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Summary 

The research was dedicated to develop a method for simultaneous production and 

separation of hydrogen by integrating micro-plasma technology with fluidic oscillation 

for microbubble generation. Several types of chemical pathways have been identified 

for water vapour dissociation. A homogenous chemical kinetics model is proposed for 

hydrogen production by water vapour plasmolysis using a plasma micro-reactor. The 

time scale ( ) to reach steady state hydrogen production was found to be 

approximately 10-2 s. The concentration of hydrogen was found to increase with the 

increase in electron number density. However, the time scale to reach steady state 

production of hydrogen was found to decrease with the increase in electron number 

density. A dielectric barrier discharge- corona hybrid discharge reactor has been built 

for hydrogen production. Water vapour plasma is characterised for basic plasma 

characteristics such as electron, excitation, rotational, vibrational temperatures, 

electron number density and Debye length by optical emission spectroscopy under 

non-thermal equilibrium conditions. The values of electron, excitation, rotational, 

vibrational temperatures, electron number density and Debye length were estimated 

to be 0.77 eV, 0.53 eV, 0.067 eV, 0.062 eV,  1.76 x 1017 m-3 and 3.24 µm respectively. 

Hydrogen was preliminary estimated by gas chromatography. However, it was not 

possible to quantify hydrogen by GC because of the build-up of pressure inside plasma 

micro-reactor. Hydrogen quantification by GC is described in chapter 5. By measuring 

the decomposition rate of water vapours along with argon gas, energy yield and cost 

of hydrogen production were calculated to be 20 g/kWh and 0.305 m3/kWh. A short 

experimental investigation has been presented to identify peaks in emission spectrum 

in the range of 317-400 nm. The operational parameters of plasmolysis were optimised 

using ozone generation by air plasma instead of hydrogen generation. A detailed 

discussion on the use of ozone generation for optimisation studies is given in chapter 

5. Operational parameters such as flow rate and pressure of gas, material, type and 

configuration of electrodes, frequency and total power applied to the plasma micro-

reactor was optimised. The optimum conditions of plasmolysis were found to be 1 l 

min-1 of air, 0.2 barg, 28 kHz and 70 W. However, the material, type and the 

configuration of electrodes used in the current study do not significantly affect the 
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plasmolysis efficiency. A novel approach, based on difference of solubilities of 

hydrogen and oxygen in water, for separation of hydrogen and oxygen has been 

identified. Fluidic oscillation by fluidic oscillator has been proposed as a cost effective 

method to produce microbubbles for the separation of hydrogen and oxygen. 

Volumetric mass transfer coefficient ( aK l ) for steady flow and oscillatory flow has 

been measured using an air-water system. The use of air-water system, instead of H2-

O2 system, to determine aK l  has been discussed in chapter 5. aK l  was measured for 

40-100 l min-1 of air. At each flow rate, aK l  using oscillatory flow was found to be 

significantly higher than the aK l  using steady state flow. Maximum improvement in 

aK l  was found to be approximately 55% at 60, 90 and 100 l min-1. Bubble size 

distribution has been measured by acoustic bubble spectrometry. The number density 

of microbubbles was found to be significantly higher for oscillatory flow than the 

steady state flow. Finally the applicability of reactive separation has been assessed on 

water vapour plasmolysis by experimental investigations. Preliminary estimates of  

aK l  (1.9 x 10-3 s-1) and  (10-2 s) suggest that the reactive separation could be applied 

on plasma-chemical processes. Conclusions and recommendations for future study 

have been proposed in the end.                  
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1.1 Foreword 

Energy and environmental sustainability is one of the greatest challenges faced by the 

world today. Fossil fuels have been the main source of the energy and oil remains the 

major fuel consumed (33.1%) (BP, 2013). The major consumption of the oil is in the 

transport sector. World primary energy consumption, though at slower rate of 2.6%, 

has still risen by 1.8% in 2012. It requires hundreds of millions of years to form fossil 

fuels (coal, oil and gas) and human species have already consumed it so much that 

reserves to production ratio (R/P-proven reserves/current rate of production) of oil is 

52.9 years, gas is 55.7 years and coal is 109 years only (BP, 2013). Although new 

reserves for fossil fuels are discovered each year and the time frame for complete 

depletion of fossil fuel is still unpredicted. However, the other fact is that, 80% of the 

world energy in 2001 was produced from fossil fuel utilisation (Das and Veziroǧlu, 

2001) and in 2013 the total energy share of fossil was 86.8% (33% oil, 23.9% gas, 29.9% 

coal) (BP, 2013). This ever increasing consumption of fossil fuel is expected to increase 

because of increasing population and economic growth. The other major problem 

associated with consumption of fossil fuels is the emission of carbon dioxide and other 

greenhouse gases (GHGs). Increasing concentration of GHGs in atmosphere has 

contributed to the abnormal climate changes (Solomon et al., 2007). Subsequently, a 

long term solution for both sustainable energy and environmental protection is 

needed. However, currently there exists no "perfect solution" to this problem. All the 

current efforts are driven in the direction of fossil fuel independent, clean and 

environmental friendly energy sources. It could be a single energy source or more 

likely a mix of several energy sources which will be complimentary to each other. One 

of the options is to use an energy carrier other than electricity such as hydrogen. 

Hydrogen can be stored more readily than electricity (Kroposki et al., 2006). Hydrogen 

has been on the scene as an alternative of the fossil fuels for approximately two 

centuries (Dixon, 2007). A Hydrogen economy could offer advantages both in terms of 

reduction in GHGs and as an alternative fuel which will eventually reduce the 

consumption rate of fossil fuels. Hydrogen fuel produced by a renewable energy 

source such as wind or solar is totally green and renewable (Dixon, 2007). Almost 95% 

(600 billion m3 at STP per year) of the hydrogen produced is captive (with in the vicinity 
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of its application). Amount of hydrogen traded or sold “over the fence” is only 3 million 

tonnes to the users adjacent to the production site (Mueller-Langer et al., 2007). 

Renewable energy, in this regard, is expected to play a major role in the global energy 

mix. Due to ever increasing energy demand efforts are carried out to maximise the 

renewable share in the energy consumption. The share of individual primary energy 

sources in meeting the final energy needs in near future has been suggested in Table 

1-1 where hydrogen share in the future energy mix is expected to be significantly 

higher than today (Balat and Kırtay, 2010). 

Table ‎1-1 Expected contribution of energy mix (%) in future (Balat and Kırtay, 2010) 

Source of Energy 
1998 

(%) 

2025 

(%) 

2050 

(%) 

Fossil Fuels 88 62 29 

Nuclear Fuels 10 2 2 

Hydrogen from solar energy - 7 31 

Electricity from solar energy - 11 16 

Heat from solar energy - 18 22 

Energy from solar energy 2 25 35 

Hydrogen - 11 34 

As reported by National Renewable Energy Laboratory  “to fully realise the benefits of 

a hydrogen economy, hydrogen must be produced cleanly, efficiently and affordably 

from domestically available renewable resources” (NREL, 2004). For the development 

of the hydrogen economy, it is very important to develop hydrogen production 

processes which could produce hydrogen efficiently, at minimum cost (so that it may 

compete with fossil fuels for power generation and in the transport sector) and should 

be  environmental friendly (Mueller-Langer et al., 2007). In addition, problems like 

economical production, separation of H2/O2 mixture and storage are the barriers still 

to overcome.  

