions with atomic H from 
the plasma, has been shown to be a dominant pathway in ammonia 
synthesis by DBD[23]. The gas phase can, therefore, be considered as a 
source of excited N2 and atomic H, which, following e.g. an Eley-Rideal 
mechanism on the surface, forms first NH(a) or NH2(a) and finally ammonia. 
The dissociation of nitrogen may provide a limited contribution to ammonia 
formation, due to its high energy of dissociation i.e. 9.76 eV[40], while 
dissociation of hydrogen occurs relatively easily, since the required energy 
is only 4.48 eV[41]. To have a reasonable amount of excited N2 and dissociated 
H2, high rates for direct electron impact reactions and dissociative 
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recombination reactions are needed. Filamentary microdischarges contain 
electrons with considerably higher densities and mean energies compared 
to non-filamentary discharges and can therefore be more effective in 
excitation of N2 molecules and dissociation of H2[42].  

5.3.2.2 | Effect of support particle size 

To further investigate the influence of the catalyst support size on NH3 
formation, experiments were conducted with the optimum support i.e. γ-
Al2O3 at flowrate of 0.4 L/min while maintaining the flow ratio of N2:H2 to 
1:3. Four particle sizes were investigated; 1650-1000 μm, 850-630, 355-250 
μm and 250-160 μm. γ-Al2O3 is selected over best performing quartz wool 
for studying influence of the particle size. Because, for quartz wool, no 
variation in particle size is possible and its void fraction cannot be accurately 
measured or controlled. On other hand γ-Al2O3 also gave at par ammonia 
yield, and energy efficiency. Also, the higher surface area of γ-Al2O3 

facilitates loading of higher percentage of active catalyst with uniform 
dispersion.  
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Figure 5.6. Influence of the particle size a. NH3 concentration Vs SEI, b. Energy efficiency of 
ammonia formation (with γ-Al2O3 at the total gas flow rate of 0.4 L/min, N2:H2=1:3, 21 kHz 

and pulse width of 25 μs). 

A clear influence of particle size on ammonia formation and energy 
consumption can be seen from Figure 5.6. Smaller particles produce a 
higher concentration of ammonia and also consumed less energy per unit 
mole of the product produced. The smallest particle size of 250-160 μm is 
the most energy efficient, consuming 50.8 MJ/mol of ammonia. Replacing 
larger particle of 1600-1000 μm with 250-160 μm particles can reduce the 
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amount of ammonia (compare Figure 5.1 and Figure 5.5). This is in 
agreement with previous studies of NOx production in DBD[26] and H2 
production in DBD[31]. When the reactor was packed with high dielectric 
supports TiO2 and BaTiO3, which produce a non-filamentary discharge, 
almost no ammonia was formed. This suggests that the filamentary 
discharge is more suitable for ammonia synthesis. Researchers have diverse 
opinions about the effect of the dielectric constant of the packing material 
on the discharge behavior and the chemical reactions under investigation. 
Takaki et al.[38] found that dielectric constant played no role in C2F6 
destruction. Similarly, Tu et al.[30,31] reported a very minor influence of the 
packing material on breakdown voltage for dielectric constants <100. 
Whereas, Ogata et al.[39] found that the benzene removal efficiency increases 
up to dielectric constant of 1100. These findings suggests that the dielectric 
constant of the packing material, and the resulting discharge mode, may 
have varying effects for different plasma-catalyst assisted reactions. This 
suggests that the influence of dielectric constant on the discharge mode (and 
subsequent chemical reaction rates) is extremely complex and thus deserves 
more fundamental investigation.  

Two pathways contribute to the ammonia formation; the first pathway is the 
reactions taking place in the gas phase and the second pathway occurs on 
the surface. Considering that recombination reactions are far more effective 
on a surface (via Eley-Rideal or Langmuir-Hinshelwood mechanisms), the 
important function of the plasma is likely the dissociation or excitation of N2 
and H2. Based on the results for the empty reactor in Figure 5.5a, the gas 
phase does contribute to ammonia formation directly, but not as effectively 
as when the available surface area is increased. Adsorption of plasma 
excited N2 on an alumina surface, followed by reactions with atomic H from 
the plasma, has been shown to be a dominant pathway in ammonia 
synthesis by DBD[23]. The gas phase can, therefore, be considered as a 
source of excited N2 and atomic H, which, following e.g. an Eley-Rideal 
mechanism on the surface, forms first NH(a) or NH2(a) and finally ammonia. 
The dissociation of nitrogen may provide a limited contribution to ammonia 
formation, due to its high energy of dissociation i.e. 9.76 eV[40], while 
dissociation of hydrogen occurs relatively easily, since the required energy 
is only 4.48 eV[41]. To have a reasonable amount of excited N2 and dissociated 
H2, high rates for direct electron impact reactions and dissociative 
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recombination reactions are needed. Filamentary microdischarges contain 
electrons with considerably higher densities and mean energies compared 
to non-filamentary discharges and can therefore be more effective in 
excitation of N2 molecules and dissociation of H2[42].  

5.3.2.2 | Effect of support particle size 

To further investigate the influence of the catalyst support size on NH3 
formation, experiments were conducted with the optimum support i.e. γ-
Al2O3 at flowrate of 0.4 L/min while maintaining the flow ratio of N2:H2 to 
1:3. Four particle sizes were investigated; 1650-1000 μm, 850-630, 355-250 
μm and 250-160 μm. γ-Al2O3 is selected over best performing quartz wool 
for studying influence of the particle size. Because, for quartz wool, no 
variation in particle size is possible and its void fraction cannot be accurately 
measured or controlled. On other hand γ-Al2O3 also gave at par ammonia 
yield, and energy efficiency. Also, the higher surface area of γ-Al2O3 

facilitates loading of higher percentage of active catalyst with uniform 
dispersion.  
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Figure 5.6. Influence of the particle size a. NH3 concentration Vs SEI, b. Energy efficiency of 
ammonia formation (with γ-Al2O3 at the total gas flow rate of 0.4 L/min, N2:H2=1:3, 21 kHz 

and pulse width of 25 μs). 

A clear influence of particle size on ammonia formation and energy 
consumption can be seen from Figure 5.6. Smaller particles produce a 
higher concentration of ammonia and also consumed less energy per unit 
mole of the product produced. The smallest particle size of 250-160 μm is 
the most energy efficient, consuming 50.8 MJ/mol of ammonia. Replacing 
larger particle of 1600-1000 μm with 250-160 μm particles can reduce the 
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energy consumption by over 90% per mole of ammonia produced. As 
discussed in Section 5.3.1.2, with smaller particles void fraction decreases, 
the number of contact points between particle-particle, particle-dielectric 
and particle-electrode increases, giving enhanced plasma discharge volume 
leading to increase in power dissipation. Since this increases power 
consumption per unit volume of gas, the dissociation of the reactant 
molecules is increased, eventually contributing to more ammonia formation. 
Smaller particle sizes also exhibit a higher surface area to gas volume ratio, 
increasing both the flux of dissociated and excited plasma species to the 
surface and the rate of recombination reactions. As a result, smallest 
particle size (250-160 μm) have produced 64% more ammonia than the 
largest particle size investigated (1600-1000 μm), when compared at the 
same SEI, despite a reduction in residence time due to a decrease of the void 
fraction. Similarly, the improvement in energy efficiency can also be 
explained by the increase in surface area to gas volume ratio. Excited and 
atomic species produced by the plasma will find their way to a surface faster, 
minimizing undesirable quenching and recombination reactions in the gas 
phase. 

5.3.2.3 | Influence of feed gas flow ratio 

The effect of feed flow ratio on NH3 synthesis was investigated by varying the 
feed ratio of N2/H2 from 0.2 to 4 (i.e. ratio of N2:H2 from 1:5 to 4:1) in a γ-
Al2O3 packed reactor. The effect of feed flow ratio on the concentration of 
NH3 and energy efficiency is shown in Figure 5.7. The concentration of 
ammonia keeps increasing with increase in flow ratio and eventually 
stabilizes after flow ratio of 2 (i.e. 2:1). The most commonly used 
stoichiometric feed ratio of 0.333 (N2:H2=1:3) was found to produce 74% less 
ammonia than a feed ratio of 2. Also, the energy consumed per mole of 
ammonia produced decreased exponentially with increase in flow ratio and 
stabilizes at around 36 MJ/mol of ammonia, 62% lower than the energy 
consumed at a feed ratio of 0.333 (N2:H2= 1:3). 
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Figure 5.7. The effect of feed gas flow ratio (N2/H2) on NH3 concentration and energy 

consumption per mole of ammonia (with γ-Al2O3 particles 355-250 μm at the total gas flow 
rate of 1 L/min, 21 kHz and pulse width of 25 μs). 

As discussed in section 5.3.2.1, the excitation of nitrogen molecules and the 
dissociation of H2 may be considered as rate-limiting steps in packed DBD 
ammonia synthesis[23]. With increase in the flow ratio, the amount of 
nitrogen in the feed increases, leading to a higher amount of nitrogen being 
excited. According to[23], the excited N2 will adsorb on the surface, prior to 
reacting with adsorbed H. Based on Figure 5.7, the adsorption of N2 would 
appear to be the true rate-limiting step. However, since ammonia is also 
being produced in the absence of packing, gas phase reactions involving 
atomic N cannot be excluded. In that case, increasing the N2 content of the 
plasma could offset the lower rate of atomic N production versus atomic H 
production (due to the large difference in dissociation energy), leading to 
improved ammonia production. In either case, an improvement of the energy 
efficiency can be expected due to an increased ammonia yield with 
increasing N2 content of the feed gas. 

This can be justified from the applied voltage and capacitor voltage data 
presented in the Figure SI-4. As the amount of nitrogen increases in the feed 
flow, microdischarges started forming in larger number. These large number 
of intense microdischarges then enables dissociation of the nitrogen 
molecules, owing to high energy associated with the filamentary 
microdischarges, as explained in section 5.3.2.1. 
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energy consumption by over 90% per mole of ammonia produced. As 
discussed in Section 5.3.1.2, with smaller particles void fraction decreases, 
the number of contact points between particle-particle, particle-dielectric 
and particle-electrode increases, giving enhanced plasma discharge volume 
leading to increase in power dissipation. Since this increases power 
consumption per unit volume of gas, the dissociation of the reactant 
molecules is increased, eventually contributing to more ammonia formation. 
Smaller particle sizes also exhibit a higher surface area to gas volume ratio, 
increasing both the flux of dissociated and excited plasma species to the 
surface and the rate of recombination reactions. As a result, smallest 
particle size (250-160 μm) have produced 64% more ammonia than the 
largest particle size investigated (1600-1000 μm), when compared at the 
same SEI, despite a reduction in residence time due to a decrease of the void 
fraction. Similarly, the improvement in energy efficiency can also be 
explained by the increase in surface area to gas volume ratio. Excited and 
atomic species produced by the plasma will find their way to a surface faster, 
minimizing undesirable quenching and recombination reactions in the gas 
phase. 

5.3.2.3 | Influence of feed gas flow ratio 

The effect of feed flow ratio on NH3 synthesis was investigated by varying the 
feed ratio of N2/H2 from 0.2 to 4 (i.e. ratio of N2:H2 from 1:5 to 4:1) in a γ-
Al2O3 packed reactor. The effect of feed flow ratio on the concentration of 
NH3 and energy efficiency is shown in Figure 5.7. The concentration of 
ammonia keeps increasing with increase in flow ratio and eventually 
stabilizes after flow ratio of 2 (i.e. 2:1). The most commonly used 
stoichiometric feed ratio of 0.333 (N2:H2=1:3) was found to produce 74% less 
ammonia than a feed ratio of 2. Also, the energy consumed per mole of 
ammonia produced decreased exponentially with increase in flow ratio and 
stabilizes at around 36 MJ/mol of ammonia, 62% lower than the energy 
consumed at a feed ratio of 0.333 (N2:H2= 1:3). 
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Figure 5.7. The effect of feed gas flow ratio (N2/H2) on NH3 concentration and energy 

consumption per mole of ammonia (with γ-Al2O3 particles 355-250 μm at the total gas flow 
rate of 1 L/min, 21 kHz and pulse width of 25 μs). 

As discussed in section 5.3.2.1, the excitation of nitrogen molecules and the 
dissociation of H2 may be considered as rate-limiting steps in packed DBD 
ammonia synthesis[23]. With increase in the flow ratio, the amount of 
nitrogen in the feed increases, leading to a higher amount of nitrogen being 
excited. According to[23], the excited N2 will adsorb on the surface, prior to 
reacting with adsorbed H. Based on Figure 5.7, the adsorption of N2 would 
appear to be the true rate-limiting step. However, since ammonia is also 
being produced in the absence of packing, gas phase reactions involving 
atomic N cannot be excluded. In that case, increasing the N2 content of the 
plasma could offset the lower rate of atomic N production versus atomic H 
production (due to the large difference in dissociation energy), leading to 
improved ammonia production. In either case, an improvement of the energy 
efficiency can be expected due to an increased ammonia yield with 
increasing N2 content of the feed gas. 

This can be justified from the applied voltage and capacitor voltage data 
presented in the Figure SI-4. As the amount of nitrogen increases in the feed 
flow, microdischarges started forming in larger number. These large number 
of intense microdischarges then enables dissociation of the nitrogen 
molecules, owing to high energy associated with the filamentary 
microdischarges, as explained in section 5.3.2.1. 
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5.3.2.4 | Influence of flowrate 

The flowrate governs the residence time of the reactant and the product in 
the chemical reactor. To evaluate how flow rate influences the performance 
of the DBD plasma reactor; the DBD reactor packed with γ-Al2O3 particle 

(355-250 μm) was investigated for three flowrates while keeping a feed ratio 
of N2/H2 = 2. V-Q measurements were found to be unaffected by flowrate, 
implying that the discharge behavior is not influenced by the increase in 
flowrates (see Figure SI-5). Flowrates of 0.4, 1 and 1.5 L/min provide average 
residence times of 0.136, 0.054 and 0.036 S, respectively for assumed void 
fraction of 30%. The residence time in an empty DBD reactor at flowrate of 
0.4 L/min is calculated to be 0.45 s. 
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Figure 5.8. The effect of flowrate for γ-Al2O3 packed DBD reactor on (a) NH3 concentration and 

(b) the energy consumption per mole of ammonia. (Particle size= 355-250 micron, N2:H2= 2:1, 21 
kHz, 25 μs). The red line in (a) is a power law fit of the 0.4 L/min data giving [NH3] = 9.8·SEI0.66. 

Figure 5.8 depicts the effect of change in feed flowrate and SEI on ammonia 
production and energy consumed per mole of ammonia. The amount of 
ammonia produced increases proportionally to SEI for all flowrates 
investigated. The dependence of concentration on SEI was already discussed 
in Section 5.3.2.1. The ammonia concentration does not depend strongly on 
flow rate (and residence time), however. Comparing the overlapping points 
for 1.5 L/min and 1.0 L/min at low SEI in Figure 5.8, a factor 1.5 increase 
in residence time increases the ammonia concentration by no more than 
10% – 20%. Figure 5.8b shows the energy consumption per mole of ammonia 
for the various flowrates. Contrary to Figure 5.5b, where the N2:H2 ratio was 
1:3, compared to 2:1 used here, the energy consumption increases with 
increase in the SEI. A flowrate of 1 L/min consumed the lowest energy per 
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mole of ammonia at 27.9 MJ/mol (1.9 g/kWh) of NH3, however the 
concentration of ammonia was only 1000 PPM. Overall, reducing the 
residence time has a slight effect on ammonia production and energy 
consumption.  