Conventionally, 90% hydrogen has been produced by steam methane reforming (SMR) 

which requires natural gas as fuel (Das and Veziroǧlu, 2001). Hydrogen production by 
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plasmolysis has been considered as an expensive method (Bockris et al., 1985). In 

addition to this, separation of hydrogen and oxygen is another problem to be 

addressed. The current study is focused on economical production of hydrogen. A 

novel scheme for separation of hydrogen and oxygen is proposed.  

1.2 Hypothesis  

The project is based on two hypotheses.  

1. Hydrogen can be produced at comparable costs to the common method 

(electrolysis) and substantially more energy efficiently than conventional 

plasmolysis; electrolysis has been considered more energy efficient than the 

plasmolysis to produce hydrogen. However, using micro-plasma technology it is 

possible to increase the efficiency of plasmolysis.  

 

2. Reactive separation is applicable on plasma-chemical processes- Reactive 

separation could improve the energy efficiency and yield by the use of plasma 

micro-reactors integrated with microbubble separation technologies if the time 

scale for reaction ( ) and separation ( aK l ) are similar or separation faster 

than reaction.   Since both could be interfacially controlled processes on 

microbubbles, the former a plausible hypothesis.  If reaction is mixing 

controlled, then whether internal mixing is faster than separation is potentially 

individually controllable for both processes.  Reactive separation is the 

engineering exploitation of Le Chatelier's principle, where the preferential 

removal of oxygen by interfacial mass transfer can provide an additional Gibbs 

free energy driver towards products. 

1.3 Aims of the project 

The aim of this study is to produce microbubble mediated hydrogen using micro-

plasma reactor utilising less power than the conventional plasma reactors. It was done 

in following steps: 

1.  Formulation of the kinetic model for water vapour plasmolysis 

2. Generation of self-sustained water vapour plasma 
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3. Characterisation of water vapour plasma. This involves measurement of 

electrical and optical plasma parameters like electron, excitation, vibrational 

and rotational temperatures  

4. Optimisation of operational parameters 

5. Separation of hydrogen  

6. Application of reactive separation over water vapour plasma  

In this study, it has been proposed that two steps of production and separation could 

be carried out simultaneously. First, hydrogen was produced by water vapour 

plasmolysis and in second step, separation of hydrogen and oxygen mixture  was 

achieved by the virtue of the difference in their solubilities in water. Oxygen is twenty 

five fold (one order of magnitude higher) more soluble in water than hydrogen. The 

product gases from the plasma micro-reactor will be fed into a water column in the 

form of bubbles. Oxygen will be preferentially dissolved in water as the bubbles rise in 

water. A tall enough water column will yield hydrogen rich gas when the bubbles will 

burst at the water surface. There are various common chemical and bio-processes 

having oxygen requirement. For instance, yeast production is oxygen starved and has 

little dissolved oxygen (DO)  in the liquid. Biological wastewater treatment is the most 

common industrial process with an oxygen requirement that could be integrated with 

hydrogen from waste steam/heat production.  Alternatively fresh water could be 

recycled in order to maintain constant (DO) level in the water column. Water vapour 

plasma has been characterised by optical emission spectroscopy (OES) for electrical 

and optical properties. Optimisation of operational parameters has been studied. 

Microbubble mediated mass transfer by oscillatory flow has been identified as a 

separation technique. Finally the applicability of reactive separation on plasma-

chemical processes was assessed. 

1.4 Organisation of thesis  

This section describes the organisation of thesis and how each chapter is related to 

complete each objective described above.  

Chapter 1 is dedicated towards stating the problem. A short analysis is carried out at 

the energy mix of the current scenario and future demands of sustainable and clean 
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energy sources. Role of hydrogen in future energy mix is explained and need to 

produce hydrogen by cheap methods is identified. 

Chapter 2, as a first step, is dedicated to establish understanding of related subjects 

and applied principles. A brief review on current methodologies to produce hydrogen 

is described and problems associated with them are discussed. Basic plasma science is 

reviewed and principles applied in this study are discussed. Different methods of 

generating hydrogen by utilising plasma have been given. A detailed review on 

hydrogen production by water vapour plasmolysis and a brief comparison with 

electrolysis is discussed. Kinetics of ozone formation and its decomposition in water is 

studied in detail. Separation methodologies for hydrogen from oxygen and other 

plasmolysis product is studied briefly. Separation of hydrogen by using microbubbles 

have been discussed  in detail. Finally, reactive separation and its possible application 

on plasma-chemical processes are studied.  

Based on the understanding of plasma chemistry in chapter 2 a kinetic model is 

proposed in chapter 3. Rationale for kinetic modelling has been discussed. The model 

was developed to understand the kinetics of formation of hydrogen by dissociating 

water vapours using plasma micro-reactor. Time scales for steady state hydrogen 

production is identified. Different mechanisms of water vapour plasmolysis for 

hydrogen production have been examined to find the dominating reaction pathways. 

The effect of varying electron density on concentration and time scale to reach steady 

state production of hydrogen and other species are studied. 

Chapter 4 encompasses the experimental design and procedure used in the current 

study. Equipment used, experimental design and procedures adopted to achieve the 

aims and objectives of the study are reported. Experimental procedures for water 

vapour plasmolysis, optical emission spectroscopy of water vapour plasma and a short 

investigation on identification of optical emission spectral peaks is given. Based on the 

kinetics of formation of ozone given in chapter 2 and kinetic modelling of hydrogen 

production studied in chapter 3, rationale of use ozone generation (instead  hydrogen 

generation) for optimisation of operational parameter of plasmolysis is discusses. 

Experimental procedures for optimisation studies are reported. Based on the 

discussion on the separation of hydrogen using microbubbles in chapter 2 and 
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considering the low flow rates of steam and gases used in the current study, the 

rationale of using air water system to produce microbubbles to study volumetric mass 

transfer coefficient ( aK l ) is discussed. Experimental procedure to produce 

microbubbles using oscillatory flow and steady flow have been reported. To assess the 

applicability of reactive separation on water vapour plasmolysis, similar procedure for 

microbubble generation, as mentioned above, however at lower flow rates and with a 

different type of diffuser was adopted to measure aK l  and bubble size density for 

both oscillatory and steady flow. A new type of plasma micro-reactor was designed for 

reactive separation of water vapour plasmolysis experiment and the procedure is 

reported.  

Chapter 5 contains results from experiments conducted in chapter 4 and their detailed 

analysis. Water plasma has been characterised for its electrical and optical properties. 