For the best performance, we achieved 3505 ppm of ammonia at 0.4 L/min 
yielding an energy consumption of 51.4 MJ/mol (1.23 g NH3/kWh), however 
per pass conversion of nitrogen was approximately only 0.264%. For lower 
per pass conversion at 1 L/min, the energy consumption is found to be as 
low as 27.4 MJ/mol i.e. 1.9 g/kWh. Gomez-Ramirez et al.[43] have obtained 
an energy efficiency of 68.1 MJ/mol (0.9 g NH3/kWh) for ferroelectric packed 
DBD reactor, which is 37% lower than the one achieved in this study. Bai et 
al.[19] have reported a better energy efficiency than this study, who reported 
33.5 MJ/mol (1.83 g NH3/kWh) and per pass conversion of 1.25% for a 
micro-DBD reactor. Gomez-Ramirez et al. and Hong et al.[24] have reported 
much higher per pass conversions of nitrogen i.e. 1.83 and 0.57% for 
residence times of 17.5 s (N2:H2 = 1:3) and 30 s (N2:H2 = 1:1) respectively. 
These higher residence times are achieved by using significantly lower flow 
rates, which result in more power input per liter of gas passed through the 
system, hence higher SEI. Extrapolating the concentration versus SEI by a 
simple power law can be used to estimate the concentration of NH3 achieved 
in other studies at particular power input. Assuming the SEI employed by 
Gomez-Ramirez et al. of ~310000 J/L[43] and Hong et al. of ~82000 J/L[24], 
the power law fit in Figure 5.8a predicts ammonia concentrations of 4.1% 
and 1.7%, respectively. Thus, per pass conversion of nitrogen seems to be a 
function of SEI rather than the residence time, higher conversion can be 
obtained at higher SEI.  

5.3.2.5 | Effect of argon addition 

Introduction of a seeding gas such as argon is reported to enhance the 
ammonia formation, because of a more uniform and intense plasma 
discharge formation[24]. It is expected that the addition of argon will make 
plasma discharge formation easier at high N2:H2 flow ratios, due to its 
breakdown voltage being comparable to that of H2, but significantly lower 
than N2. To determine to what extent this addition would be beneficial, an 
experiment was conducted to investigate effect of argon addition. A total feed 
flowrate of 1 L/min was selected, with N2:H2 feed ratio of 2, with γ-Al2O3 
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5.3.2.4 | Influence of flowrate 

The flowrate governs the residence time of the reactant and the product in 
the chemical reactor. To evaluate how flow rate influences the performance 
of the DBD plasma reactor; the DBD reactor packed with γ-Al2O3 particle 

(355-250 μm) was investigated for three flowrates while keeping a feed ratio 
of N2/H2 = 2. V-Q measurements were found to be unaffected by flowrate, 
implying that the discharge behavior is not influenced by the increase in 
flowrates (see Figure SI-5). Flowrates of 0.4, 1 and 1.5 L/min provide average 
residence times of 0.136, 0.054 and 0.036 S, respectively for assumed void 
fraction of 30%. The residence time in an empty DBD reactor at flowrate of 
0.4 L/min is calculated to be 0.45 s. 
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Figure 5.8. The effect of flowrate for γ-Al2O3 packed DBD reactor on (a) NH3 concentration and 

(b) the energy consumption per mole of ammonia. (Particle size= 355-250 micron, N2:H2= 2:1, 21 
kHz, 25 μs). The red line in (a) is a power law fit of the 0.4 L/min data giving [NH3] = 9.8·SEI0.66. 

Figure 5.8 depicts the effect of change in feed flowrate and SEI on ammonia 
production and energy consumed per mole of ammonia. The amount of 
ammonia produced increases proportionally to SEI for all flowrates 
investigated. The dependence of concentration on SEI was already discussed 
in Section 5.3.2.1. The ammonia concentration does not depend strongly on 
flow rate (and residence time), however. Comparing the overlapping points 
for 1.5 L/min and 1.0 L/min at low SEI in Figure 5.8, a factor 1.5 increase 
in residence time increases the ammonia concentration by no more than 
10% – 20%. Figure 5.8b shows the energy consumption per mole of ammonia 
for the various flowrates. Contrary to Figure 5.5b, where the N2:H2 ratio was 
1:3, compared to 2:1 used here, the energy consumption increases with 
increase in the SEI. A flowrate of 1 L/min consumed the lowest energy per 
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mole of ammonia at 27.9 MJ/mol (1.9 g/kWh) of NH3, however the 
concentration of ammonia was only 1000 PPM. Overall, reducing the 
residence time has a slight effect on ammonia production and energy 
consumption.  

For the best performance, we achieved 3505 ppm of ammonia at 0.4 L/min 
yielding an energy consumption of 51.4 MJ/mol (1.23 g NH3/kWh), however 
per pass conversion of nitrogen was approximately only 0.264%. For lower 
per pass conversion at 1 L/min, the energy consumption is found to be as 
low as 27.4 MJ/mol i.e. 1.9 g/kWh. Gomez-Ramirez et al.[43] have obtained 
an energy efficiency of 68.1 MJ/mol (0.9 g NH3/kWh) for ferroelectric packed 
DBD reactor, which is 37% lower than the one achieved in this study. Bai et 
al.[19] have reported a better energy efficiency than this study, who reported 
33.5 MJ/mol (1.83 g NH3/kWh) and per pass conversion of 1.25% for a 
micro-DBD reactor. Gomez-Ramirez et al. and Hong et al.[24] have reported 
much higher per pass conversions of nitrogen i.e. 1.83 and 0.57% for 
residence times of 17.5 s (N2:H2 = 1:3) and 30 s (N2:H2 = 1:1) respectively. 
These higher residence times are achieved by using significantly lower flow 
rates, which result in more power input per liter of gas passed through the 
system, hence higher SEI. Extrapolating the concentration versus SEI by a 
simple power law can be used to estimate the concentration of NH3 achieved 
in other studies at particular power input. Assuming the SEI employed by 
Gomez-Ramirez et al. of ~310000 J/L[43] and Hong et al. of ~82000 J/L[24], 
the power law fit in Figure 5.8a predicts ammonia concentrations of 4.1% 
and 1.7%, respectively. Thus, per pass conversion of nitrogen seems to be a 
function of SEI rather than the residence time, higher conversion can be 
obtained at higher SEI.  

5.3.2.5 | Effect of argon addition 

Introduction of a seeding gas such as argon is reported to enhance the 
ammonia formation, because of a more uniform and intense plasma 
discharge formation[24]. It is expected that the addition of argon will make 
plasma discharge formation easier at high N2:H2 flow ratios, due to its 
breakdown voltage being comparable to that of H2, but significantly lower 
than N2. To determine to what extent this addition would be beneficial, an 
experiment was conducted to investigate effect of argon addition. A total feed 
flowrate of 1 L/min was selected, with N2:H2 feed ratio of 2, with γ-Al2O3 
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(355-250 μm) particles as packing material. The input voltage was kept 
constant at 28 Vpk-pk.  
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Figure 5.9. Effect of addition of argon in feed gas on ammonia production and energy 
consumption (with γ-Al2O3 particles 355-250 μm at the total gas flow rate of 1 L/min, 

N2:H2=2:1, 21 kHz and pulse width of 25 μs). 

The experimental results obtained are shown in Figure 5.9. When argon is 
added to the feed, the ammonia production goes through a maxima between 
argon feed percentage of 2% to 5% (Figure 5.9a), with a corresponding 
minimum in the energy consumption (Figure 5.9b). Between 2 to 20% of 
argon in the feed, the ammonia concentration declines by ~5.6%. This could 
be explained by the decrease in the dissipated power in the discharge zone 
at higher argon percentages (Figure SI-6), which drops from 33.9 W to 32.8 
W, or a decline of ~3.2%, as the Ar addition is increased from 2 to 20%. The 
fact that the ammonia concentration drop is higher than the drop in power 
can be attributed to the dilution of N2 and H2 and their products in the gas 
stream, resulting in lower reaction rates. Seen in this light, a dilution by 
20% of argon leading to only a few percent of decline in ammonia production 
suggests that argon does have a beneficial effect on the reaction chemistry. 
Addition of argon encourages the formation of N2+, because of the efficient 
charge transfer reaction between Ar+ and N2[36]. The relatively higher 
concentration of N2+ increases the rate of the dissociative recombination 
reaction e + N2+  2N, leading to more atomic N in the gas phase. 
Subsequent reactions with H2 or recombination with H, either in the gas 
phase or on the surface of the support, will then lead to increased ammonia 
formation. Since dissociative recombination of N2+ will also occur without 
the addition of argon, this suggests that atomic N is an important precursor 
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in ammonia formation, as was previously pointed out in Section 5.3.2.3. 
While the addition of argon up to 2% results in an ammonia concentration 
increase by ~2% and a decrease in the energy required per mole of NH3 
produced by ~2% (Figure 5.9b), adding argon to the reactant gases will bring 
practical challenges for the separation of product gases. Probably making 
the cost and energy required higher than the gains made in the energy 
efficiency and ammonia concentration in the reactor section, thus it may not 
be beneficial in practical applications. 

5.4 | Conclusions 
A systematic study on plasma-catalyst interaction by investigating ammonia 
synthesis in a packed Dielectric Barrier Discharge (DBD) reactor at 
atmospheric pressure has been reported in this chapter. A range of 
commonly used catalyst supports, γ-Al2O3, α-Al2O3, TiO2, MgO, CaO, quartz 
wool, and BaTiO3, have been studied for their synergetic effect. All the 
support materials were found to have a substantial influence on the 
ammonia formation. The quartz wool followed by γ-Al2O3 produced the 
highest amount of ammonia, yielding an additional 113% and 95% of NH3, 
respectively, compared to an empty reactor. The reason behind the increase 
in product concentration can be explained by (I) the increased energy input 
per unit volume of the gas, resulting in a higher production of excited species 
and radicals in the plasma and (II) due to an increase in the available surface 
area, stimulating recombination reactions. Since all support materials in 
this study show virtually similar performance for NH3 production, no 
material-specific catalytic component responsible for increase in reaction 
yield could be discerned. The catalyst support with high dielectric constant- 
TiO2 and BaTiO3, performed poorly, producing an almost negligible amount 
of ammonia. A non-filamentary type of discharge prevailed for these high 
dielectric constant supports. From the reported experimental data, it is clear 
that a plasma with filamentary microdischarges is desired for higher 
ammonia production. The microdischarges likely provide a higher density of 
energetic electrons than the more diffuse non-filamentary discharges, which 
contribute to higher rates for activation/dissociation of both strongly 
bonded nitrogen and more weakly bonded H2, (partially) overcoming the 
limiting steps in ammonia synthesis. For the process of plasma assisted 
nitrogen fixation by reaction with hydrogen or oxygen to produce ammonia 
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(355-250 μm) particles as packing material. The input voltage was kept 
constant at 28 Vpk-pk.  
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Figure 5.9. Effect of addition of argon in feed gas on ammonia production and energy 
consumption (with γ-Al2O3 particles 355-250 μm at the total gas flow rate of 1 L/min, 

N2:H2=2:1, 21 kHz and pulse width of 25 μs). 

The experimental results obtained are shown in Figure 5.9. When argon is 
added to the feed, the ammonia production goes through a maxima between 
argon feed percentage of 2% to 5% (Figure 5.9a), with a corresponding 
minimum in the energy consumption (Figure 5.9b). Between 2 to 20% of 
argon in the feed, the ammonia concentration declines by ~5.6%. This could 
be explained by the decrease in the dissipated power in the discharge zone 
at higher argon percentages (Figure SI-6), which drops from 33.9 W to 32.8 
W, or a decline of ~3.2%, as the Ar addition is increased from 2 to 20%. The 
fact that the ammonia concentration drop is higher than the drop in power 
can be attributed to the dilution of N2 and H2 and their products in the gas 
stream, resulting in lower reaction rates. Seen in this light, a dilution by 
20% of argon leading to only a few percent of decline in ammonia production 
suggests that argon does have a beneficial effect on the reaction chemistry. 
Addition of argon encourages the formation of N2+, because of the efficient 
charge transfer reaction between Ar+ and N2[36]. The relatively higher 
concentration of N2+ increases the rate of the dissociative recombination 
reaction e + N2+  2N, leading to more atomic N in the gas phase. 
Subsequent reactions with H2 or recombination with H, either in the gas 
phase or on the surface of the support, will then lead to increased ammonia 
formation. Since dissociative recombination of N2+ will also occur without 
the addition of argon, this suggests that atomic N is an important precursor 
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in ammonia formation, as was previously pointed out in Section 5.3.2.3. 
While the addition of argon up to 2% results in an ammonia concentration 
increase by ~2% and a decrease in the energy required per mole of NH3 
produced by ~2% (Figure 5.9b), adding argon to the reactant gases will bring 
practical challenges for the separation of product gases. Probably making 
the cost and energy required higher than the gains made in the energy 
efficiency and ammonia concentration in the reactor section, thus it may not 
be beneficial in practical applications. 

5.4 | Conclusions 
A systematic study on plasma-catalyst interaction by investigating ammonia 
synthesis in a packed Dielectric Barrier Discharge (DBD) reactor at 
atmospheric pressure has been reported in this chapter. A range of 
commonly used catalyst supports, γ-Al2O3, α-Al2O3, TiO2, MgO, CaO, quartz 
wool, and BaTiO3, have been studied for their synergetic effect. All the 
support materials were found to have a substantial influence on the 
ammonia formation. The quartz wool followed by γ-Al2O3 produced the 
highest amount of ammonia, yielding an additional 113% and 95% of NH3, 
respectively, compared to an empty reactor. The reason behind the increase 
in product concentration can be explained by (I) the increased energy input 
per unit volume of the gas, resulting in a higher production of excited species 
and radicals in the plasma and (II) due to an increase in the available surface 
area, stimulating recombination reactions. Since all support materials in 
this study show virtually similar performance for NH3 production, no 
material-specific catalytic component responsible for increase in reaction 
yield could be discerned. The catalyst support with high dielectric constant- 
TiO2 and BaTiO3, performed poorly, producing an almost negligible amount 
of ammonia. A non-filamentary type of discharge prevailed for these high 
dielectric constant supports. From the reported experimental data, it is clear 
that a plasma with filamentary microdischarges is desired for higher 
ammonia production. The microdischarges likely provide a higher density of 
energetic electrons than the more diffuse non-filamentary discharges, which 
contribute to higher rates for activation/dissociation of both strongly 
bonded nitrogen and more weakly bonded H2, (partially) overcoming the 
limiting steps in ammonia synthesis. For the process of plasma assisted 
nitrogen fixation by reaction with hydrogen or oxygen to produce ammonia 
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(this study) or nitric oxide [26], packing materials tend to exhibit analogous 
behavior. 

The particle size of support material was also found to have a pronounced 
influence on the synergy between support and the plasma. The smaller the 
catalyst particle, the higher its tendency to generate numerous filamentary 
microdischarges, thus producing a higher concentration of ammonia. For 
the smallest investigated particle size, 250-160 μm, produced 3000 PPMv of 
NH3 with corresponding energy consumption of 60 MJ/mol, a 64% higher 
concentration of NH3 and a 30% reduction in energy consumption when 
compared to 1300 μm diameter particles. 

Varying feed flow ratio (N2/H2), revealed that a ratio greater than 2 gives 74% 
higher concentrations of NH3, with improved energy efficiency, than the 
stoichiometric feed ratio of 0.33. This reveals that the excitation and/or 
dissociation of N2 is more rate limiting than the excitation and/or 
dissociation of H2. Varying flow rate by a factor of ~3, revealed a minor 
dependence on residence time in the reactor, at least within the parameter 
space explored in this study. Addition of argon to the feed gives a higher 
concentration of ammonia at argon percentages of 2-5%. Diluting feed 
concentration by 2% argon yielded on an average 2% improvement in the 
concentration and energy efficiency. A dilution of the feed gas by 20% of 
argon only reduced ammonia production by ~5.6%, which hints at certain 
reaction pathways which benefit from the addition of argon. It is suggested 
that argon enhances the relative contribution of N2+ to the plasma, which 
acts as a source of additional N atoms via dissociative recombination 
reactions. 

The best concentration achieved in this study, at 0.4 L/min with N2:H2 = 2 
and  355-250 μm γ-Al2O3 particles, was 3500 ppm of ammonia with an 
energy efficiency of 1.23 g NH3/kWh and per pass nitrogen conversion of 
0.26%, which is significantly lower than the Haber-Bosch process (~15-20 
vol %).  
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Supplementary Information 
A. Input voltage signal 

B. Characterization of supports: SEM images for CaO 

C. Images of the plasma discharge for various catalyst-supports 

D. Effect of feed gas ratio  

E. Effect of flowrate  

F. Effect of argon addition  

 

A. Input voltage signal 

Power was supplied to DBD reactor in the form of repetitive microsecond pulses with frequency 
of 21 kHz and pulse width of 25 μs, as shown in Figure SI-1. 
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Figure SI-1. A typical input voltage signal with frequency of 21 kHz and pulse width of 25 μs. 

B. Characterization of supports: SEM image for CaO 

Figure SI-2 depicts the SEM pictures for CaO with various resolution. It can be noticed that the 
CaO has smoother texture than γ-Al2O3, when seen on 400 μm resolution. Zooming in shows 
that small structural artifacts are present on the CaO surface.  

     
Figure SI-2. SEM image for CaO. 
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stoichiometric feed ratio of 0.33. This reveals that the excitation and/or 
dissociation of N2 is more rate limiting than the excitation and/or 
dissociation of H2. Varying flow rate by a factor of ~3, revealed a minor 
dependence on residence time in the reactor, at least within the parameter 
space explored in this study. Addition of argon to the feed gives a higher 
concentration of ammonia at argon percentages of 2-5%. Diluting feed 
concentration by 2% argon yielded on an average 2% improvement in the 
concentration and energy efficiency. A dilution of the feed gas by 20% of 
argon only reduced ammonia production by ~5.6%, which hints at certain 
reaction pathways which benefit from the addition of argon. It is suggested 
that argon enhances the relative contribution of N2+ to the plasma, which 
acts as a source of additional N atoms via dissociative recombination 
reactions. 

The best concentration achieved in this study, at 0.4 L/min with N2:H2 = 2 
and  355-250 μm γ-Al2O3 particles, was 3500 ppm of ammonia with an 
energy efficiency of 1.23 g NH3/kWh and per pass nitrogen conversion of 
0.26%, which is significantly lower than the Haber-Bosch process (~15-20 
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Figure SI-1. A typical input voltage signal with frequency of 21 kHz and pulse width of 25 μs. 

B. Characterization of supports: SEM image for CaO 

Figure SI-2 depicts the SEM pictures for CaO with various resolution. It can be noticed that the 
CaO has smoother texture than γ-Al2O3, when seen on 400 μm resolution. Zooming in shows 
that small structural artifacts are present on the CaO surface.  

     
Figure SI-2. SEM image for CaO. 
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C. Images of the plasma discharge for various catalyst-support 

The pictures taken for various catalyst supports, when the plasma discharge was active, is 
shown in Figure SI-3. As can be noted from the figure, the plasma generated in case of blank, 
γ-Al2O3, MgO, quartz wool, and CaO was intense. In case of TiO2, plasma discharge generation 
was found to be weak and un-uniform. 
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Figure SI-3. Images when plasma is on for plasma + catalyst in case of catalyst support experiment. 
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D. Effect of feed gas ratio 

Figure SI-4 shows the discharge characteristics for different feed flow ratios of N2/H2. As the 
amount of N2 i.e. feed flow ratio increases, from Figure SI-4a to h, the intensity of the 
microdischarges also increases from Figure SI-4a to h. This formation of microdischarges also 
lead to increased power consumption as well. Which could be seen from increase in the applied 
voltage magnitude.  
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Figure SI-4. Variation of electrical signals for change in the feed ratio (N2/H2): a. 0.20, b. 0.25, c. 0.333, d. 
0.5, e. 1, f. 2, g.3, h.4. 
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C. Images of the plasma discharge for various catalyst-support 

The pictures taken for various catalyst supports, when the plasma discharge was active, is 
shown in Figure SI-3. As can be noted from the figure, the plasma generated in case of blank, 
γ-Al2O3, MgO, quartz wool, and CaO was intense. In case of TiO2, plasma discharge generation 
was found to be weak and un-uniform. 
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Figure SI-3. Images when plasma is on for plasma + catalyst in case of catalyst support experiment. 
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D. Effect of feed gas ratio 

Figure SI-4 shows the discharge characteristics for different feed flow ratios of N2/H2. As the 
amount of N2 i.e. feed flow ratio increases, from Figure SI-4a to h, the intensity of the 
microdischarges also increases from Figure SI-4a to h. This formation of microdischarges also 
lead to increased power consumption as well. Which could be seen from increase in the applied 
voltage magnitude.  
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Figure SI-4. Variation of electrical signals for change in the feed ratio (N2/H2): a. 0.20, b. 0.25, c. 0.333, d. 
0.5, e. 1, f. 2, g.3, h.4. 
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E. Effect of flowrate 

Figure SI-5 depicts the electrical discharge characteristics for the effect of flowrates in the form 
of V-Q Lissajous and the applied voltage-capacitor voltage figure. The area enclosed by 
Lissajous figure (Figure SI-5a) doesn’t change with change in flowrate, emphasizing that the 
power going into the discharge volume is necessarily the same. The microdischarges pattern 
formed for different flowrates (Figure SI-5b to d) is not changing and also the intensities of 
microdischarge is constant on an average. 
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Figure SI-5. Influence of change in flowrate on discharge characteristics: a. V-Q Lissajous 
figure, b. 0.4 L/min, c. 1 L/min, d. 1.5 L/min. 

F. Effect of argon addition 

Figure SI-6 shows the variation in specific energy input with increasing Ar% in the gas flowrate. 
With increase in Ar% in the feed flowrate, the SEI was found to decrease. 

0 5 10 15 20
1940

1960

1980

2000

2020

2040

2060

Sp
ec

ifi
c 

En
er

gy
 In

pu
t (

J/
L)

Argon % in feed  
Figure SI-6. Influence of Ar % on SEI.  

Chapter 5 |Deciphering Plasma-Catalyst Interaction in DBD Reactor 

 

Page | 155 

References 
[1] M. Appl, Ullmann’s Encycl. Ind. Chem. 

2012, 139–225. 

[2] V. Smil, Enriching the Earth: Fritz Haber, 
Carl Bosch, and the Transformation of 
World Food Production, MIT Press, 2004. 

[3] C. Bramsiepe, S. Sievers, T. Seifert, G. D. 
Stefanidis, D. G. Vlachos, H. Schnitzer, B. 
Muster, C. Brunner, J. P. M. Sanders, M. 
E. Bruins, et al., Chem. Eng. Process. 
Process Intensif. 2012, 51, 32–52. 

[4] T. Seifert, S. Sievers, C. Bramsiepe, G. 
Schembecker, Chem. Eng. Process. Process 
Intensif. 2012, 52, 140–150. 

[5] B. S. Patil, Q. Wang, V. Hessel, J. Lang, 
Catal. Today 2015, 256, 49–66. 

[6] J. Gieshoff, J. Lang, Process For The 
Plasma-Catalytic Production of Ammonia, 
2002, US6471932. 

[7] E. Morgan, J. Manwell, J. McGowan, 
Renew. Energy 2014, 72, 51–61. 

[8] R. Lan, J. T. S. Irvine, S. Tao, Int. J. 
Hydrogen Energy 2012, 37, 1482–1494. 

[9] B. S. Patil, Q. Wang, V. Hessel, J. Lang, in 
Altern. Energy Sources Green Chem. (Eds.: 
G.D. Stefanidis, A. Stankiewicz), Royal 
Society Of Chemistry, Cambridge, UK, 
2016. 

[10] V. Hessel, G. Cravotto, P. Fitzpatrick, B. S. 
Patil, J. Lang, W. Bonrath, Chem. Eng. 
Process. Process Intensif. 2013, 71, 19–30. 

[11] D. C. Frost, C. A. MCDowell, in Proc. R. Soc. 
Lond. A. Math. Phys. Sci., 1956, pp. 278–
284. 

[12] K. Sugiyama, K. Akazawa, M. Oshima, H. 
Miura, T. Matsuda, O. Nomura, Plasma 
Chem. Plasma Process. 1986, 6, 179–193. 

[13] K. S. Yin, M. Venugopalan, Plasma Chem. 
Plasma Process. 1983, 3, 343–350. 

[14] H. Uyama, O. Matsumoto, Plasma Chem. 
Plasma Process. 1989, 9, 13–24. 

[15] H. Uyama, O. Matsumoto, Chem. Plasma 
Process. Plasma 1989, 9, 421–432. 

[16] S. Tanaka, H. Uyama,  and O. Matsumoto, 
O. Matsumoto, Chem. Plasma Process. 
Plasma 1994, 14, 491–504. 

[17] J. Nakajima, H. Sekiguchi, Thin Solid Films 
2008, 516, 4446–4451. 

[18] H. Uyama, T. Nakamura, S. Tanaka, O. 
Matsumoto, Plasma Chem. Plasma 
Process. 1993, 13, 117–131. 

[19] M. Bai, Z. Zhang, X. Bai, M. Bai, W. Ning, 

IEEE Trans. Plasma Sci. 2003, 31, 1285–
1291. 

[20] M. Bai, Z. Zhang, M. Bai, X. Bai, H. Gao, 
Plasma Chem. Plasma Process. 2008, 28, 
405–414. 

[21] T. Mizushima, K. Matsumoto, J. Sugoh, H. 
Ohkita, N. Kakuta, Appl. Catal. A Gen. 
2004, 265, 53–59. 

[22] B. Mingdong, B. Xiyao, Z. Zhitao, Plasma 
Chem. Plasma Process. 2000, 20, 511–
520. 

[23] T. Mizushima, K. Matsumoto, H. Ohkita, 
N. Kakuta, Plasma Chem. Plasma Process. 
2006, 27, 1–11. 

[24] J. Hong, S. Prawer, A. B. Murphy, IEEE 
Trans. PLASMA Sci. 2014, 42, 2338–2339. 

[25] J. Hong, M. Aramesh, O. Shimoni, D. H. 
Seo, S. Yick, A. Greig, C. Charles, S. 
Prawer, A. B. Murphy, Plasma Chem. 
Plasma Process. 2016, DOI 
10.1007/s11090-016-9711-8. 

[26] B. S. Patil, N. Cherkasov, J. Lang, A. O. 
Ibhadon, V. Hessel, Q. Wang, Appl. Catal. 
B Environ. 2016, 194, 123–133. 

[27] V. I. Gibalov, G. J. Pietsch, Plasma Sources 
Sci. Technol. 2012, 21, 24010. 

[28] F. Peeters, The Electrical Dynamics of 
Dielectric Barrier Discharges, 2015. 

[29] D. Mei, X. Zhu, Y.-L. He, J. D. Yan, X. Tu, 
Plasma Sources Sci. Technol. 2015, 24, 
15011. 

[30] X. Tu, H. J. Gallon, J. C. Whitehead, J. 
Phys. D. Appl. Phys. 2011, 44, 482003. 

[31] H. J. Gallon, X. Tu, J. C. Whitehead, 
Plasma Process. Polym. 2012, 9, 90–97. 

[32] N. Naudé, J.-P. Cambronne, N. Gherardi, 
F. Massines, J. Phys. D. Appl. Phys. 2005, 
38, 530–538. 

[33] T. Butterworth, R. Elder, R. Allen, Chem. 
Eng. J. 2016, 293, 55–67. 

[34] W. S. Kang, J. M. Park, Y. Kim, S. H. Hong, 
IEEE Trans. Plasma Sci. 2003, 31, 504–
510. 

[35] X. Duan, Z. Hu, Y. Li, B. Wang, AIChE J. 
2014, DOI 10.1002/aic. 

[36] E. Carrasco, M. Jiménez-Redondo, I. 
Tanarro, V. J. Herrero, Phys. Chem. Chem. 
Phys. 2011, 13, 19561–72. 

[37] J. N. Wilson, H. Idriss, Langmuir 2004, 20, 
10956–10961. 



5

Chapter 5 |Deciphering Plasma-Catalyst Interaction in DBD Reactor 

 

Page | 154 

E. Effect of flowrate 

Figure SI-5 depicts the electrical discharge characteristics for the effect of flowrates in the form 
of V-Q Lissajous and the applied voltage-capacitor voltage figure. The area enclosed by 
Lissajous figure (Figure SI-5a) doesn’t change with change in flowrate, emphasizing that the 
power going into the discharge volume is necessarily the same. The microdischarges pattern 
formed for different flowrates (Figure SI-5b to d) is not changing and also the intensities of 
microdischarge is constant on an average. 

-10 -8 -6 -4 -2 0 2 4 6 8 10
-3

-2

-1

0

1

2

3

(a)

 0.4 L/min
 1 L/min
 1.5 L/min

C
ha

rg
e 

(
C

)

Voltage (kV)  

-20 -10 0 10 20
-4

-2

0

2

4

Ap
pl

ie
d 

vo
lta

ge
 (k

V)

Time ( s)

Flowrate= 0.4 L/min

C
ap

ac
ito

r v
ol

ta
ge

 (V
)

-10

-5

0

5

10

(b)  

-20 -10 0 10 20
-4

-2

0

2

4

A
pp

lie
d 

vo
lta

ge
 (k

V
)

Time ( s)

-10

-5

0

5

10

(c)

C
ap

ac
ito

r v
ol

ta
ge

 (V
) Flowrate= 1 L/min

 

-20 -10 0 10 20
-4

-2

0

2

4

A
pp

lie
d 

vo
lta

ge
 (k

V
)

Time ( s)

-10

-5

0

5

10

(d)

Flowrate= 1.5 L/min

C
ap

ac
ito

r v
ol

ta
ge

 (V
)

 

Figure SI-5. Influence of change in flowrate on discharge characteristics: a. V-Q Lissajous 
figure, b. 0.4 L/min, c. 1 L/min, d. 1.5 L/min. 

F. Effect of argon addition 

Figure SI-6 shows the variation in specific energy input with increasing Ar% in the gas flowrate. 
With increase in Ar% in the feed flowrate, the SEI was found to decrease. 
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Figure SI-6. Influence of Ar % on SEI.  
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CHAPTER 6 
PLASMA-CATALYST ASSISTED AMMONIA SYNTHESIS 
IN A CATALYTIC DBD REACTOR: SCREENING FOR 
TRANSITION METAL OXIDES 

This chapter has been adapted from:  

Patil, B. S., Nadadur Veeraraghavan Srinath, N. Cherkasov, J. Lang, A. O. Ibhadon, Q. Wang, 
V. Hessel, (2016) Plasma assisted NH3 synthesis at atmospheric pressure in a catalytic DBD 
reactor: Screening the transition metal oxides. To be submitted to ACS Catalysis. 