Hydrogen was preliminary estimated by gas chromatography. However, it was not 

possible to quantify hydrogen by GC because of the build-up of pressure inside plasma 

micro-reactor. Energy yield and cost are calculated by measuring decomposition rate 

of water vapours. Different parameters like electron density, Debye length, electron, 

excitation, rotational and vibrational temperatures are calculated. The possible 

phenomenon producing optical emission spectral peaks in the range of 317 – 400 nm is 

discussed. Operational parameters of water vapour plasmolysis are optimised using 

ozone generation. Flow rate and pressure of the air, power and frequency of the 

discharge, length, configuration and different types of electrode materials are studied 

for optimisation. Mass transfer by microbubbles is determined by measuring Kla . 

Bubble size was determined using acoustic bubble spectrometer (ABS) to determine 

the effect of fluidic oscillation on mass transfer. Oxygen separation efficiency is 

reported. Application of reactive separation is assessed using the reaction time scale 

calculated in chapter 3 (by kinetic modelling) and aK l  calculated. Ozone production is 

also used to analyse the affects of changing positions for plasma ignition on plasma 

micro-reactor to assess the application of reactive separation on plasma-chemical 

processes. 

Conclusions from the current research and recommendations for future work are given 

in chapter 6. 
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2.1 Preface  

The purpose of this chapter is to review the fundamental understanding of the 

engineering processes and scientific principles underpinning the research 

work presented in this thesis.   The necessities for producing hydrogen economically by 

water vapour plasmolysis have been identified. The chapter starts with a concise 

review of conventional hydrogen production technologies such as (SMR) and 

gasification etc. The associated problems with conventional technologies have been 

discussed. A whole section is dedicated to reviewing plasma science and relevant 

applications to the current study. Different types of plasma have been discussed in 

order to identify the potential types of plasma which could be used in the experiments. 

Different characteristics and parameters of plasma have been studied to be used in 

experimental work. Several studies have been reviewed for hydrogen production by 

utilising different types of plasma, feedstock, reactors and  power sources e.g., pulse 

power and efficiency (in some cases) is presented. A brief comparison of plasmolysis 

and electrolysis is carried out. Electrolysis has been chosen as a reference for 

comparison because both plasmolysis and electrolysis involve direct use of electricity. 

The kinetics of ozone formation and its decomposition in aqueous solutions have been 

discussed as ozone formation has been used for optimising the operational parameters 

of plasmolysis. Different methods for separating hydrogen from oxygen have been 

discussed. Finally, reactive separation and its application on plasma-chemical reactions 

has been studied.  

This chapter has been divided into seven sections. In the second section conventional 

hydrogen production technologies such as reforming, gasification etc., are described. A 

concise review of plasma science, basic principles and processes, different types of 

plasmas, summary of hydrogen production by plasma utilising different methodologies 

and a brief comparison of plasmolysis and electrolysis has been studied in section 

three. The fourth section entails formation of ozone kinetics and its decomposition in 

aqueous solution. Methodologies  for separating hydrogen from oxygen has been 

discussed in fifth section. Sixth section deals with reactive separation. Conclusions are 

given in seventh section.  
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2.2 Hydrogen production technologies  

Hydrogen has got the potential to address the current energy and climate challenges 

human race face today. The technologies like steam methane reforming, coal 

gasification and electrolysis have demonstrated the production of hydrogen at the 

commercial level. Electrolysis and plasmolysis integrated with the renewable energies 

could make hydrogen economy totally green. In the subsequent section a summary of 

the hydrogen production technologies is given.  

2.2.1 Reforming 

Commercially, hydrogen is produced by different technologies. However, almost 90% 

of hydrogen produced commercially is by the process of steam reforming (Das and 

Veziroǧlu, 2001) and the rest of it is produced by coal gasification (Simpson and Lutz, 

2007). Reforming processes are divided in three types depending upon the type of the 

oxidising material being used (steam or oxygen) and presence of catalyst (Larminie et 

al., 2003). These are known as steam reforming, partial oxidation (non-catalytic and 

catalytic) and autothermal reforming. Methane is an obvious choice for fuel because of 

its availability and excellent combustion properties (Stefanidis and Vlachos, 2010).  

Methane is reacted over a heated catalyst, usually Ni, with steam. The reaction is 

carried out over a very high temperature range (900-1200 K) and pressure range (5-25 

bar). (Simpson and Lutz, 2007, Rostrup-Nielsen and Rostrup-Nielsen, 2002, Joensen 

and Rostrup-Nielsen, 2002). Hydrogen is separated from H2O and CO2 by three steps: 

pressure swing adsorption to separate to CO2 followed by condensation of H2O and 

membrane separation of H2. Pressure swing adsorption is a mature technology and 

gives very high purity (>99%). A detailed study of membrane technologies for hydrogen 

separation is given in  (Adhikari and Fernando, 2006). 

Although the reforming of methane represents the major technology to produce 

hydrogen at the moment, however, it utilises natural gas as feedstock which means 

hydrogen thus produced is neither green (because it would involve emission of GHGs) 

nor sustainable (because of fossil fuel reserves are limited). The  major component of 

the price of hydrogen (52-68%) is the cost of the input natural gas for larger plants. 

While for smaller plants the price of natural gas contributes about 40% towards the 
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total cost. The remaining cost is attributed towards the capital investment. Based on 

the assumption of natural gas price as 7 US$/GJ production cost of hydrogen from SMR 

ranges from 1.50 US$/kg at large scale facilities (1.2 Gg/d) to about 3.75 US$/kg at 500 

kg/d facility. Details of cost of hydrogen production is discussed in (Balat and Kırtay, 

2010).  

2.2.2 Hydrogen from biomass 

Hydrogen can generally be produced from a variety of biomass by thermo-chemical 

and biological processes (Guoxin et al., 2009). Thermo-chemical processes involve 

gasification, pyrolysis and liquefaction while biological processes involve direct 

biophotolysis, indirect photolysis, biological water-gas shift reaction, photo 

fermentation and dark fermentation.  

A difference in the gaseous products for different thermo-chemical cycles is shown in 

equations (2-1) to (2-3) (Demirbaş, 2002a). A summary of biomass energy content and 

hydrogen yield of different thermo-chemical processes is shown in Table 2-1 

(Demirbaş, 2002a). 

 Pyrolysis of biomass                           H2 + CO2 + CO+ Hydrocarbon gases (2-1) 

 Catalytic steam reforming of biomass                            H2 + CO2  + CO (2-2) 

 Gasification of biomass                           H2 + CO2 + CO+ N2   (2-3) 

Table ‎2-1 Summary of the structural and elemental composition and higher heating values of the biomass 
samples (Demirbaş, 2002a) 

Processes  H2 yield (%) H2 contents/biomass energy 

content (%) 

Pyrolysis + catalytic reforming 12.6 91 

Gasification  +shift reaction 11.5 83 

Biomass + steam + except heat 

(theoretical maximum) 

17.1 124 

2.2.2.1 Gasification 

Basu and Kushal (2009) have studied biomass gasification in fluidised bed detail . The 

reaction kinetics and gasification processes has also been studied in detail elsewhere 
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(Rajvanshi, 1986). Biomass can be gasified with steam using a suitable catalyst like, 

transition metal based, nickel or calcined dolomite to convert carbonaceous materials 

to gases like H2, CO, CO2, CH4, light hydrocarbons, char and Tar. Catalysts play a very 

important role in the gasification process. They not only improve the quality of the 

products and conversion efficiency but can also eliminate the tar content as well (Basu 

and Kaushal, 2009, Balat and Kırtay, 2010).  

Although gasification is considered as more environmentally friendly than the direct 

combustion of biomass, it is a process which converts the fuel to low calorific gas 

which carries net energy loss. Further transformation to synthetic natural gas and 

liquid fuels reduces the net energy perhaps to 30% of the original heat content (Balat, 

2006). Also, the hydrogen yield is inherently low due to the low hydrogen content of 

the biomass feedstock (roughly 6% by mass), by comparison the ~25% hydrogen 

content of methane. More than half of the hydrogen from thermo-chemical 

conversion of biomass comes from water splitting in the steam reforming step; the 

energy content of the feedstock is an inherent limitation on the process. Energy 

content of the biomass is further lowered because of the fact that it contains relatively 

high oxygen which is incombustible (Balat and Kırtay, 2010). 

2.2.2.2 Coal gasification [[ 

Coal is the most abundant and widely distributed fuel in the world but the emission of 

GHGs and other pollutants has forced societies to look for green energy production 

processes (Lee and von Gunten, 2010). Coal gasification offers a great potential not 

only for CO2 sequestration but also reduction of other pollutants like NOx and SOx (Lee 

and von Gunten, 2010). The composition of the product gas can be controlled by 

varying parameters such as coal composition and its rank, particle size, gasifying agents 

and operational parameters such as temperature and pressure (Collot, 2006). 

One inherent advantage of using coal as feedstock over the biomass is its composition. 

Biomass has 50 wt% carbon and 45 wt% oxygen which may be argued to be good 

because it reduces the amount of oxygen required for gasification but this reduces the 

calorific value of the gases produced from biomass by diluting it. On the other hand, 

coal, depending on its grade, has 65-80% carbon and 5-20% oxygen (Prins et al., 2007). 
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Coal gasification is relatively independent from the price of fuel that is coal which is 

relatively cheap, US$ 10-12 GJ-1, and if the coal price is changed by 25% the hydrogen 

cost would be changed by US$ 0.05 kg-1.The major cost component of coal gasification 

is its plant cost which is quite expensive (Balat et al., 2009). 

The severe conditions of gasification cause major problems in the gasifier. Feed 

injectors, refractory bricks or protective liners and instruments such as thermocouple 

involving in gasifier have very low life time depending upon how aggressive are the 

conditions in the gasifier.  All these problems reduce the mean operative time of the 

gasifier and another gasifier unit is desirable for continuous operation as >97% of the 

availability of the gasifier is of paramount importance which could be provided but this 

put serious implications to the cost of the plant (Clayton et al., 2002).   

2.2.2.3 Pyrolysis 

Pyrolysis is a process in which organic matter of the feedstock is thermally degraded in 

a total absence of added oxidising agents which results in  a complex volatile phase 

and carbonaceous char containing inorganic components (Demirbaş, 2002b) as shown 

above in equation 2-1. Transition metals based catalyst produce gas with high initial 

hydrogen concentration. Carbon based catalysts offer advantage over transition metal 

based catalyst that is they are not deactivated by the carbon soot (Muradov, 1998). 

Cost of biomass pyrolysis was estimated to be in range of US$ 8.86/GJ to US$ 15.52/GJ 

depending on the facility size and biomass type (Ni et al., 2006). 

Energy from biomass in the form of gasification, pyrolysis, steam reforming or direct 

combustion still faces some severe limitations like seasonal availability and high cost of 

handling.  Process limitations like corrosion, pressure resistance and tar production, 

still requires extensive research. Although, SMR and coal gasification, to some extent, 

are cheaper sources for producing hydrogen, nevertheless, these are fossil fuel based 

hydrogen production technologies which are not renewable at all. A typical SMR plant 

produces 0.3-0.4 million cubic meters of CO2 per day which is directly exhausted in the 

atmosphere per 1 million m3 of H2 per day (Muradov and Veziroǧlu, 2005). This creates 

a serious environmental concern about this technology. It has been reported that CO2 
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sequestration will add about 25-30% to the cost of producing hydrogen by SMR (Balat 

and Kırtay, 2010). 

2.2.3 Thermocyclic methods 

Direct thermal decomposition of water does not proceed spontaneously below 2500 K. 

However, there are methods/processes in which water passing through a series of 

chemical reactions can be decomposed well below the temperature required for the 

thermal decomposition. These methods are known as thermocyclic methods. These 

processes involves series of steps with different chemicals participating in the 

reactions  but only water and energy are inputs, and the only products are hydrogen 

and oxygen along with waste heat while the chemicals used in the cycles are recovered 

at the end of the process. A well-known example is shown in equations (2-4)-(2-6). 

   H2O + CH4    CO + 3H2   (2-4) 

   CO + 2H2      CH4  + 
2

1
 O2  (2-5) 

Overall reaction  H2O + CH4 + heat    H2  + 
2

1
O2  + CH4  (2-6) 

More than three hundred different water splitting cycles could be found from 

literature (Kothari et al., 2004). Most of these require significantly lower temperature 

than 2500 K. However, all of them require higher operating pressures. Different 

processes have been reported with thermal efficiency ranging from 17.5% to as high as 

75.5% with requirement of relatively low temperatures of around 600-1673 K. High 

temperature, high pressure and corrosive conditions require materials which could 

withstand these conditions for longer period of time. However it is thought that better 

understanding of the relationship between thermal efficiency, thermodynamic wastes 

in the process and capital cost could increase the overall efficiency  (Kothari et al., 

2004, Holladay et al., 2009) . 

2.2.4 Electrolysis 

In electrolysis, water is split with electricity to produce hydrogen and oxygen. 

Electrolysis is a commercially mature process. However, It  does not contribute 

significantly (0.1-0.2%) in world’s hydrogen production (Šingliar, 2007). An electric 
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current is passed through a  electrolytic cell to split water into the products. The 

electrodes in electrolytic cells are separated by a diaphragm, usually asbestos (Zeng 

and Zhang, 2010, Grigoriev et al., 2006). This barrier prevents the quick mixing of the 

solution while allowing the exchange of the ions.  Overall reactions could be written as 

equation (2-7): 

   2H2O           electricity
                  2H2 + O2    (2-7) 

This reaction could be carried out by using different types of electrolytes i.e., liquid 

solid polymer and ion conducting ceramics (Mueller-Langer et al., 2007). This reaction 

requires 39 kWh of electricity to produce one kg of hydrogen at 25oC and 1 atm 

(Šingliar, 2007). Electrolysers are usually run at a cell voltage of 1.8 to 2.2 V and 

temperature is usually in between 70-80 0C (Lumanauw, 2000). This set of conditions 

gives 68-80% efficiency. Based on the type of electrolyte used in the process, three 

different electrolytic processes have been developed which are alkaline water 

electrolysers (Zeng and Zhang, 2010, Grigoriev et al., 2006), proton exchange 

membrane (PEM) electrolysers (Papagiannakis, 2005) and solid oxide electrolytic cells 

(SOEC) (Udagawa et al., 2007).   