Abstract 
Ammonia, being the second largest produced industrial chemical, is used as 
starting compound for numerous chemicals such as fertilizers, explosives, 
etc. Beside these conventional applications, there is growing interest in 
applications of ammonia as electrical energy storage, as fuel and in selective 
catalytic reduction of NOx. These applications demand in-situ ammonia 
production at milder process conditions. In this chapter, total 16 different 
transition metal oxides supported on γ-Al2O3 have been thoroughly 
investigated using DBD reactor for their performance in terms of ammonia 
produced and energy efficiency. Moreover, influence of the feed ratio (N2/H2), 
specific energy input and temperature is also investigated for all these 
catalysts. Furthermore, effect of active metal loading % and feed flowrate is 
evaluated. All the catalysts found to have substantial effect on the ammonia 
production. The 2 % Rh from Pt-group and 5 % NiO from transition metal 
oxides produced the highest concentration of ammonia. An optimum feed 
flow ratio found to be between 1 and 2, depending on the supported metals, 
as opposed to the stoichiometric feed ratio of 0.33. With 2 % Rh at 0.1 
L/min, 1.43 vol % of ammonia could be produced with an energy efficiency 
of 0.94 g/kWh and per pass hydrogen conversion as high as 6.4 % was 
realized. Finally, a mechanism for plasma assisted catalytic ammonia 
formation have been proposed and supported with the optical emission data. 
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etc. Beside these conventional applications, there is growing interest in 
applications of ammonia as electrical energy storage, as fuel and in selective 
catalytic reduction of NOx. These applications demand in-situ ammonia 
production at milder process conditions. In this chapter, total 16 different 
transition metal oxides supported on γ-Al2O3 have been thoroughly 
investigated using DBD reactor for their performance in terms of ammonia 
produced and energy efficiency. Moreover, influence of the feed ratio (N2/H2), 
specific energy input and temperature is also investigated for all these 
catalysts. Furthermore, effect of active metal loading % and feed flowrate is 
evaluated. All the catalysts found to have substantial effect on the ammonia 
production. The 2 % Rh from Pt-group and 5 % NiO from transition metal 
oxides produced the highest concentration of ammonia. An optimum feed 
flow ratio found to be between 1 and 2, depending on the supported metals, 
as opposed to the stoichiometric feed ratio of 0.33. With 2 % Rh at 0.1 
L/min, 1.43 vol % of ammonia could be produced with an energy efficiency 
of 0.94 g/kWh and per pass hydrogen conversion as high as 6.4 % was 
realized. Finally, a mechanism for plasma assisted catalytic ammonia 
formation have been proposed and supported with the optical emission data. 
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6.1. | Introduction 
Reactive nitrogen in the form of ammonia is an essential element for life on 
Earth[1]. This second largest produced chemical compound is essential for 
the economy as it is used as a starting material for production of great 
number of chemical compounds[2]. With global population set to outreach 9 
billion by 2050, ammonia is destined to be at the focal point for its 
unreplaceable role[3]. Beside well-established applications, recently growing 
interests have been generated in applications of ammonia, as an electrical 
energy storage chemical[4], as fuel[5] and in selective catalytic reduction of 
NOx produced by automobiles[6], due to promising future opportunities of 
excessive electricity production from renewable sources[1,7,8]. These 
applications demand localized ammonia production at milder process 
conditions and on smaller scale, for which Haber-Bosch process will not be 
an attractive option. Therefore, it is a prerequisite to look for an innovative 
and alternative process for ammonia production at point of electricity 
production and application as demanded by these emerging 
applications[9,10]. 

Over the last century, several alternative approaches have been developed 
for energy efficient ammonia synthesis at mild operating conditions such as 
electron driven electro and photo catalysis, homogeneous and enzyme 
catalysis, etc[11]. Among these alternative approaches, non-thermal plasma 
(NTP) generated by renewable electricity is considered to be very attractive 
for small scale and localized production[12–14]. The processes built as 
containerized plant will open new window of opportunity for remote places 
and to produce chemicals at the point of energy generation and at the point 
of application[7,8,17]. In-addition, NTP offers an opportunity to combine 
catalyst to benefit for surface reactions and increased selectivity towards 
desired product[18–20]. Moreover, combination of NTP with catalyst, referred 
as “plasma-catalysis”, often yields synergetic effects[19–23].  

Ease of catalyst screening and simplicity of operation have motivated 
number plasma-catalysis studies for ammonia synthesis in a dielectric 
barrier discharge (DBD) reactor[24–27]. Most of the reported literature studies 
are catalyst support only [27–31]. The synergy caused by the support material 
is thoroughly investigated and reported in our recently published paper[27] 
and chapter 5. The synergy between plasma and catalyst supports was 
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found to be governed by the dielectric constant, surface area, bed void 
fraction, and particle shape. γ-Al2O3 was found to be the optimum catalyst 
support for ammonia and nitric oxide production[27,32]. Mizushima et al.[33] 
showed that loading active metals on the support can yield higher ammonia 
concentration and can also improve the energy yield. The ammonia yield 
was reported to increase in the following order Ru > Ni > Pt > Fe > only 
Al2O3[33]. Recently, Peng et al.[34] and Hong et al.[35] have reported ammonia 
synthesis using 10% Ru+Cs/MgO and functional carbon coated catalysts, 
respectively. The ammonia yield and energy efficiency found to be greatly 
enhanced by application of the supported catalyst, however the energy 
efficiency and yield of ammonia are much lower compared to the Haber-
Bosch process. Even though, the plasma-assisted ammonia syntheses have 
long been investigated using various plasma - catalysts, the performance of 
commonly employed transition metal oxide catalysts for ammonia synthesis 
is largely unknown. Moreover, no systematic studies exist to explain the 
influence of feed composition, temperature and metal loading. Furthermore, 
performance of different catalysts and reasons of their synergy is scarcely 
available. Therefore, the next logical step would be to decode performance of 
transition metal oxide catalysts for ammonia production by following a 
systematic approach.  

In this chapter, we aim for a systematic study of plasma NH3 synthesis on 
γ-Al2O3 supported 16 transition metal oxide catalysts in a DBD reactor. 
First, optimum feed ratio (N2/H2) for all the supported catalysts is 
investigated. It is followed by a study of influence of temperature on 
performance of these catalysts in terms of ammonia concentration. Next, 
performance of the optimum catalyst at different flowrates is determined. 
The performance of all investigated catalyst is evaluated in terms of energy 
required per mol of ammonia. These results are finally compared with the 
ammonia yield and energy consumption reported in the literature. Finally, 
reaction mechanism for ammonia synthesis in atmospheric pressure 
catalytic DBD reactor is postulated. 
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required per mol of ammonia. These results are finally compared with the 
ammonia yield and energy consumption reported in the literature. Finally, 
reaction mechanism for ammonia synthesis in atmospheric pressure 
catalytic DBD reactor is postulated. 
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6.2. | Experimental 

6.2.1. | DBD reactor 
Plasma-catalyst assisted NH3 synthesis was performed in a one-sided DBD 
plasma reactor at atmospheric pressure. The catalytic material was placed 
directly in the plasma discharge zone of the DBD reactor following a single 
stage plasma catalytic system, which is also known as in-plasma catalysis 
(IPC). The schematic of the experimental set-up is shown in Figure 6.1. The 
reactor consisted of inner axial stainless steel (SS) high voltage electrode and 
a ground electrode was made up of SS mesh wrapped around the quartz 
reactor body. The high voltage SS electrode was with 6 mm o.d. and the 
quartz reactor body was with 10 mm i.d., maintaining the discharge gap of 
2 mm. The length of the discharge zone was 100 mm for all experiments. 
The active reactor volume of 5 cm3 was filled with the catalyst. The catalyst 
was kept in-place by quartz wool plugs (Carl Roth GmbH) positioned outside 
the catalyst bed. The reactor was placed in a tubular furnace to heat only 
the plasma discharge (catalyst) zone.     

A similar power supply source as reported in previous chapter was 
employed[27,32] and it’s components are schematically shown in Figure 6.1. 
The applied voltage was measured close to the high voltage electrode using 
a high voltage probe (Tektronix P6015A). A capacitor with capacitance of 100 
nF was installed on the ground side of the reactor, across which voltage was 
measured using 1:10 voltage probe as shown in Figure 6.1. All the voltage 
signals were recorded using a 4 channel PC USB Oscilloscope (PicoScope® 
3000). The frequency of 21 kHz and the pulse width 25 μs was found to be 
optimum and used for all the experiments reported in this paper. The 
applied voltage and voltage across the capacitor was used together with 
capacitance and operational frequency to estimate the power consumed by 
the DBD plasma reactor as reported in[36]. Following equations were used to 
calculate the total power, specific energy input (SEI), and the energy 
consumption per mole of NH3 as shown by Eq. (1-3), respectively.  

                   (1) 

        (2) 

Chapter 6 | Plasma-Catalyst Assisted Ammonia Synthesis 

 

Page | 161 

        (3) 

Where, V is the applied voltage, Cp - capacitance of the capacitor (=100 nF), 
ƒ - applied voltage frequency (=21 kHz).  
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Figure 6.1. A simplified schematics of the experimental set-up and one-sided DBD plasma 
reactor. Black broken lines show the electrical connection cables and green broken line shows 

the communication cables. 

Flow rates of N2 and H2 gases purchased from Linde Gases were controlled 
using mass flow controllers from Bronkhorst. Fourier transform infrared 
spectrophotometer (Shimadzu IRTracer-100) was used to online analyze the 
reaction products using a gas cell with KBr windows (Specac) at the 
resolution of 0.5 cm-1. In all the experiments, full spectra were recorded and 
ammonia was the only reaction product that obtained. Concentration of 
ammonia was determined by using an extinction coefficient of 4.4203, 
determined with a series of calibration gas mixtures.  

Prior to every experiment, the catalyst was in situ reduced in hydrogen 
plasma at a fixed energy input (42 ± 2 watts) and under a hydrogen flow of 
0.2 L/min for all the investigated catalysts. All the experiments were 
performed twice and all reported data are average values of these 
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experiments. The reproducibility was within ± 5% of average. The 
temperatures of the plasma region and the gas outlet were monitored 
continuously with thermocouples and also with Infrared camera. The 
maximum temperature of the dielectric material and SS electrode was found 
to be 420 oC. The exit stream temperature was always less than 23 oC. Blank 
experiment was performed by heating the reactor and catalyst zone to 400 
oC, but without plasma for all the catalysts and no NH3 was recorded. Hence, 
all NH3 obtained was formed during plasma and plasma-catalytic processes.  

The light emitted by the plasma discharge was collected via an optical fibre 
and recorded with a HR2000+ from Ocean Optics using a diffraction grating 
blazed at 330 nm. The entrance and exit slit apertures were fixed at 300 μm, 
the integration time was 10 s and the resolution was 0.2 nm/pixel. Confocal 
collection optics were used, consisting of 250 mm lenses and an 800 μm 
pinhole, providing improved signal-to-noise and a ~ 1 mm spatial resolution.  
Spectra were collected for all the investigated catalysts, blank experiments 
and variable flow rates in the packed bed discharge zone. The formation of 
active nitrogen and NH species were detected for different catalysts to 
ascertain the role of these species in the reaction pathways.  

6.2.2. | Catalyst preparation 
The catalyst support material, γ-Al2O3, was purchased (Mateck GmBh) in 
the form of ~3 mm pellets, which was crushed and sieved into a series of 
particle fractions using a mechanical shaker. In this study, all the catalysts 
were supported on 250-350 μm γ-Al2O3 particles to obtain 2 wt% loading of 
platinum group metals and 5 and 10 wt% loading for other transition metal 
oxides. The particle size fraction was selected to minimize the pressure drop 
in the reactor[27,32]. 

These supported catalysts were prepared using a wet impregnation 
technique. For platinum-group metals, 8 g of the catalyst support was 
placed into a 250 mL beaker and 10 mL of metal precursor aqueous solution 
was added. The following precursors were used: Dihydrogen 
hexachloroplatinate (IV) hydrate, Sigma-Aldrich >99 wt%; Palladium (II) 
nitrate hydrate, Sigma-Aldrich, >99 wt%; Rhodium chloride hydrate, Alfa 
Aesar, >98 wt%, Ruthenium (III) chloride hydrate, Sigma-Aldrich >99 wt%. 
Water from the solution was evaporated for 4 h in a shaker heated to 40 oC. 
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The samples were dried at 120 oC for 4 h (heating rate 1 oC min–1) and then 
calcined in air at 450 oC for 3 h. 

For other transition metals, a 1 L round-bottom flask was loaded with 50 g 
of the support and 500 mL of the aqueous solution of the catalyst precursor. 
The following precursors were used: cobalt (II) nitrate (Alfa Aesar, >98 wt %) 
for Co3O4, oxalic acid dihydrate (Sigma-Aldrich, >99 wt %) and ammonium 
heptamolybdate (Fluka, >99 wt %) in 3:1 molar ratio for MoO3,  nickel (II) 
nitrate hydrate (Alfa Aesar, >98 wt %) for NiO, oxalic acid and ammonium 
metavanadate (Alfa Aesar, >99 wt %) in 3:1 molar ratio for V2O5, copper (II) 
nitrate (Alfa Aesar, >99 wt %) for CuO, ammonium tungsten oxide hydrate 
(Alfa Aesar, >99 wt %) for WO3, iron (III) nitrate nonahydrate (Sigma-Aldrich, 
>99 wt %) for Fe2O3, manganese(II) nitrate tetrahydrate (Sigma-Aldrich, >98 
wt %) for MnO2. Water was evaporated in a rotavapor for 5 h at 40 oC. 
Afterwards, the samples were dried in a tube furnace at 110oC for 4 h 
(heating rate 1 oC min-1) and calcined in air for 2 h at 400 oC for Co, ; 450 
oC for Ni, Cu and 500 oC for W, and Fe.  

6.2.3. | Catalyst Characterization  
N2 physiosorption using a TriStar 3000 micrometrics analyser using 
standard multipoint Brunauer-Emmett-Teller (BET) analysis and Barrett 
Joyner Halenda (BJH) pore distribution methods was performed to 
determine surface area, pore size distributions and pore volumes. All the 
catalysts samples were dried in the flow of N2 at 140 oC for 4 h before the 
measurements. This analysis was performed for all catalysts before and after 
exposure to plasma and the results are presented in the Table SI-1 and 2 of 
the supplementary information.  

Temperature programmed reduction (TPR) experiments was performed 
using an Autochem II micrometrics chemisorption analyser for all the 
catalysts in order to study the effect of exposure to hydrogen plasma. The 
catalyst samples after exposure to plasma were transferred under nitrogen 
environment in a glovebox. The TPR profiles are presented in the Table SI-3 
and 4 of the supplementary information. 

Scanning electron microscopy (SEM) study was performed on the QuantaTM 
3D FEG with electon beam resolution of 1.2 nm at 30 kV and electron 
acceleration voltage of 200 V-30 kV. Powdered samples as well as fractured 
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pellets were studied by applying them on conductive tape followed by 
carbon-coating before the SEM analysis. SEM and TEM images of catalyst 
supports are presented in the Figure SI-2 and 3. 

6.2. | Results and discussion 

6.3.1. | In-situ catalyst reduction using H2 plasma 
Temperature programmed reduction (TPR) experiments were performed for 
all the catalysts in order to determine if it was reduced upon exposure to the 
hydrogen plasma and their % reduction. The TPR was performed for the 
catalyst before and after the plasma exposure. The results of the TPR studies 
for all the catalysts are presented in Table SI-3 and 4. 

A mixture of 10% H2 in Ar is used for the reduction at a heating rate of 10 
ºC/min. Comparison between the H2 consumption by the catalyst samples 
reveals the extent to which a sample has been reduced by the plasma. It also 
reveals the oxidation state in which the catalyst is present. 

The TPR profile of Pt shows one peak which is associated with the reduction 
of the PtO2 species. There is no interaction of the platinum with the support 
in this case and TPR profile of the Pt after the plasma exposure shows a 
complete reduction of PtO2 after exposure to hydrogen plasma. It is worth 
mentioning that the TPR peaks for all the catalysts are in line with the peaks 
found in literature[37–45]. 

The TPR profiles of Pt, Pd, Mn, Ru, and Rh shows that these catalysts were 
completely or mostly reduced by the H2 plasma. This is primarily due to the 
fact that the peaks for each of these metals are at temperatures of 450 ºC or 
lower and the plasma process reaches a temperature of around 420 ºC at 
the power supplied to the reactor. Fe and W were only partly reduced by the 
plasma as they have reduction peaks well above 700 ºC. The bulk gas never 
reached such a high temperatures in presence of H2 plasma and hence the 
catalyst isn’t completely reduced. Because of this behavior, these two 
catalysts were first reduced in a tube furnace and then it was packed in the 
DBD discharge zone. This gave slightly improved result in term of ammonia 
production, which are presented in the Section 6.3.3.  
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For Ni loadings below 12% the Nickel species interact with the tetrahedrally 
coordinated sites of the γ-Al2O3[40]. This terahedrally coordinated site is not 
reducible at temperatures below 400 ºC which is a possible reason why the 
nickel is reduced only about 60% by the H2 plasma.  

6.3.2. | Effect of feed ratio (N2/H2) 

For all catalysts investigated, volumetric feed ratio of N2/H2 was varied from 
4 to 0.33 in order to determine the optimum feed ratio to achieve highest 
NH3 concentration. The experiments were performed at total flowrate of 0.18 
L/min and at constant input voltage of 30 Vpk-pk. The effect of feed ratio on 
the concentration of NH3 is shown in Figure 6.2. Different metal oxide 
catalysts resulted in a varying ammonia concentration trends with respect 
to the N2/H2 feed ratio, thus indicating a role of the active metal catalyst in 
the ammonia synthesis reaction and diverse reaction pathways/mechanism 
supported by these catalysts. For all the studied catalysts, the optimum feed 
ratio was found to be between 1 and 3. 
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Figure 6.2. The effect of feed ratio on NH3 concentration in a DBD packed with different 
catalysts at the total gas flow rate of 0.18 L/min. 

An empty reactor (blank experiment), feed ratio of 1 gave the highest 
ammonia concentration. Similar trend was revealed by the γ-Al2O3 catalysts, 
but with a higher concentration of ammonia. The 10 % WO3 and 2 % PdO 
catalysts also exhibited similar ammonia concentration trends as γ-Al2O3, 
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pellets were studied by applying them on conductive tape followed by 
carbon-coating before the SEM analysis. SEM and TEM images of catalyst 
supports are presented in the Figure SI-2 and 3. 

6.2. | Results and discussion 

6.3.1. | In-situ catalyst reduction using H2 plasma 
Temperature programmed reduction (TPR) experiments were performed for 
all the catalysts in order to determine if it was reduced upon exposure to the 
hydrogen plasma and their % reduction. The TPR was performed for the 
catalyst before and after the plasma exposure. The results of the TPR studies 
for all the catalysts are presented in Table SI-3 and 4. 

A mixture of 10% H2 in Ar is used for the reduction at a heating rate of 10 
ºC/min. Comparison between the H2 consumption by the catalyst samples 
reveals the extent to which a sample has been reduced by the plasma. It also 
reveals the oxidation state in which the catalyst is present. 

The TPR profile of Pt shows one peak which is associated with the reduction 
of the PtO2 species. There is no interaction of the platinum with the support 
in this case and TPR profile of the Pt after the plasma exposure shows a 
complete reduction of PtO2 after exposure to hydrogen plasma. It is worth 
mentioning that the TPR peaks for all the catalysts are in line with the peaks 
found in literature[37–45]. 

The TPR profiles of Pt, Pd, Mn, Ru, and Rh shows that these catalysts were 
completely or mostly reduced by the H2 plasma. This is primarily due to the 
fact that the peaks for each of these metals are at temperatures of 450 ºC or 
lower and the plasma process reaches a temperature of around 420 ºC at 
the power supplied to the reactor. Fe and W were only partly reduced by the 
plasma as they have reduction peaks well above 700 ºC. The bulk gas never 
reached such a high temperatures in presence of H2 plasma and hence the 
catalyst isn’t completely reduced. Because of this behavior, these two 
catalysts were first reduced in a tube furnace and then it was packed in the 
DBD discharge zone. This gave slightly improved result in term of ammonia 
production, which are presented in the Section 6.3.3.  
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For Ni loadings below 12% the Nickel species interact with the tetrahedrally 
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Figure 6.2. The effect of feed ratio on NH3 concentration in a DBD packed with different 
catalysts at the total gas flow rate of 0.18 L/min. 

An empty reactor (blank experiment), feed ratio of 1 gave the highest 
ammonia concentration. Similar trend was revealed by the γ-Al2O3 catalysts, 
but with a higher concentration of ammonia. The 10 % WO3 and 2 % PdO 
catalysts also exhibited similar ammonia concentration trends as γ-Al2O3, 
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however with a slightly lower and higher ammonia concentration than γ-
Al2O3, respectively. Poor performing 10 % MnO reached a plateau in 
ammonia concentration after ratio of 1, therefore the feed ratio 1 was chosen 
for further investigation of these metal catalysts.  

High performing, 10% NiO, 10 % MoO3, 10 % CoO3 and all platinum-group 
catalysts gave similar trends in ammonia concentration and ammonia 
reached a maximum at the feed ratio of 2. The feed ratio that provided 
highest concentration of NH3 was selected for further analysis of the 
respective catalysts. 

The observed trends are likely explained by the different rates of ammonia 
decomposition and formation. The formation of ammonia is determined by 
the activation of N2 molecules in plasma, which is a rate-limiting step with 
an energy demand of 9.76 eV[46], while the dissociation of hydrogen is 
relatively easier as its energy of dissociation is 4.48 eV[47]. An increase of 
nitrogen concentration in the feed leads to a higher N2 dissociation (due to 
increase in SEI see Figure SI-5) and thus a higher concentration of ammonia 
via the reaction with hydrogen species. The activated nitrogen species, 
however, can react also with ammonia resulting in its decomposition, which 
is likely a cause of a decreased in ammonia concentration at the higher 
N2/H2 feed ratio beside the decrease in availability of hydrogen. 

6.3.3. | Effect of plasma-catalyst on NH3 production 

6.3.3.1. | Effect of supported catalysts  

In order to understand the influence of the supported catalysts on NH3 
production, experiments were performed at a varying specific energy input 
and constant gas flow rate of 0.18 L/min. The feed ratio (N2/H2) of 1 or 2 
was chosen depending on the catalyst as discussed in section 6.3.2. The 
catalytic metals were supported on γ-Al2O3, therefore to compare an 
experiment was performed with the same γ-Al2O3 support. Blank 
experiments (without packing) were also conducted at a total gas flow rate 
of 0.18 L/min and 0.6 L/min. The latter value was selected to ensure 
identical residence time as that of the DBD reactor packed with the catalyst. 
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Figure 6.3. NH3 concentration as a function of specific plasma energy input for different 
catalysts at a total gas flow rate of 0.18 L/min. Blank experiments were performed at 0.18 

and 0.6 L/min. 

Figure 6.3 shows a change in the ammonia concentration with the specific 
energy input (SEI) for all the investigated catalysts. The input power was in 
an identical range for all the tested catalysts, but the SEI values were slightly 
changing because the catalysts affected the plasma discharge process. The 
ammonia concentration linearly increases with SEI for all the catalysts as 
well as for the reference experiments with only alumina packing and with 
blank experiment. Packing a reactor always resulted in higher concentration 
than the empty reactor, except for the 10% MnO catalyst, which significantly 
suppressed the formation of ammonia. The highest ammonia concentration 
of 1.03 vol% was achieved with 2 % Rh catalyst at an SEI of 21.5 kJ/L. 

The results show a notable effect of catalysts on plasma ammonia synthesis. 
The best performing 2 % catalyst gave a 20 % higher NH3 concentration as 
compared to the γ-Al2O3 and 330 % higher than blank run at comparable 
SEI values. Packing the DBD reactor even with γ-Al2O3 resulted in a much 
higher ammonia concentration, about 230 % higher as compared to the 
blank run at 0.6 L/min and 83 % higher than the blank run at 0.18 L/min. 
These data confirm that the surface reactions play a significant role in NH3 
plasma synthesis. As shown in the previous study, the plasma must have 
electrons with sufficiently high electron energy in order to dissociate the 
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however with a slightly lower and higher ammonia concentration than γ-
Al2O3, respectively. Poor performing 10 % MnO reached a plateau in 
ammonia concentration after ratio of 1, therefore the feed ratio 1 was chosen 
for further investigation of these metal catalysts.  

High performing, 10% NiO, 10 % MoO3, 10 % CoO3 and all platinum-group 
catalysts gave similar trends in ammonia concentration and ammonia 
reached a maximum at the feed ratio of 2. The feed ratio that provided 
highest concentration of NH3 was selected for further analysis of the 
respective catalysts. 

The observed trends are likely explained by the different rates of ammonia 
decomposition and formation. The formation of ammonia is determined by 
the activation of N2 molecules in plasma, which is a rate-limiting step with 
an energy demand of 9.76 eV[46], while the dissociation of hydrogen is 
relatively easier as its energy of dissociation is 4.48 eV[47]. An increase of 
nitrogen concentration in the feed leads to a higher N2 dissociation (due to 
increase in SEI see Figure SI-5) and thus a higher concentration of ammonia 
via the reaction with hydrogen species. The activated nitrogen species, 
however, can react also with ammonia resulting in its decomposition, which 
is likely a cause of a decreased in ammonia concentration at the higher 
N2/H2 feed ratio beside the decrease in availability of hydrogen. 

6.3.3. | Effect of plasma-catalyst on NH3 production 

6.3.3.1. | Effect of supported catalysts  

In order to understand the influence of the supported catalysts on NH3 
production, experiments were performed at a varying specific energy input 
and constant gas flow rate of 0.18 L/min. The feed ratio (N2/H2) of 1 or 2 
was chosen depending on the catalyst as discussed in section 6.3.2. The 
catalytic metals were supported on γ-Al2O3, therefore to compare an 
experiment was performed with the same γ-Al2O3 support. Blank 
experiments (without packing) were also conducted at a total gas flow rate 
of 0.18 L/min and 0.6 L/min. The latter value was selected to ensure 
identical residence time as that of the DBD reactor packed with the catalyst. 
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Figure 6.3. NH3 concentration as a function of specific plasma energy input for different 
catalysts at a total gas flow rate of 0.18 L/min. Blank experiments were performed at 0.18 

and 0.6 L/min. 

Figure 6.3 shows a change in the ammonia concentration with the specific 
energy input (SEI) for all the investigated catalysts. The input power was in 
an identical range for all the tested catalysts, but the SEI values were slightly 
changing because the catalysts affected the plasma discharge process. The 
ammonia concentration linearly increases with SEI for all the catalysts as 
well as for the reference experiments with only alumina packing and with 
blank experiment. Packing a reactor always resulted in higher concentration 
than the empty reactor, except for the 10% MnO catalyst, which significantly 
suppressed the formation of ammonia. The highest ammonia concentration 
of 1.03 vol% was achieved with 2 % Rh catalyst at an SEI of 21.5 kJ/L. 

The results show a notable effect of catalysts on plasma ammonia synthesis. 
The best performing 2 % catalyst gave a 20 % higher NH3 concentration as 
compared to the γ-Al2O3 and 330 % higher than blank run at comparable 
SEI values. Packing the DBD reactor even with γ-Al2O3 resulted in a much 
higher ammonia concentration, about 230 % higher as compared to the 
blank run at 0.6 L/min and 83 % higher than the blank run at 0.18 L/min. 
These data confirm that the surface reactions play a significant role in NH3 
plasma synthesis. As shown in the previous study, the plasma must have 
electrons with sufficiently high electron energy in order to dissociate the 
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nitrogen molecule, which takes part in the ammonia formation reaction. In 
a γ-Al2O3 packed DBD reactor, filamentary micro discharges found to be 
predominant, which contained considerably higher mean energy of electrons 
as compared to e.g. Townsend like discharges, and hence can be more 
efficient in activation of nitrogen molecules[48]. With a SEI increase, a higher 
degree of nitrogen molecule activation by direct electron impact reactions 
via increased number of filaments is achieved, which increases the amount 
of ammonia formed. 

An interesting finding that can be observed from the plot is that for the Ru 
catalyst, which is considered as the best catalyst for conventional ammonia 
synthesis. The NH3 concentration drops when the SEI is increased beyond 
a value of 15 kJ/L in contrast to all other platinum-group metal catalysts. 
A possible reason could be the reverse reaction leading to ammonia 
decomposition in to N2 and H2 became dominant at higher SEI as the 
temperature seen to crossing 400 oC. Second reason could be the desorption 
of surface adsorbed hydrogen species at higher SEI, i.e. at higher 
temperatures. Because this behavior was not exhibited by the other 
catalysts, the influence of temperature on catalyst performance was 
investigated in section 6.3.4.  

6.3.3.2. | Effect of metal loading on NH3 production  

Figure 6.4 shows the effect of metal loading on ammonia concentration for 
four different catalysts W, Ni, Mo, and Co at loadings of 5 % and 10 %. The 
feed gas flow rate was kept constant at 0.18 L/min and the N2/H2 feed ratio 
was dependent on the active metal catalyst and was chosen as discussed in 
section 6.3.2.  

The increase in loading does not seem to have significant effect on ammonia 
formation in plasma assisted ammonia synthesis. This had likely happened 
because the reactions are occurring on the external surface of the catalyst 
particles rather than in the pores. Roland et al.[49] have shown that the 
electrical discharge does not penetrate into the pores smaller than about 0.8 
μm. While the microdischarges penetrate into the pores above 15 μm, where 
the excited species can be formed, which results in enhanced reaction times. 
As the catalyst particles were only 250-350 μm, the pores required for the 
microdischarge formation could have been formed only between the 
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particles, which means increased amount of catalyst in pores of particle with 
higher loading might not be taking part in the reaction. 
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Figure 6.4. NH3 concentration as a function of specific energy input at a total gas flow rate of 
0.18 L/min for catalysts with different loading. 

6.3.3.3. | Effect of active metals on the plasma discharge 

Figure 6.5 shows the V-I signal for various investigated catalysts. It is clear 
from the V-I signal for blank and packed DBD reactor that the intensity and 
number of filament increase enormously, for most of the cases, when reactor 
is packed with catalyst. When reactor is packed with γ-Al2O3, a filament 
connecting ground electrode with high voltage SS electrode can no longer do 
that directly. Instead this filament is now changed to combination of the 
surface discharge and volume discharge. 

Presence of active metal on the γ-Al2O3 also seems to affect the plasma 
discharge (see figure for 10% Ni and figure for 10% Mn or 10% Fe). The worst 
performing 10% Mn and 10% Fe seems to exhibit Townsend like discharge. 
The best performing 2 wt% Pt-group catalysts found to exhibit plasma 
discharge with characteristic filamentary micro-discharges. Filamentary 
micro-discharges were found to be beneficial for ammonia synthesis and 
nitric oxide synthesis reactions[27,32], which seems to be the case here as 
well. Increase in loading of active metal on γ-Al2O3 also seems to decrease 
the intensity and number of filamentary discharges as can be seen from 
Figure 6.5. 
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nitrogen molecule, which takes part in the ammonia formation reaction. In 
a γ-Al2O3 packed DBD reactor, filamentary micro discharges found to be 
predominant, which contained considerably higher mean energy of electrons 
as compared to e.g. Townsend like discharges, and hence can be more 
efficient in activation of nitrogen molecules[48]. With a SEI increase, a higher 
degree of nitrogen molecule activation by direct electron impact reactions 
via increased number of filaments is achieved, which increases the amount 
of ammonia formed. 

An interesting finding that can be observed from the plot is that for the Ru 
catalyst, which is considered as the best catalyst for conventional ammonia 
synthesis. The NH3 concentration drops when the SEI is increased beyond 
a value of 15 kJ/L in contrast to all other platinum-group metal catalysts. 
A possible reason could be the reverse reaction leading to ammonia 
decomposition in to N2 and H2 became dominant at higher SEI as the 
temperature seen to crossing 400 oC. Second reason could be the desorption 
of surface adsorbed hydrogen species at higher SEI, i.e. at higher 
temperatures. Because this behavior was not exhibited by the other 
catalysts, the influence of temperature on catalyst performance was 
investigated in section 6.3.4.  

6.3.3.2. | Effect of metal loading on NH3 production  

Figure 6.4 shows the effect of metal loading on ammonia concentration for 
four different catalysts W, Ni, Mo, and Co at loadings of 5 % and 10 %. The 
feed gas flow rate was kept constant at 0.18 L/min and the N2/H2 feed ratio 
was dependent on the active metal catalyst and was chosen as discussed in 
section 6.3.2.  

The increase in loading does not seem to have significant effect on ammonia 
formation in plasma assisted ammonia synthesis. This had likely happened 
because the reactions are occurring on the external surface of the catalyst 
particles rather than in the pores. Roland et al.[49] have shown that the 
electrical discharge does not penetrate into the pores smaller than about 0.8 
μm. While the microdischarges penetrate into the pores above 15 μm, where 
the excited species can be formed, which results in enhanced reaction times. 
As the catalyst particles were only 250-350 μm, the pores required for the 
microdischarge formation could have been formed only between the 
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particles, which means increased amount of catalyst in pores of particle with 
higher loading might not be taking part in the reaction. 
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Figure 6.4. NH3 concentration as a function of specific energy input at a total gas flow rate of 
0.18 L/min for catalysts with different loading. 