There is a big argument on the clean nature of this technology because the electricity 

required to produce hydrogen still comes from fossil fuels. So there will be net burning 

of fossil fuel to generate electricity which finally produces the hydrogen. It could be 

concluded that hydrogen production via water electrolysis could only be consider as a 

zero greenhouse emission process if the source of the electricity is also a zero 

greenhouse emission process i.e., renewable. An example of this could be the 

generation of hydrogen by nuclear power, wind power and solar power (Šingliar, 

2007). At the moment suitable materials for both electrolyser and separator are 

available. These materials are not expensive but  their long term stability (wear and 

tear over the several years) is yet to be proven. Energy efficiency of the electrolysis will 

be discussed in later part of this section 2.39.  

2.3 Fundamentals of plasma and applied principles 

Plasma is originated from the Greek word " v "which means mold. Langmuir 

was the first in 1929 who used plasma as a word to describe an arc discharge in which 
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the densities of ions and electrons are high but substantially equal (Langmuir, 1929). In 

a more rigorous way plasma could be defined as a quasi-neutral gas of charged and 

neutral particles characterised by a collective behaviour. Plasma could be referred as a 

gas which, instead of having molecules, have an almost equilibrium mixture of positive 

and negative ions. Plasma is characterised by three fundamental parameters which are 

particle density "n" (particle/m3), temperature of species ( eV or K) and steady state 

magnetic field (Tesla)  (Bellan, 2006). Other parameters like Debye length etc., could 

be derived from these three fundamentals characteristics.  

Plasma essentially contains two types of species: electron and heavy gas particles. 

Motion of particles in plasma can cause local concentrations of positive and negative 

electric charges to develop. As a result these local charge concentrations can develop 

long range columbic fields which could affect the motion of the particle away from 

them. Local charge concentrations are confined in a volume of specific dimension 

known as Debye length in the plasma. Debye length is a distance scale over which 

charge imbalance could spontaneously exist. For plasma to be sustainable dimensions 

of the overall plasma system should be greater than the Debye length. This is termed 

as characteristics length. Outside these tiny volumes of order tens of micrometres, 

density of positive ion is equal to that of negative ions/electrons and that is why 

plasma is considered quasi neutral (Lieberman and Lichtenberg, 2005).     
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Where, De  is Debye length, 0  is vacuum permittivity, eT  is electron temperature, e  is 

electronic charge, 0n  is number density of particles and en  is the electron number 

density.  For an ionised gas to exhibit as plasma, it is necessary that LDe   where L  

is characteristic length of the discharge. When this condition is met, as discussed 
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above, local concentrations of charges may occur in the plasma which is shielded out 

by Debye shielding effect over distances smaller than the Debye length.  

The rate of reactions occurring in plasma is dependent on the number of electron 

having sufficient energy to carry out the reaction. This is explained by a term known as 

electron energy distribution function (EEDF). The EEDF is actually the probability 

density for an electron to have sufficient kinetic energy known as mean electron 

energy ( ) to carry out the reactions. Since this function is largely dependent on the 

energy, it could be concluded that applied electric fields play an important role in 

determining this function. It also depends on the type of gas used for plasma 

generation. The reaction rate constant is an integral factor that includes information 

about the EEDF and depends on temperature or, precisely, the mean energy of the 

particles involved in the reaction.  

Various transport variables obey the same single type of partial differential equation 

which is given in terms of a transport property  . 

    


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t
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


.      (2-10) 

Where, 
S is source term and    . 

  is a combination of two different transport mechanisms; convective and diffusive. 

The convective term   is characterised by a convective bulk velocity   and the 

diffusion term is a function of the diffusion coefficient
 . In plasma studies, this 

equation can be extended to the following relation (Hartgers et al., 2005); 
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Where,
f  is an adjustment parameter, c  is the generalised velocity and 

  is the 

diffusion coefficient. Both of these coefficients have no direct bearing on the ordinary 

velocity and diffusion coefficient.  
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2.3.1 Ionisation processes 

One key process in plasma is ionisation, which converts neutral atoms into electrons 

and positive ions. Ionisation processes are found to be different in various plasma-

chemical systems and are categorised as follows (Fridman and Kennedy, 2004, 

Fridman, 2008) : 

1. Direct ionisation by electron impact 

2. Stepwise ionisation by electron impact  

3. Ionisation by collision of heavy particle  

4. Photo ionisation  

5. Surface ionisation 

2.3.2 Elementary plasma-chemical reactions of positive ions  

Positive ions are considered very important in plasma-chemical processes as their 

exothermic reactions with neutrals make their contribution significant  because they 

involve very little change in the activation energy. Different mechanisms occurring in 

recombination reactions of positive ions with electrons are (Fridman and Kennedy, 

2004, Fridman, 2008, Lieberman and Lichtenberg, 2005): 

1. Dissociative electron-ion recombination 

2. Three body electron-ion recombination  

3. Radiative electron recombination 

2.3.3 Elementary plasma-chemical reactions of negative ions 

Negative ions are involved in important reactions in plasma. They undergo the 

reactions in the following ways (Fridman and Kennedy, 2004, Fridman, 2008, 

Lieberman and Lichtenberg, 2005):  

1. Dissociative electron attachment  

2. Three body electron attachment  

3. Destruction of negative ions 

4. Recombination of negative and positive ions 
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2.3.4 Minimum breakdown voltage  

To breakdown the gas for plasma ignition, a threshold amount of voltage termed as 

“breakdown-voltage” (Vb) must be exceeded.  

Vb is a function of electrode spacing and pressure at which gas flows (Schutze et al., 

1998).   

 

    
 

   ]/11ln[ln]ln[ sec
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

dpA

dpB
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Where A and B are constants determined experimentally and sec  is the secondary 

electron emission coefficient of cathode. Values of A and B for different set of 

conditions for E/p ratio for water vapours and several other gases are given in 

(Fridman and Kennedy, 2004). Where, E is applied electrical field and p is the pressure 

at which gas flows. This could be explained with the help of the “Paschen Curve” in the 

Figure 2-1. Breakdown voltage is a function of pd number. Where d is the inter-

electrode distance.  

 
Figure ‎2-1 Breakdown potential in various gases as a function of the pressure and the inter-electrode distance for 

plane-parallel electrode 

2.3.5 Types of plasma 

Plasma can be classified in different types depending upon electron energy level, 

electronic density and temperature which alter the properties of plasma. These 

changes are governed by the source and amount of the energy supplied. Figure 2-2 
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shows the different types of the plasmas according to electron number density and 

electron temperature. Water vapour plasma is found in glow discharge region.  

 

Figure ‎2-2 Plasma temperature and densities (Fridman, 2008) 

Typical classification is made on the basis of the local thermodynamic equilibrium of 

the plasma. Plasma could be stated as high temperature (thermal) plasma and cold 

(non-thermal) plasma (Petitpas et al., 2007). Plasma could be classified into two major 

types of discharges in this regard (Tendero et al., 2006, Bellan, 2006). 

1. Local thermodynamic equilibrium plasmas (LTE) 

2. Non-local thermodynamic plasmas (Non-LTE) 

In LTE plasmas, transitions and chemical reactions are governed by collisional process 

and radiative process does not play an important role. LTE plasmas are micro-

reversible having reversible processes to balance all the types of collisions occurring 

e.g., excitation/dexcitation, ionisation/recombination etc. In LTE plasmas, electron 

temperature (Te) is found to be in equilibrium with the gas temperature (Tg) which 

could range from tens of eV to hundreds of eV. However, in non-thermal plasma, the 

electron temperature can reach 1-10 eV while gas temperature can be as low as room 

temperature. Electrons, due to their very small sizes, can absorb energy quickly and 

attain temperatures in the range of tens of thousands. However, large gas 

particles/ions tend to stay at quite low temperature usually in the range of 300-325 K. 

There may also be a situation where the ions have different temperature from each 

other. Especially in the presence of magnetic field, the ions would be characterised by 
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two different temperatures regarding the movement of ions either in parallel or 

perpendicular to the magnetic field. 

Hydrogen can be obtained from both types of the plasma but non-thermal plasma has 

been found to be more energy efficient because much of the heat in the thermal 

plasma is utilised in just heating the particles (Petitpas et al., 2007).  

Non-thermal plasma could be further classified into several types. This classification is 

based on many factors including mechanism of plasma generation, pressure applied 

and electrode geometry. The major classifications are as follows; 

1. Direct current glow discharges 

2. Corona discharges 

3. Dielectric barrier discharges 

4. Inductively coupled radio frequency discharges (ICP-RF) radio frequency 

discharges  

5. Capacitively coupled radio frequency discharges (ICP-RF) 

2.3.5.1 Direct current glow discharges [ 

When constant voltages are applied between electrodes at very low pressure, a 

continuous current flows through the discharge which gives rise to the glow discharge.  

This type of the discharge is characterised by a particular glow (e.g., fluorescent tubes) 

caused by the excited atoms and excited species. These kinds of discharges are 

operated under very low pressure (>10 mbar) usually in a flat electrode geometry. 

Applied voltages are usually in the range of 300-1500 V which may be increased in to 

several kV in different applications while current is generally in the mA range. The 

electrons, in glow discharge, are highly energetic producing effective collisions. Low 

pressure DC glow discharge can be divided into four regimes according to current-

voltage behaviour as shown in Figure 2-3. The first one is dark or Townsend discharge 

which occurs prior to the spark ignition. Second one is normal glow in which the 

voltage remains constant or decrease very slightly with the current. Abnormal flow is 

the third region where the voltage increases with the current and the fourth one is the 

arc discharge where plasma is found to become highly conductive (Schutze et al., 

1998). Electrodes play an essential role in the sustainability of this type of discharges. 
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Glow discharges are not suitable for chemical synthesis because of their low pressure 

characteristics.  

 

Figure ‎2-3 Current-Voltage characteristic of a low power DC glow discharge at 1 torr (Schutze et al., 1998) 

2.3.5.2 Corona Discharges 

This type of discharges could be initiated using asymmetric electrode geometries like a 

pointed wire electrode with a plate one. It could be imagined as a line of pins fastened 

to a hollow pipe at one end and protruding from the other end through tiny holes. The 

feed gas enters the chambers and passes through the holes and provides a local 

atmosphere around the corona points (Laroussi, 2002). It is also said that it creates a 

crown around the wire which is why it is called as corona discharge. Small radius of 

curvature at the top of the wire results in a high electric field which is required for 

ionising the neutral atoms. Cathode is in the form of a wire at very high negative 

potential. Due to this negative potential, positive ions are accelerated towards the 

cathode where secondary electron are emitted and accelerated into the plasma. This 

moving front of electrons can reach up to 10 eV. This is followed by a tail of lower 

energy electrons (~1 eV) which is called streamers. Plasma could be ignited in the 

range of 2-5 kV and produces extremely small current 10-10-10-5 A. Above higher 

current value of 10-5A, voltage rapidly increases with current and generation of micro-

arcs or streamers may occur. A maximum voltage has been recorded at the current 

values of about 5 x 10-4A where arcing starts (Schutze et al., 1998). Corona discharges 

are inhomogeneous and could be operated at atmospheric pressure. In pulse mode 

operation, pulse time is usually shorter than the time for arc formation which implies 
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that when each pulse ends, the discharge extinguishes before it becomes too 

conductive (Tendero et al., 2006). Density of the species is decreased very rapidly from 

1013 cm-3 to 109 cm-3 with the distance from the electrode. The electron temperature 

within the plasma averages about 5 eV. Corona discharges, having pulsed power 

source, are nowhere in equilibrium both with respect to temperature and chemistry. 

This is because of the short nature of the pulse. If the source is not pulsed, it would 

result in build-up of heat giving rise to thermal emission and finally into an arc 

discharge. Major applications of corona discharges are stack gas treatment facilities 

where it is employed for the removal of dust particles or destruction of the volatile 

compounds from the paint or water purification industry.   

2.3.5.3 Dielectric Barrier Discharges (DBDs) 

A dielectric layer within the discharge zone in between the two electrodes covering at 

least on electrode differentiates the DBD discharges from other types of plasmas. 

Usually it is operated under high pressure with an oscillating voltage providing 

operational sustainability at kilohertz frequencies. DBDs are usually ignited by means 

of a sinusoidal or pulsed power source (Tendero et al., 2006). Gas composition, voltage 

and frequency determine the discharge to be filamentary or glow. DBDs are powered 

by AC voltage of 1-100 kV with the frequency ranging from few Hz to MHz. Distance 

between electrodes depends upon the application and could be 0.1 mm in plasma 

displays to several cm in CO2 lasers (Kogelschatz et al., 1999). Under high pressure in 

small gaps between electrodes, this discharge operates in a regime called streamer 

regime (micro-discharges) characterised by narrow discharge filaments. At 

atmospheric pressure, the current filaments in DBDs in streamer region have an 

electron density in the range of 1012-1017cm-3 and is very short lived (Barni et al., 

2005). DBDs could be produced in two different types of configurations namely volume 

discharge (VD) and surface discharge (SD). The basic difference is the configuration of 

the electrodes. In VD, the plasma is sustained between parallel electrodes and is 

distributed over the electrode surface. The number of micro discharges/period is 

proportional to the amplitude of the voltage. In SD, discharges are sustained in 

number of surface electrodes on dielectric layer and a counter electrode on the 

opposite side (Gibalov and Pietsch, 2000).   
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Figure ‎2-4 Principle of dielectric barrier discharge (Tendero et al., 2006) 

Significant role is played by dielectric layer that; 

1. Limits the discharge current. Arcing is avoided between the two electrodes 

which allow applying either continuous or pulsed mode. 

2. Distributes the irregular streamers on the electrode surface which results in 

homogenous treatment.  

DBDs are known to be flexible with respect to geometrical shape, operational 

parameters of the reactors and the type of the gas/mixture which could be used as 

feed. DBDs offer another advantage in terms of the scaling up which is very straight 

forward (Sarmiento et al., 2007).   