6.3.3.3. | Effect of active metals on the plasma discharge 

Figure 6.5 shows the V-I signal for various investigated catalysts. It is clear 
from the V-I signal for blank and packed DBD reactor that the intensity and 
number of filament increase enormously, for most of the cases, when reactor 
is packed with catalyst. When reactor is packed with γ-Al2O3, a filament 
connecting ground electrode with high voltage SS electrode can no longer do 
that directly. Instead this filament is now changed to combination of the 
surface discharge and volume discharge. 

Presence of active metal on the γ-Al2O3 also seems to affect the plasma 
discharge (see figure for 10% Ni and figure for 10% Mn or 10% Fe). The worst 
performing 10% Mn and 10% Fe seems to exhibit Townsend like discharge. 
The best performing 2 wt% Pt-group catalysts found to exhibit plasma 
discharge with characteristic filamentary micro-discharges. Filamentary 
micro-discharges were found to be beneficial for ammonia synthesis and 
nitric oxide synthesis reactions[27,32], which seems to be the case here as 
well. Increase in loading of active metal on γ-Al2O3 also seems to decrease 
the intensity and number of filamentary discharges as can be seen from 
Figure 6.5. 
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Figure 6.5. Voltage signals for various catalyst support materials at input voltage of 50 
Vpk-pk (with 355-250 μm particles at the total gas flow rate of 0.18 L/min, N2:H2=optimum 

for each catalyst, 21 kHz and pulse width of 25 μs). Figure SI-7 shows V-I signal for rest of 
the catalysts. 
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6.3.4. | Catalyst performance with temperature 
To study the effect of the reaction temperature on plasma ammonia 
synthesis, a tubular furnace was used to heat only the plasma zone to the 
temperature range of 150-350 oC and constant power was supplied to the 
plasma reactor by keeping the input voltage constant at 30 Vpk-pk. A 
performance of various investigated catalysts with respect to the 
temperature is shown in Figure 6.6. The concentration of ammonia 
increased at a higher temperature till a certain value after which the NH3 
concentration decreased. This temperature depended on the catalyst. Most 
of the catalysts showed decrease in NH3 concentration after 300oC, for 
example, 10% Ni, 10% Co, and all Pt-group metals. Other catalysts showed 
dip in concertation after 250oC. However, concentration of NH3 decreases 
continuously with temperature from 150oC itself. Only experiments without 
packing catalysts (Blank 0.18 and 0.6) gave increase in NH3 concentration 
with increasing temperature. 

Ammonia synthesis is an exothermic reaction, therefore a low reaction 
temperature is preferred from equilibrium considerations to increase 
ammonia production. In the Haber-Bosch process, which is the conventional 
synthesis, high temperature (400-500 oC) is combined with high pressure 
(>100 bar) in order to maximize the reaction rate at industrially-suitable 
conversion. High temperature is required because the catalysts show minor 
activity below 400 oC and low equilibrium ammonia concentration is 
counterbalanced with high pressure[26]. The observed decrease in ammonia 
concentration with temperature (Figure 6.6) might be also explained by 
thermodynamic effects. A more likely explanation comes from an increased 
kinetic energy of gas molecules at a higher temperature, which results in a 
higher probability of dissociation of ammonia intermediates into initial 
reactants. It might also because of possible desorption of hydrogen from 
catalyst surface at higher temperatures, thus reducing the probability of the 
hydrogen addition reaction occurring at the surface. 
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Figure 6.5. Voltage signals for various catalyst support materials at input voltage of 50 
Vpk-pk (with 355-250 μm particles at the total gas flow rate of 0.18 L/min, N2:H2=optimum 

for each catalyst, 21 kHz and pulse width of 25 μs). Figure SI-7 shows V-I signal for rest of 
the catalysts. 
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6.3.4. | Catalyst performance with temperature 
To study the effect of the reaction temperature on plasma ammonia 
synthesis, a tubular furnace was used to heat only the plasma zone to the 
temperature range of 150-350 oC and constant power was supplied to the 
plasma reactor by keeping the input voltage constant at 30 Vpk-pk. A 
performance of various investigated catalysts with respect to the 
temperature is shown in Figure 6.6. The concentration of ammonia 
increased at a higher temperature till a certain value after which the NH3 
concentration decreased. This temperature depended on the catalyst. Most 
of the catalysts showed decrease in NH3 concentration after 300oC, for 
example, 10% Ni, 10% Co, and all Pt-group metals. Other catalysts showed 
dip in concertation after 250oC. However, concentration of NH3 decreases 
continuously with temperature from 150oC itself. Only experiments without 
packing catalysts (Blank 0.18 and 0.6) gave increase in NH3 concentration 
with increasing temperature. 

Ammonia synthesis is an exothermic reaction, therefore a low reaction 
temperature is preferred from equilibrium considerations to increase 
ammonia production. In the Haber-Bosch process, which is the conventional 
synthesis, high temperature (400-500 oC) is combined with high pressure 
(>100 bar) in order to maximize the reaction rate at industrially-suitable 
conversion. High temperature is required because the catalysts show minor 
activity below 400 oC and low equilibrium ammonia concentration is 
counterbalanced with high pressure[26]. The observed decrease in ammonia 
concentration with temperature (Figure 6.6) might be also explained by 
thermodynamic effects. A more likely explanation comes from an increased 
kinetic energy of gas molecules at a higher temperature, which results in a 
higher probability of dissociation of ammonia intermediates into initial 
reactants. It might also because of possible desorption of hydrogen from 
catalyst surface at higher temperatures, thus reducing the probability of the 
hydrogen addition reaction occurring at the surface. 
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Figure 6.6. NH3 concentration as a function of the reaction temperature at a fixed input 
voltage of 30 Vpk pk, total gas feed flow rate of 0.18 L/min. 

The experimental data shows that the reactor temperature should be 
maintained in the range of 250 - 300 ºC for most catalysts in order to achieve 
the highest concentration of NH3. With increase in SEI, the temperature of 
the reactor is also found to increase. Thus, to achieve the highest ammonia 
concentration at a higher SEI value, when the reactor reaches a temperature 
over 300 ºC, a cooling system should be employed to keep the temperature 
within the desired limits.  

6.3.5. | Effect of flow rate  
The experiments were conducted by packing the best performing Pt-group 
(2% Rh) and non Pt-group (10% Ni) catalyst in the DBD plasma zone and 
varying total gas flowrate at the constant N2/H2 feed ratio of 2. In total four 
flowrates of 0.1, 0.18, 0.6, and 1 L/min were investigated, which gave 
residence time of 0.91 s, 0.5 s, 0.15 s, and 0.1 s respectively, for assumed 
void fraction of 30%. Figure 6.7 shows the influence of flowrate on the 
concentration of ammonia obtained for 2% Rh and 10% Ni catalyst. 
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Figure 6.7. Effect of flowrate on ammonia production a. 2% Rh and b. 10% Ni. 

The concentration of ammonia produced at different flow rates depended on 
SEI and fell on the same trend line as can be seen in Figure 6.7. A highest 
concentration of 1.43 vol% and 1.32 vol% was obtained for 2% Rh and 10% 
Ni respectively, at total gas flow of 0.10 L/min and energy input of ~ 40 
kJ/L. The lowest flow rate corresponded to the highest residence time and 
enables higher SEI. These two effects lead to higher concentration of 
ammonia by first providing longer times for reactive species to interact with 
the active metal catalysts and higher SEI facilitates generation of higher 
number of reactive nitrogen species which subsequently takes part in the 
reaction to produce ammonia.  

6.3.6. | Energy efficiency for plasma-catalyst assisted 
NH3 synthesis 

Figure 6.8 shows the energy consumption per mol of ammonia for various 
catalysts and with varying flowrate for the 2 % Rh catalyst. Higher SEI 
values resulted in a higher energy requirement per mol of ammonia 
produced for most catalysts. Reason being at higher SEI, temperature also 
increases, which leads to the reverse reactions where NH3 or NH species 
decomposes back into N2 and H2, ultimately lowering the overall NH3 
concentration. Another point that can be observed is that the energy 
requirement per mol of NH3 for the blank reactor operating at 0.6 L/min gas 
flow is lower than that of 0.18 L/min gas flow. This indicates that higher 
residence time leads to higher NH3 production but at the cost of higher 
energy consumption. At higher flowrate, because of lower residence time, 
the reaction probability to form NH3 is reduced and also less energy flows in 
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Figure 6.6. NH3 concentration as a function of the reaction temperature at a fixed input 
voltage of 30 Vpk pk, total gas feed flow rate of 0.18 L/min. 

The experimental data shows that the reactor temperature should be 
maintained in the range of 250 - 300 ºC for most catalysts in order to achieve 
the highest concentration of NH3. With increase in SEI, the temperature of 
the reactor is also found to increase. Thus, to achieve the highest ammonia 
concentration at a higher SEI value, when the reactor reaches a temperature 
over 300 ºC, a cooling system should be employed to keep the temperature 
within the desired limits.  

6.3.5. | Effect of flow rate  
The experiments were conducted by packing the best performing Pt-group 
(2% Rh) and non Pt-group (10% Ni) catalyst in the DBD plasma zone and 
varying total gas flowrate at the constant N2/H2 feed ratio of 2. In total four 
flowrates of 0.1, 0.18, 0.6, and 1 L/min were investigated, which gave 
residence time of 0.91 s, 0.5 s, 0.15 s, and 0.1 s respectively, for assumed 
void fraction of 30%. Figure 6.7 shows the influence of flowrate on the 
concentration of ammonia obtained for 2% Rh and 10% Ni catalyst. 
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Figure 6.7. Effect of flowrate on ammonia production a. 2% Rh and b. 10% Ni. 

The concentration of ammonia produced at different flow rates depended on 
SEI and fell on the same trend line as can be seen in Figure 6.7. A highest 
concentration of 1.43 vol% and 1.32 vol% was obtained for 2% Rh and 10% 
Ni respectively, at total gas flow of 0.10 L/min and energy input of ~ 40 
kJ/L. The lowest flow rate corresponded to the highest residence time and 
enables higher SEI. These two effects lead to higher concentration of 
ammonia by first providing longer times for reactive species to interact with 
the active metal catalysts and higher SEI facilitates generation of higher 
number of reactive nitrogen species which subsequently takes part in the 
reaction to produce ammonia.  

6.3.6. | Energy efficiency for plasma-catalyst assisted 
NH3 synthesis 

Figure 6.8 shows the energy consumption per mol of ammonia for various 
catalysts and with varying flowrate for the 2 % Rh catalyst. Higher SEI 
values resulted in a higher energy requirement per mol of ammonia 
produced for most catalysts. Reason being at higher SEI, temperature also 
increases, which leads to the reverse reactions where NH3 or NH species 
decomposes back into N2 and H2, ultimately lowering the overall NH3 
concentration. Another point that can be observed is that the energy 
requirement per mol of NH3 for the blank reactor operating at 0.6 L/min gas 
flow is lower than that of 0.18 L/min gas flow. This indicates that higher 
residence time leads to higher NH3 production but at the cost of higher 
energy consumption. At higher flowrate, because of lower residence time, 
the reaction probability to form NH3 is reduced and also less energy flows in 
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the secondary reaction pathways that destruct the formed NH3. The lowest 
energy requirement of 32 MJ per mol of NH3 is achieved in this study for 1 
L/min flowrate, which corresponds to 1.9 gm of ammonia per kWh. To 
produce 1.43 vol% of ammonia, 65 MJ/mol of NH3 is required. The per pass 
N2 and H2 conversion of 1.1 and 6.4 vol % respectively, is achieved.  

The energy efficiency of ammonia production with the level of NH3 
concentration realized in this study is amongst the best that are reported in 
the literature, see Table 6.1. However, these values are far from the 
benchmark Haber-Bosch process, which consumes only 0.5 MJ per mol of 
NH3 produced for the entire process including H2 production by steam 
reforming and have per pass N2 conversion of 10-15 %.  
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Figure 6.8. The energy demanded per mol of ammonia produced for various catalysts 
investigated and for different flowrates investigated by packing 2% Rh catalysts. 
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Table 6.1. Literature reported values of NH3 concentration and energy requirement for NH3 
synthesis in DBD reactor. 
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the secondary reaction pathways that destruct the formed NH3. The lowest 
energy requirement of 32 MJ per mol of NH3 is achieved in this study for 1 
L/min flowrate, which corresponds to 1.9 gm of ammonia per kWh. To 
produce 1.43 vol% of ammonia, 65 MJ/mol of NH3 is required. The per pass 
N2 and H2 conversion of 1.1 and 6.4 vol % respectively, is achieved.  

The energy efficiency of ammonia production with the level of NH3 
concentration realized in this study is amongst the best that are reported in 
the literature, see Table 6.1. However, these values are far from the 
benchmark Haber-Bosch process, which consumes only 0.5 MJ per mol of 
NH3 produced for the entire process including H2 production by steam 
reforming and have per pass N2 conversion of 10-15 %.  
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Figure 6.8. The energy demanded per mol of ammonia produced for various catalysts 
investigated and for different flowrates investigated by packing 2% Rh catalysts. 
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Table 6.1. Literature reported values of NH3 concentration and energy requirement for NH3 
synthesis in DBD reactor. 
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6.3.7. | OES measurements and mechanism of ammonia 
synthesis  

Optical emission spectroscopic analysis for the plasma generated in the 
catalytically packed reactor zone is shown in Figure 6.9 for various catalysts. 
The spectral lines shown in Figure 6.9 represent various excited nitrogen 
species from the second positive system of N2 and first negative system of 
N2+. Spectrum emission peak at 357.9 nm indicates transition from C3∏ to 
B3∏. Transition from B2∑u+ to X2∑g+ is shown by emission line at 391.4 nm. 
A high intensity peaks at 336.0 and 337.0 nm indicate presence of excited 
NH* radicals and transition from A3∏ to X3∑. An intensity of N2+ and NH* 
species found to increase with increasing specific energy input. No emission 
lines for atomic hydrogen were observed. N2+ and NH* are the intermediate 
species that take part in the ammonia formation reaction. 

The source of N2+ species are the reactions R1 and R2; 

   (R1) 

  (R2) 

NH* species take part in both the ammonia formation and decomposition 
reaction via R3 and R4 respectively; 

   (R3) 

  (R4) 

The intermediate NH* species then react with atomic hydrogen to yield 
ammonia via step by step addition reactions R5 and R6, which takes place 
on the plasma exposed catalyst surface.  

  (R5) 

  (R6) 

The plasma-catalyst synergetic effect in ammonia production and reaction 
mechanism is far from being understood and thus demands further 
investigation. 
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Figure 6.9. Optical emission spectra obtained for investigated catalysts at input voltage 
of 50 Vpk-pk. a. Blank and γ -Al2O3, b. 2% Pt-group metals, c. 10% selected catalysts. 
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6.3. | Conclusions 
A range of transition metal oxide catalysts are meticulously screened for 
plasma assisted ammonia synthesis in a packed Dielectric Barrier Discharge 
(DBD) reactor at atmospheric pressure in this chapter. 16 transition metal 
oxide catalysts, 10% W, 10% Fe, 10% Mo, 10% Co, 10% Mn, 10% Ni, 5% W, 
5% Mo, 5% Co, 5% Ni, 5% Cu, 5% V, 2% Pt, 2% Pd, 2% Rh, and 2% Ru, have 
been studied for their NH3 production performance and synergetic effect. All 
the catalysts were reduced in-situ with hydrogen plasma, in which Pt-group 
metals could reduce close to 100% and other transition metal oxides were 
reduced over 50 to 80%, as shown by the Temperature Programmed 
Reduction (TPR) analysis. It is suspected that the active metal oxides present 
on the external surface of support, not so deep inside the pores, could only 
be reduced with hydrogen plasma. Thus, hydrogen plasma offers an 
opportunity to reduce the oxide catalysts in-situ and at considerably lower 
temperatures. All the catalysts were first investigated for the influence of 
volumetric feed ratio (N2/H2). Different catalysts showed different optimum 
in feed ratio, indicating varying role played by active metal in hydrogen 
activation and the reaction channels for ammonia synthesis. All the 
catalysts were also found to have a varying degree of influence on the 
ammonia production. The 2% Rh from Pt-group metals followed by 10% Ni 
from non Pt-group metals produced the highest amount of ammonia, 
yielding an additional 95% and 85% of NH3, respectively, compared to an 
empty reactor. As compared to only γ-Al2O3, best performing 2% Rh and 10% 
Ni produced 32% and 24% higher ammonia respectively.  