2.3.5.4 Inductively coupled radio frequency discharges (ICP-RF) 

ICP’s are intrinsically three dimensional (3-D) while the micro-fabrication techniques 

are essentially (2-D). This is why this type of discharge is not considered very much in 

this literature survey.   

2.3.5.5 Capacitively coupled radio frequency discharges (CCP-RF) 

In CCPs discharges electric energy is coupled with the plasma discharge with the use of 

its sheaths and the two electrodes. This happens when one of the electrodes is 

nonconductive as in case of spectro-chemical analysis of non-conducting materials or 

for the deposition of dielectric films. The electrodes are gradually covered with 

insulating material which results in the charge up of electrodes due to the 
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accumulation of positive and negative charges eventually extinguishing the plasma. 

This problem is sorted by applying an alternating voltage making each electrode 

alternating positive and negative. Charge thus accumulated would be partially 

neutralised by the next half cycle having with opposite charge. This type of discharge is 

characterised by very high frequencies and low operating pressure. Frequency usually 

ranges between (1 MHz-100 MHz) with 13.56 MHz being most commonly used. This is 

done to achieve non equilibrium conditions. Frequency should be tuned in such a way 

that it is high enough so that half the period of the alternating voltages is less than the 

time during which the insulator charges up. Otherwise shorter frequencies may yield a 

series of short lived discharges with electrodes successively taking opposite polarities 

instead of quasi-continuous discharges (Lozano-Parada, 2007). Electron density could 

range from 109-1010cm-3 and may be increased to 1011cm-3 with the increase in 

frequency. 

Typical examples of non-thermal atmospheric pressure plasmas are corona discharges 

and DBDs (Kim et al., 2006). Corona discharges are considered suitable for various 

industrial processes as this type of discharges generates a high concentration of 

radicals. However, continuous corona discharges have a very low power which is 

unacceptable for many applications. Voltages could be increased to raise the power 

level, but this leads to corona transition into arcs. Arcing could be prevented by 

covering one or both electrodes with dielectric material or by creating corona 

discharge with pulse-periodic mode (Fridman et al., 2005). By introducing  a dielectric 

layer, the discharge current is limited, arcing could be avoided between two 

electrodes, and a homogenous discharge could be created (Sarmiento et al., 2007). 

Therefore, many DBD-corona hybrid reactors have been designed to overcome these 

difficulties and take advantage of both high concentration of radicals in corona 

discharges and homogeneity of plasma discharge at higher power in DBDs (Kim et al., 

2006). Based on the above discussion, in the current study, a DBD-corona hybrid 

discharge reactor was used. it is discussed in details in chapter 4.  

2.3.6 Water vapour plasmolysis 

Plasma could be generated from electrical energy by transforming it to kinetic energy 

of electrons which is then transformed into molecular excitations and to kinetic energy 
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of heavy particles (Bockris et al., 1985). High efficiency and productivity of chemical 

reactions has raised interest in the hydrogen production in non-equilibrium plasma. 

This high specific productivity is the advantage of plasma-chemical methods over any 

other electrical hydrogen method e.g., electrolysis (Givotov et al., 1981). Plasmolysis 

can produce hydrogen 1000 times more than the conventional electrolysis process 

with same size of electrolyser because of its volumetric nature. This is due to the fact 

that using plasma activation energy barrier of transition states could be overcome 

easily because of multiple excited species. However, the energy efficiency of the 

plasma-chemical reaction is thought to be same as the electrolytic and thermo-

catalytic (Fridman, 2008) systems. Hydrogen production by water vapour plasmolysis 

has always been viewed as an expensive route, with estimates of 50% efficiency with 

conventional plasma reactors (Bockris et al., 1985), trailing behind electrolysis and 

about on par with thermo-chemical cycles.  

Cumulative dependence of energy efficiency of H2O dissociation on energy input is 

usually calculated for different specific mechanisms of the process with experimental 

results. Most of the discharge energy is thought to be transferred to vibrational 

excitation of plasma-chemical water dissociation. This is why it is considered to play an 

important role in water dissociation (Fridman, 2008). Vibrational excitation stimulated 

dissociation of water molecules in plasma follow three major steps: 

1. Electron impact excitation cause the excitation of lower vibrational levels of 

water molecule 

2. Excitation of higher vibrational level of H2O 

3. Decomposition of highly vibrationally excited molecules H2O* starts as a chain 

reaction (2-13 - 2-18) 

Water vapour dissociation by vibrational excitation has been thought to follow the 

given mechanism (2-13 - 217) (Bockris et al., 1985):  

 

  H2O* + H2O                            H + OH + H2O   (2-13) 
 

H + H2O*                             H2 + OH    (2-14)  
 

  OH + H2O*                             H2O2 + H   (2-15)  
 

  OH + H2O                                  H2 + HO2   (2-16)  
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HO2 + H2O   H2O2 +OH   (2-17)  
 

H + OH+ H2O                            H2O + H2O   (2-18)  
 

Major products of the water dissociation by vibrational excitation mechanism are 

molecular H2 and H2O2. H2O2 is unstable under typical plasma conditions and 

decomposes yielding H2O and O2. The reactions 2-16 & 2-17 have very poor kinetics 

because of the large activation barrier they have to overcome. In a separate study  

(Fridman, 2008) another chain termination by three body recombination reaction (2-

18) has been proposed. Another mechanism which could lead to the propagation of 

dissociation by vibrational excitation is as follows:  

 OH+ H2O*    H2 + HO2 moleculeeVH /1.2  (2-19) 

 

 HO2 + H2O*   H2O2 +OH moleculeeVH /1.1  (2-20) 

 

The total energy efficiency of the water molecule dissociation by this method is 

governed by three major factors namely excitation factor ex , relaxation factor rel  

and chemical factor chem . The detail of these factors and how they affect the water 

vapour plasmolysis is discussed by Fridman (2008). Also, mechanism of water vapour 

plasmolysis is discussed in detail in section 3.2 of chapter 3. In the following section 

different hydrogen production studies have been summarised.  

2.3.7 Review of previous hydrogen generation methods by plasma 

Water vapours were used as feedstock for hydrogen production using two methods 

(Givotov et al., 1981). High frequency (H.F) and ultra high frequency (U.H.F) discharges 

and a non-self-sustained discharge stimulated by a relativistic electron beam was used 

for water vapour plasmolysis. Maximum energy efficiency was found to be 40% which 

was less than the predicted theoretical efficiency of 50-70% . A two stage plasma 

reactor involving carbon dioxide dissociation as first step was proposed to increase the 

energy efficiency (Givotov et al., 1981).  

  CO2                               CO + 
2

1
O2 moleculeeVH /9.2  (2-21) 

  CO + H2O                           CO2+ H2 moleculeeVH /4.0  (2-22) 
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However, this process requires the separation of CO and O2 in the intermediate stages. 

A novel method for methane reforming utilising pulsed corona discharge has been 

used for hydrogen generation (Mutaf-Yardimci et al., 1998). Pulsed corona discharge 

acted as a catalyst and its effect could be seen as promotion in hydrogen generation. 