This varying concentration of ammonia produced by investigated catalysts 
indicates a catalytic role played by them and synergetic effect they have on 
reaction. The reason behind the increase in product concentration can be 
explained by an increase in the available surface area to stimulate the 
recombination reactions and role of the active metals in dissociating H2 
molecule, both leading to ammonia formation. The catalysts supporting a 
filamentary type of microdischarges led to higher ammonia production. 
These microdischarges likely provide a higher density of energetic electrons, 
which contribute to higher rates for activation and dissociation of nitrogen 
molecule.  
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Increasing metal loading showed virtually no effect on the ammonia 
produced, which indicates that the catalysts plays a predominant role in H2 
dissociation and rate limiting step of N2 dissociation/activation primarily 
facilitated by plasma. Performance of all the catalysts were also investigated 
with temperature. The results showed that the concentration of ammonia 
decreases at higher temperatures, indicating back reactions of ammonia 
decomposition to be dominating. For the experimental conditions employed 
in this study, varying flow rate by a factor of ~10, revealed a minor 
dependence on the residence time in the reactor.  

At the optimum conditions, ammonia concentration of as high as 1.43 vol% 
was achieved in this study, at 0.1 L/min with N2:H2 = 2 and  2% Rh/γ-Al2O3, 
with an energy efficiency of ~65 MJ/mol of NH3 and per pass hydrogen 
conversion of 6.4%, which is among the best performances reported in the 
literature. However, this performance is significantly lower than the per pass 
conversion of Haber-Bosch process. To improve the performance further, an 
intensive and systematic screening for the transition metal oxides in 
combination with different supports, promoters, and bimetallic catalysts 
must be performed. 

 

Supplementary Data  
Supplementary data associated with this chapter contains the following information;  

A. BET analysis 

B. SEM-EDX images of catalyst 

C. SEM images and TEM images of the catalyst  

D. TPR study for investigation of transition metal oxide catalysts reduction 

E. Effect of catalyst packing method using G-Al2O3 

F. Effect of feed ratio 

G. Effect of active metal on NH3 synthesis 

H. V-I signal for active metal catalysts 

I. Effect of temperature  

J. Effect of flowrate using 2% Rh and 10% Ni catalysts   
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A. BET analysis of the catalyst 

The details of the analysis are provided in the Table SI-1 & SI-2. It suggests that the plasma 
played no significant role on altering the structure. The surface area and porosity are almost 
the same and within an error margin of 5% for most cases except for the Pt and Mo catalyst, 
which may due to some error while computation or measurement of mass. 

Table SI-1. BET surface area before exposure to plasma 

Active 
metal 
 

BET 
Surface 
area 
m2/g 

Micropore 
volume 
(cm3/g) 

Cumulative volume of pores 
(cm3/g) Average pore width (nm) 

Adsorption Desorption Adsorption Desorption 

2% Pt 112.2 0.0029 0.454826 0.45129 14.3 11.68 
2% Pd 111.2 0.0033 0.46 0.45 14.6 11.73 
2% Rh 112.4 0.0034 0.45 0.44 14.2 11.80 
2% Ru 109.6 0.0020 0.43 0.43 14.1 11.67 
10% W 105.1 0.0057 0.41 0.40 14.3 11.51 
10% Ni 102.1 0.0031 0.39 0.39 13.3 11.06 
10% Fe 96.9 0.0021 0.38 0.38 13.6 11.20 
10% Mn 90.7 0.0026 0.37 0.37 14.5 11.27 
10% Mo 98.7 0.0064 0.39 0.38 14.7 11.67 
5% Co 102.3 0.0022 0.42 0.42 14.2 11.65 
5% V 104.7 0.0052 0.42 0.417 14.2 11.58 
5% Cu 101.7 0.0058 0.43 0.43 14.7 12.08 

 

Table SI-2. BET surface area analysis after exposure to plasma. 

Active 
Metal 

BET 
Surface 

area 
m2/g 

Micropore 
volume 
(cm3/g) 

Cumulative volume of pores 
(cm3/g) Average pore width (nm) 

Change in 
Surface 

area 

Adsorption Desorption Adsorption Desorption %  

2% Pt 99.26 0.0027 0.45 0.45 14.93 11.73 11.53019 
2% Pd 110.16 0.0014 0.46 0.46 14.74 11.80 0.891734 
2% Rh 109.39 0.0012 0.45 0.44 14.38 11.64 2.678939 
2% Ru 105.81 0.0014 0.44 0.43 14.60 11.93 3.465138 
10% W 104.82 0.0050 0.40 0.40 14.06 11.52 0.273789 
10% Ni 98.26 0.0014 0.39 0.39 13.85 11.51 3.835269 
10% Fe 101.91 0.0020 0.40 0.39 13.57 11.38 -5.28239 
10% Mn 95.55 0.0019 0.39 0.39 14.21 11.47 -5.28136 
10% Mo 110.69 0.0045 0.41 0.40 13.66 11.59 -12.1218 
5% Co 106.83 0.0018 0.44 0.43 14.71 12.17 -4.39602 
5% V 107.69 0.0043 0.42 0.42 14.18 11.83 -2.78724 
5% Cu 100.56 0.0025 0.43 0.43 15.17 12.01 1.195632 
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B. SEM-EDX Images of catalyst  

The results of SEM-EDX for few catalyst samples are presented below. The SEM-EDX provided 
information about the components present in the catalyst samples and confirmed the loaded 
metals in the prepared composition. Also the metals are found to be well dispersed on the 
surface. 

A.  

B.  

Figure SI-1.  SEM-EDX for  A. 10% Ni, B. 2% Ru, 
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10% Mn 90.7 0.0026 0.37 0.37 14.5 11.27 
10% Mo 98.7 0.0064 0.39 0.38 14.7 11.67 
5% Co 102.3 0.0022 0.42 0.42 14.2 11.65 
5% V 104.7 0.0052 0.42 0.417 14.2 11.58 
5% Cu 101.7 0.0058 0.43 0.43 14.7 12.08 

 

Table SI-2. BET surface area analysis after exposure to plasma. 

Active 
Metal 

BET 
Surface 

area 
m2/g 

Micropore 
volume 
(cm3/g) 

Cumulative volume of pores 
(cm3/g) Average pore width (nm) 

Change in 
Surface 

area 

Adsorption Desorption Adsorption Desorption %  

2% Pt 99.26 0.0027 0.45 0.45 14.93 11.73 11.53019 
2% Pd 110.16 0.0014 0.46 0.46 14.74 11.80 0.891734 
2% Rh 109.39 0.0012 0.45 0.44 14.38 11.64 2.678939 
2% Ru 105.81 0.0014 0.44 0.43 14.60 11.93 3.465138 
10% W 104.82 0.0050 0.40 0.40 14.06 11.52 0.273789 
10% Ni 98.26 0.0014 0.39 0.39 13.85 11.51 3.835269 
10% Fe 101.91 0.0020 0.40 0.39 13.57 11.38 -5.28239 
10% Mn 95.55 0.0019 0.39 0.39 14.21 11.47 -5.28136 
10% Mo 110.69 0.0045 0.41 0.40 13.66 11.59 -12.1218 
5% Co 106.83 0.0018 0.44 0.43 14.71 12.17 -4.39602 
5% V 107.69 0.0043 0.42 0.42 14.18 11.83 -2.78724 
5% Cu 100.56 0.0025 0.43 0.43 15.17 12.01 1.195632 
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B. SEM-EDX Images of catalyst  

The results of SEM-EDX for few catalyst samples are presented below. The SEM-EDX provided 
information about the components present in the catalyst samples and confirmed the loaded 
metals in the prepared composition. Also the metals are found to be well dispersed on the 
surface. 

A.  

B.  

Figure SI-1.  SEM-EDX for  A. 10% Ni, B. 2% Ru, 
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C. SEM and TEM Images of catalyst  

From SEM images (Figure SI-3) it can be seen that the texture of most of the catalyst surfaces 
are sharp, except for 10% Mn and Fe. 10% Mn and 10% Fe catalyst gave very low ammonia 
concentration, which can be related to their microscopic structure as also found by.   

TEM images can be seen in Figure SI-4, which were taken before and after the plasma exposure 
in order to qualitatively determine if there is a change in the catalyst dispersion on the surface 
and how the metal particles are dispersed on the support surface. We can see from the TEM 
images that the particle sizes of the metal dispersed is in the nanometer range, below 10 nm, 
so the active metals are very well dispersed on the catalyst surface. 

10% Fe/γ-Al2O3 

10% Mn/γ-Al2O3 

 
10% Mo/γ-Al2O3 

 
2% Pt/γ-Al2O3 

  

Figure SI-2. SEM images of the selected catalysts. 

 

Chapter 6 | Plasma-Catalyst Assisted Ammonia Synthesis 

 

Page | 183 

10% Mn/γ-Al2O3 10% Mo/γ-Al2O3 

    
10% Ni/γ-Al2O3 10% W/γ-Al2O3 

   
2% Rh/γ-Al2O3 2% Ru/γ-Al2O3 

  

Figure SI-3. TEM images of selected catalysts. 

D. TPR Spectra for investigated catalysts 

Table SI-3. Percentage reduction of the catalyst after exposure to hydrogen plasma. 

Catalyst % Reduction from TPR spectra 

2% Pt/ γ -Al2O3 98.6 
2% Pd/ γ -Al2O3 100 
2% Rh/ γ -Al2O3 89.01 
2% Ru/ γ -Al2O3 100 
10% Ni/ γ -Al2O3 57.7 
10% Fe/ γ -Al2O3 52.4 
10% W/ γ -Al2O3 50 
10% Mo/ γ -Al2O3 61.2 
10% Mn/ γ -Al2O3 93.39 
5% Co/ γ -Al2O3 75.8 
5% Cu/ γ -Al2O3 84.5 
5% V/ γ -Al2O3 59.05 

 

Table SI-4. TPR profile of the selected catalyst after exposure to hydrogen plasma. 
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E. Effect of Packing 

To determine if it affects how the catalyst is loaded in the reactor on ammonia production, test 
experiments were performed using γ-Al2O3 as packing. After each experiment the γ-Al2O3 was 
removed from the reactor and then filled in again. Three runs of these experiments were 
conducted and the results of it are shown below. The experiments were reproducible and way 
of packing did not have any effect on the ammonia concentration and power consumption.  
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Figure SI-4 Effect of packing method on ammonia concentration and energy consumption. 
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F. Effect of feed ratio 
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Figure SI-5. Effect of feed ratio on SEI and energy efficiency. 

G. Effect of active metal on NH3 synthesis 
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Figure SI-6. Effect of active metal on SEI, energy efficiency, N2 conversion and H2 conversion. 
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E. Effect of Packing 

To determine if it affects how the catalyst is loaded in the reactor on ammonia production, test 
experiments were performed using γ-Al2O3 as packing. After each experiment the γ-Al2O3 was 
removed from the reactor and then filled in again. Three runs of these experiments were 
conducted and the results of it are shown below. The experiments were reproducible and way 
of packing did not have any effect on the ammonia concentration and power consumption.  
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Figure SI-4 Effect of packing method on ammonia concentration and energy consumption. 
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F. Effect of feed ratio 
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Figure SI-5. Effect of feed ratio on SEI and energy efficiency. 
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Figure SI-6. Effect of active metal on SEI, energy efficiency, N2 conversion and H2 conversion. 
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H. V-I signal for active metal catalysts 
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Figure SI-7. V-I signal for various transition metal oxides investigated. 
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I. Effect of temperature 
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Figure SI-8. Effect of temperature on SEI, energy efficiency, N2 conversion and H2 conversion. 

 

J. Effect of flowrate using 2% Rh and 10% Ni 
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Figure SI-7. V-I signal for various transition metal oxides investigated. 
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Figure SI-8. Effect of temperature on SEI, energy efficiency, N2 conversion and H2 conversion. 
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Figure SI-9. Effect of flowrate on SEI, N2 conversion and H2 conversion for 2% Rh. 
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Figure SI-10. Effect of flowrate on SEI, N2 conversion and H2 conversion for 10% Ni. 
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Figure SI-9. Effect of flowrate on SEI, N2 conversion and H2 conversion for 2% Rh. 
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Figure SI-10. Effect of flowrate on SEI, N2 conversion and H2 conversion for 10% Ni. 
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The modern technological advancement, growing world population and 
global warming demands a sustainable nitrogen fixation process driven by 
renewable energy sources, which will have comparable energy efficiency as 
that of the existing industrial Haber-Bosch process and have no CO2 
emission[1,2]. In this regard, the objective of this research thesis was to 
develop an intensified plasma reactor driven by alternative energy source for 
nitrogen fixation using non-thermal plasma in combination with or without 
catalyst. Fixation of nitrogen with oxygen and hydrogen, to produce nitrogen 
oxides (NOx) and ammonia respectively, are thoroughly investigated using 
both the gliding arc and dielectric barrier discharge reactor. The following 
main topics are covered in this thesis: 1. unraveling the GA dynamics in 
terms of the gliding arc cycle time, arc velocity and GA propagation height, 
2. correlating V-I signal of GA reactor with its operational dynamics and NOx 
concentration, 3. investigation of GA performance with respect to electrical 
and process parameters for NOx synthesis, 4. deciphering synergetic effect 
between catalyst supports and plasma discharge for NOx and NH3 
production using DBD reactor, 5. screening transition metal oxides for NOx 
and NH3 production by employing DBD reactor, 6. influence of process 
parameters on DBD reactor performance in terms of energy consumption 
and product concentration. In this chapter the main conclusions are 
summarized and an outlook for future research is given. 

7.1. | Conclusions 
Nitrogen fixation in the form of nitrogen oxide is cheaper than ammonia as 
it requires 3.5 times lower theoretical energy. However, nitrogen fixation in 
the form of nitrogen oxide is only feasible by employing plasma. Studying 
ammonia synthesis provided an opportunity to screen catalysts and study 
the synergy effect. In this thesis, nitrogen fixation reactions to produce NOx 
and NH3 have been intensively studied by developing various versions of the 
GA and DBD plasma reactors. In this section major conclusions of these 
studies are presented under GA and DBD reactor sections. 

7.1.1.| GA reactor for nitrogen fixation  
It is shown in chapter-2[3] and chapter-3[4] on the basis of reasonably higher 
concentrations of NOx that GA reactor is a strong contender for containerized 
process plants. Chapter-2 established a thorough characterization of milli-
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scale gliding arc reactor for electrical and process parameters. Which was 
further intensified to minimize the feed bypassing by developing thinner 
electrodes and providing possibility to replace electrode and adjust its 
discharge gap, whose performance is reported in chapter-3. In a GA reactor, 
strong non-equilibrium was maintained, which promoted most efficient 
reactions channels via vibrational excitation of reaction species[5]. 

GA dynamics and V-I signal 

It shown in chapter-3 on the basis of high-speed imaging and V-I signal that 
the kHz frequency gliding arc reactor works in two regimes: ignition and 
propagation. GA in ignition regime has a characteristic high current flow 
(~25 Amp) for short duration and in the propagation regime has prolonged 
low current (30-100 mA) flow. The power input and flow rate are found to 
have major influence on the GA dynamics by affecting the gliding arc cycles 
per sec, gliding arc propagation height and gliding arc velocity.  

Electrical and Process Parameters 

The studied electrical parameters of the gliding arc reactor; frequency, pulse 
width, and input voltage amplitude showed significant influence on the NOx 
production and energy efficiency (chapter-2). Increase in their magnitude 
gave an increased specific energy input thus lead to higher NOx production. 
It can be concluded from the operating conditions of GA reactors reported 
in chapter-2 and chapter-3 that different GA reactor geometry seems to have 
varying optimum electrical parameters. 

The electrode materials tested do not show any catalytic activity for NOx 
production; however, they possess different cathode material properties that 
enabled varied performance for NOx production. Molybdenum and tungsten 
performed equally, giving 1.6 vol % NOx. Longer discharge gaps required a 
higher SEI to ignite and sustain the plasma than the shorter discharge gaps 
and offered slightly longer residence time for the reactant mixture; hence, 
they resulted in higher NOx concentration.  

Chapter-2 and chapter-3, clearly establishes that air (or air+O2) can be used 
instead of N2+O2 for containerize NOx production plants, which expected to  
bring benefits from operating and capital cost point of view and will help 
easing the containerized plant operation and conceptualization. Also, O2% 
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studies are presented under GA and DBD reactor sections. 

7.1.1.| GA reactor for nitrogen fixation  
It is shown in chapter-2[3] and chapter-3[4] on the basis of reasonably higher 
concentrations of NOx that GA reactor is a strong contender for containerized 
process plants. Chapter-2 established a thorough characterization of milli-
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scale gliding arc reactor for electrical and process parameters. Which was 
further intensified to minimize the feed bypassing by developing thinner 
electrodes and providing possibility to replace electrode and adjust its 
discharge gap, whose performance is reported in chapter-3. In a GA reactor, 
strong non-equilibrium was maintained, which promoted most efficient 
reactions channels via vibrational excitation of reaction species[5]. 

GA dynamics and V-I signal 

It shown in chapter-3 on the basis of high-speed imaging and V-I signal that 
the kHz frequency gliding arc reactor works in two regimes: ignition and 
propagation. GA in ignition regime has a characteristic high current flow 
(~25 Amp) for short duration and in the propagation regime has prolonged 
low current (30-100 mA) flow. The power input and flow rate are found to 
have major influence on the GA dynamics by affecting the gliding arc cycles 
per sec, gliding arc propagation height and gliding arc velocity.  

Electrical and Process Parameters 

The studied electrical parameters of the gliding arc reactor; frequency, pulse 
width, and input voltage amplitude showed significant influence on the NOx 
production and energy efficiency (chapter-2). Increase in their magnitude 
gave an increased specific energy input thus lead to higher NOx production. 
It can be concluded from the operating conditions of GA reactors reported 
in chapter-2 and chapter-3 that different GA reactor geometry seems to have 
varying optimum electrical parameters. 

The electrode materials tested do not show any catalytic activity for NOx 
production; however, they possess different cathode material properties that 
enabled varied performance for NOx production. Molybdenum and tungsten 
performed equally, giving 1.6 vol % NOx. Longer discharge gaps required a 
higher SEI to ignite and sustain the plasma than the shorter discharge gaps 
and offered slightly longer residence time for the reactant mixture; hence, 
they resulted in higher NOx concentration.  

Chapter-2 and chapter-3, clearly establishes that air (or air+O2) can be used 
instead of N2+O2 for containerize NOx production plants, which expected to  
bring benefits from operating and capital cost point of view and will help 
easing the containerized plant operation and conceptualization. Also, O2% 
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in feed need to be optimum (i.e. 35%-48%) to produce higher concentrations 
of NOx. Higher % of oxygen in feed tend to oxidize higher amounts of NO to 
NO2, via O + NO + M → O2 + M, which found to be main channel for NO2 
production. It is also affected by the SEI. An increase in SEI resulted in 
higher NO oxidation to NO2. Chapter-2 shows that diluting the feed mixtures 
with argon and preheating of the feed mixture has a negative effect on the 
amount of nitrogen oxide produced.  

As reported in chapter-3, the flowrate influences the residence time and 
hence the amount of NOx produced. For 1 L/min, 2 vol% of NOx 
concentration was realized, which is the highest ever reached by a gliding 
arc reactor. It is shown using 0D model that, for a total gliding arc cycle, a 
NOx concentration as high as 20 % can be reached within the arc volume[5]. 
This is possible in GA reactor because the vibrational excitation of N2 
significantly enhances production of NO via the non-thermal Zeldovich 
mechanism: N2(ν>0) + O  NO + N. This pathway is reported to be the most 
energy efficient way for NO production. 

The energy consumption by milli-scale GA reactor found to be around 8 
MJ/mol for 1.4 vol% NOx. This performance was improved further using 
intensified GA reactor (in chapter-3), 2 vol% of NOx was produced at 7.2 
MJ/mol of energy consumption. The optimum energy consumption found to 
be 2.8 MJ/mol for 0.8 vol% NOx at highest flowrate of 6 L/min, which is very 
optimistic and encouraging for further development.  

7.1.2.| Catalytic DBD reactor for nitrogen fixation  
Various catalyst supports and active metal catalysts were screened in DBD 
reactor for nitrogen fixation via NOx (chapter-4[6]) and NH3 (chapter 5[7] and 
6) synthesis.  

Determining factors for the synergy between catalyst support and 
plasma discharge  

All the catalyst supports gave varying performance. The reason behind the 
increase in product concentration can be explained by (I) the increased 
energy input per unit volume of the gas, resulting in a higher production of 
excited species and radicals in the plasma and (II) due to an increase in the 
available surface area, stimulating recombination reactions. Comparison of 
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voltage-current signal of these supports showed a direct correlation between 
the formation of microdischarges and product formation. Microdischarge 
formation seems to be dependent on the dielectric constant, surface area, 
and texture (e.g. sharp edges) of the support. Support with moderate 
dielectric constant gave filamentous microdischarges and high dielectric 
constant supports facilitated glowing Townsend-like discharge. The 
microdischarges likely provide a higher density of energetic electrons than 
the more diffuse non-filamentary discharges, which contribute to higher 
rates for activation/dissociation of strongly bonded nitrogen and oxygen, 
and more weakly bonded H2, (partially) overcoming the limiting steps in the 
reactions. For the process of plasma assisted nitrogen fixation by reaction 
with hydrogen or oxygen to produce ammonia or nitric oxide[6], packing 
materials tend to exhibit analogous behavior due to the same rate 
determining step of nitrogen dissociation. Secondly, high surface area 
supports provided large area for the propagation of the microdischarges, as 
γ-Al2O3 (~100 m2/g) showed about 30 % higher NOx concentration compared 
to α-Al2O3 (<1 m2/g). Thirdly, the presence of sharp edges where the electric 
field is high was an important factor. Rigid fibrous quartz wool provided 
enough sharp edges, where the electric field is stronger to generate high 
intensity microdischarges, which gave higher NOx and NH3 concentration 
similar to γ-Al2O3. Similarly, smaller particles provided smaller radii 
curvature and increased contact points at particle-particle, particle-
electrode/dielectric, which lead to generation of numerous filamentary 
microdischarges, thus product formation increased by almost twofold when 
γ-Al2O3 particles of 0.2 are used instead of 1.3 mm average diameter.  

Influence of process parameters 

The influence of process parameters such as feed ratio, flowrate and dilution 
by argon was shown on the NOx (chapter-4) and NH3 (chapter-5) synthesis 
by packing γ-Al2O3 in both cases. The stoichiometric gas feed ratio (N2/O2) 
of 1, was found to be optimum in case of NOx synthesis. Whereas for NH3 
synthesis, feed flow ratio (N2/H2) of greater than 2 gives 74% higher 
concentrations of NH3, with improved energy efficiency, than the 
stoichiometric feed ratio of 0.33. In general, higher gas flow rate increases 
energy efficiency, but decreases total product concentration considerably in 
the gas. Varying flow rate revealed a minor dependence on residence time in 
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reactions. For the process of plasma assisted nitrogen fixation by reaction 
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by packing γ-Al2O3 in both cases. The stoichiometric gas feed ratio (N2/O2) 
of 1, was found to be optimum in case of NOx synthesis. Whereas for NH3 
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stoichiometric feed ratio of 0.33. In general, higher gas flow rate increases 
energy efficiency, but decreases total product concentration considerably in 
the gas. Varying flow rate revealed a minor dependence on residence time in 
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the reactor, at least within the parameter space explored in this study. SEI 
found to be dominant parameter in deciding the concentration of the 
products. Addition of argon to the feed gives a higher concentration of 
ammonia at argon percentages of 2-5%, because argon might enhances the 
relative contribution of N2+ to the plasma, which acts as a source of 
additional N atoms via dissociative recombination reactions. 

Screening metal oxides catalysts supported on γ-Al2O3 

A range of metal oxides were supported on γ-Al2O3, to provide a comparable 
physical properties of the catalysts and to facilitate direct comparison of the 
surface chemistry for NOx and NH3 formation in DBD reactor.  

The supported transition metal oxide catalysts showed higher activity for 
ammonia synthesis than the NOx synthesis. This is might be due to the 
greater role played by hydrogen addition reaction that took place on the 
surface of the catalyst support and obvious activity of catalytic material in 
dissociating hydrogen molecule. Whereas for NOx synthesis, most active 
WO3 catalyst gave marginal increase in NOx concentration (at most 10%). A 
small increase in NOx concentration in presence of catalyst shows that the 
non-catalytic route via direct gas-phase interaction of excited N2 with O2 
species prevails for NOx formation. At higher loading, higher selectivity 
towards NO2 was observed, which likely because of presence of a large 
amount of activated oxygen that oxidized plasma-formed NO into NO2.  

It is shown via NH3 reaction that, it is possible to reduce metal oxide present 
on the external surface of the support in-situ by hydrogen plasma. However 
active metal deposited deep inside the pores are not reducible as plasma 
cannot penetrate there. Different catalysts showed varying optimum in feed 
ratio (N2/H2), indicating catalytic role played by active metal in hydrogen 
activation and varying reaction channels for ammonia synthesis. The 2% Rh 
from Pt-group metals followed by 10% Ni from non Pt-group metals 
produced the highest amount of ammonia. The reason behind the increase 
in product concentration can be explained by an increase in the available 
surface area to stimulate the recombination reactions and role of the active 
metals in dissociating H2 molecule, both leading to ammonia formation. The 
catalysts supporting a filamentary type of microdischarges led to higher 
ammonia production for the similar reasons as explained for only support.  
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Similar to NOx synthesis reaction, increasing metal loading showed virtually 
no effect on the ammonia produced, which indicates that the catalysts plays 
a predominant role in H2 dissociation, however the rate limiting step of N2 
dissociation/activation primarily facilitated by plasma. Decrease in 
ammonia formation rate with increasing temperature indicates back 
reactions of ammonia decomposition to be dominating.  

The concentration of NOx achieved using DBD reactor is considerably lower 
than the one obtained with GA reactor. At 1 L/min, 0.6 vol % of NOx was 
obtained by packing γ-Al2O3 particles in DBD reactor at 40 MJ/mol. 
Whereas catalytic DBD reactor produced higher concentration in case of  
NH3 synthesis, highest concentration of 1.43 vol % was achieved at 65 
MJ/mol with N2:H2 = 2 and 2% Rh/γ-Al2O3. 

7.2. | Recommendations 
It is clear from the work presented in this thesis that the non-thermal 
plasma reactors have potential to make chemical synthesis energy efficient, 
specially to facilitate endothermic reactions at ambient conditions. A gliding 
arc reactor studied in this work gave better performance for NOx production 
than the DBD reactor; however, it is still far from Haber-Bosch process and 
thus need further improvements. A catalytic DBD reactor produced 
reasonable amount of ammonia (~1.4 vol%) as compared to GA reactor (GA 
reactor could produce <500 ppm of ammonia, thus it is not reported in this 
thesis). The main research focus should be increasing the product 
concentration by 5-10 times and at the same time decrease the energy 
consumption by 5-6 times. Recommendations to achieve it are listed below. 

7.1.1.| Nitrogen fixation using GA reactor 
To increase the product concentration and thus the energy efficiency, the 
reactor geometry must be further intensified to avoid the feed gas bypassing 
and to expose maximum amount of feed gas to plasma discharge. This can 
be realized by employing either the reverse vortex flow “tornado” or micro-
GA reactor. Second approach could be to deliver electrical energy with even 
higher pulsing frequency to maintain a strong equilibrium within the 
reactor. Lastly, by optimizing reactor’s electrical parameters to selectively 
deliver energy to only those reaction channels, which contribute to NO and 
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specially to facilitate endothermic reactions at ambient conditions. A gliding 
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NO2 formation, and minimizing the reactions that lead to recombination of 
N atoms and destruction of produced NO and NO2. 

Another possibility to combine GA with catalysts such as WO3 and MoO3, by 
supporting catalysts on the reactor wall or by employing post plasma 
catalysis. Catalyst will facilitate surface area for recombination reactions 
and the active sites for reaction to take place.  

7.1.2.| Nitrogen fixation using catalytic DBD reactor 

The most important factors that increased the nitrogen fixation efficiency in 
DBD reactor are catalyst’s geometrical factors such as dielectric constant, 
particle sizes and shapes. Hence, the main roles of the plasma catalyst 
seems to be the facilitation of the formation of filamentary microdischarges 
in plasma and providing surface area for dissociation and recombination 
reactions. Therefore, to understand and improve the performance further, 
3D printed catalyst supports which will facilitate systematic evaluation of 
dielectric constant, surface area and sharp edge’s influence must be 
investigated. Structured packings and foam catalyst will also offer another 
opportunities. Active metal catalysts can also be loaded on these supports 
to increase the product yield. 

An intensive and systematic screening for the transition metal oxides in 
combination with different supports, promoters, binders, and bimetallic 
catalysts must be performed for both NOx and NH3 synthesis. It very 
challenging to investigate the surface kinetics in plasma catalysis, but 
necessary to understand the reaction mechanism and to develop an efficient 
catalyst.  

To improve the energy efficiency and to achieve higher product 
concentration, nano second pulse powered DBD reactor is an attractive 
option. Employing it for NOx and NH3 synthesis would be another approach 
to intensify the DBD reactor.   

7.3. | Outlook 
This century has witnessed an enormous advancement in renewable energy 
production technologies and its distribution. Solar and wind energy 
production has taken the centre stage among all renewable energies and the 
cost of electricity is going down continuously. To compensate the high 
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energy demand of the plasma processes, it is a pre-requisite to combine 
renewable energy sources[8]. It is interesting from sustainability view point 
to employ the renewable energy or mix of conventional and renewable 
energies with the plasma processes[9]. The plasma processes are more 
attractive on the smaller scale such as container/modular plant scale, to 
decentralize the chemical production in order to benefit remote places[8]. 
This paradigm shift to prefer localized production of chemicals and the 
changing scenario of renewable electricity cost would give a new boost to the 
plasma assisted nitrogen fixation process and to use plasma generated 
using alternative energy sources for chemical production. Moreover, the 
research fields of plasma and catalysis have gained a higher understanding 
of the basic phenomena[10,11].  

The way ahead for development of plasma assisted nitrogen fixation 
reactions is to increase the product concentrations at least by a factor of 5-
10 and greatly reduce the energy consumption at the same time. Even 
having the same energy efficiency, plasma nitrogen fixation could be a 
compelling business case for off-the-grid economic development. Because of 
this, nitrogen containing products produced by plasma assisted processes 
could find overwhelming interest due to their additional applications as 
locally produced fertilizer (for both NOx and NH3), as energy storage and fuel 
for NH3 using local renewable energy resources such as wind and solar[12].  

Even though, the plasma ozone production process was commercialized over 
100 years ago, the knowledge necessary for the scale-up of plasma processes 
is relatively underdeveloped[13]. Therefore, it seems highly unlikely to have a 
plasma nitrogen fixation process on a large industrial scale in the next few 
decades, owing to the enormous size of nitrogen fixation industry. The 
concept of de-centralized production of chemicals is gradually gaining an 
acceptance in the chemical industry, and hence, together with the concepts 
similar to those presented in this thesis will open new doors for a 
containerized plasma nitrogen fixation process. 
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