Energy efficiency of 350% for 16% conversion was observed.  

Liu et al. (2003) produced hydrogen from methanol using corona discharge at room 

temperature and found that methanol conversion increased from 0.196 to 0.284 

mol.hr-1 with increase in water concentration from 1.0%-16.7%.  

Production of anomalous hydrogen from an aqueous solution using conventional 

plasma electrolysis has been reported by Mizuno et al. (2002). In their study, 

continuous generation of the hydrogen greater than the predicted by Faraday’s Law 

was found to occur after certain conditions of temperature, current density, input 

voltage and electrode surface was achieved and in some observations hydrogen 

produced was 80 times higher than predicted by normal Faraday's law. The power 

efficiency ranges between 93-103% and current efficiency varied between 0.98~1.1. 

Dielectric barrier discharge has been used to decompose methane to produce 

hydrogen and carbon by Boutot et al. (2004). Authors claimed the process to be 

greener as compare to SMR, insensitive to catalyst, inherently load following, safe, low 

temperature and an atmospheric operation. However, energy efficiency has not been 

reported.  

Microwave plasma induced partial oxidation has been used to reform of kerosene oil 

and methane with air and oxygen by atmospheric pressure microwave discharge 

plasma by Babaritskii et al. (2004). They found that the energy input in the form of 

plasma is 1.3-1.6 times as effective in the enhancement of kerosene conversion 

compare with thermal energy input. 

Paulmier and Fulcheri (2005) studied non-thermal plasma reforming for hydrocarbon  

and found reformer efficiency in auto thermal mode reached 12.3% and in steam 

reformer it reached 26%.  
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Hydrogen was produced by plasma electrolysis by placing metal electrodes above the 

liquid surface by Chaffin et al. (2006). This method is suggested to remove the cost of 

the electrolytes and catalysts of conventional electrolytic processes. However, energy 

efficiency has not been reported. 

Plasma was used to catalyse the reaction between water vapours and sulphur dioxide 

by Koo and Lee (2007). The process has been claimed to produce hydrogen with a 

voltage 1/8th of the voltage utilised by conventional electrolysis method.  

In another study (Sarmiento et al., 2007), hydrocarbon and alcohols in mixtures were 

reformed with carbon dioxide and water. Methane was converted up to 70% into CO 

and H2 without transforming into higher hydrocarbons while alcohols (methanol and 

ethanol) were converted 100% to the same products with very high flow rates than 

that of methane.  

Hydrogen was produced via steam reforming in an atmospheric pressure microwave 

plasma by Jasinski et al. (2008). Hydrogen production rate and the corresponding 

energy efficiency were up to 225 g of H2 per hour and 85 g per kWh-1 respectively and 

are considered as better than steam methane reforming and electrolysis. 

Magnetically enhanced radio frequency plasma source has been used to decompose 

water vapours to produce hydrogen by Nguyen et all. (2009). Hydrogen production 

was found to increase linearly with rf-power without the application of the axial 

magnetic field. However, with the application of the magnetic field hydrogen 

production reaches its maximum value at 500 W and then saturates with rf power. 

The rate of formation of H2 and H2O2 from decomposition of pure water has been 

studied by Burlica et al. (2010). The energy yield of H2 and H2O2 in Ar were 45% and 

20% of the thermodynamic limit respectively. When air was used as a carrier gas, 

formation of both H2 and H2O2 was found to decrease while formation of nitrates was 

dominant. 

More recently, the thermodynamics of the steam reforming of ethanol using cold 

plasma conditions using "Density Functional Theory" has been studied Wang et al. 

(2010). The results showed that the only thermodynamics barrier for the production of 
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H2, CO, CH4 and CH3CHO is the dissociation of ethanol and steam molecules which is 

considered as rather easy to be done under clod plasma conditions. 

A discussion on energy efficiency of different hydrogen production technologies is 

done in section 5.2.9 and comparison of energy yields of different hydrogen 

production technologies is given in Table 5-4. 

2.3.8 Plasma micro-reactors   

Plasma processes are considered as a capital and power intensive to sustain a plasma 

discharge. This is a consequence of the large gap distance between electrodes 

requiring high voltage differences to support a steady state plasma. The large distance 

is maintained to avoid the recombination of active species near the walls of the 

reactor. However, micro-plasmas require much less energy to sustain plasmas at 

atmospheric pressures. Scaling down plasma reactors to micro-channels has shown 

capability of producing plasma at much lower power voltages than the conventional 

plasma reactors (Lozano-Parada, 2007). This could be explained on the basis of the 

reduced electric field or E/n ratio where E is applied electric field strength and n is the 

gas number density. Mean kinetic energy of the plasma discharges is the unique 

function of this ratio. It should be noted that despite scaling down of conventional 

plasmas discharges, E/n should be kept constant to have similar discharge properties. 

The trick here is that decreasing the distance between the electrodes in capacitive 

coupled discharges to the micron-scale increases the electric field strength thereby 

voltage and hence power required to have a sustainable plasma discharge is lowered. 

Due to this reason, it is possible to sustain micro-plasmas at substantially lower power 

which results in lower operation cost. Reducing distance, however, requires finding a 

pressure regime in which plasma discharges could be described in terms of continuum 

nature of the conservation equations. This means an increase in the working pressure 

(e.g., 1 bar) to preserve the continuum character of the conservation equations. The 

operation at elevated pressures eliminates the use of expensive vacuum pumps and 

gives micro-plasmas another economical advantage over conventional plasma systems 

(Lozano-Parada, 2007).As mentioned above breakdown voltage of the gas (Vb), 

according to Paschen law, is given as a function of pd number where p is the pressure 
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of the gas and d is inter-electrode distance as shown in the Figure 2-1. The values of Vb 

for helium and argon gases  are 125 V and 70 V respectively over an inter electrode 

distance of 1 mm at atmospheric pressure (Moravej et al., 2004). These sorts of 

voltages are easily and safely available at laboratory scale. Lozano-Parada and 

Zimmerman (2010) have shown the production of ozone from a plasma micro-reactor 

at 170 V AC which is much lower than the kilovolts used in conventional plasma 

reactors.  

2.3.9 Plasmolysis versus electrolysis 

The efficiency of water vapour plasmolysis has been considered low (~40%). 

Electrolysis has been considered as a better option for mass production of hydrogen 

on the basis of its higher proposed efficiency (~85%) which may lead up to 100% by 

increasing the voltage. It has been suggested that electrolysis may be the efficient way 

of utilising it (Bockris et al., 1985). National Renewable Energy Laboratories (Johanna, 

2004) has published a report on different scale of hydrogen production by electrolysis. 

The energy efficiency of the electrolysis has been defined as;   

 
2

2

HofkgperselectrlysibyconusptionEnergy

HofvalueheatingHigher
EfficiencyEnergy   (2-23) 

The higher heating value is taken assuming electrolysis of liquid water. Energy 

efficiency of the different electrolysis system of different scales has been found to 

range from 56-73%. This report clearly differentiates the energy efficiency of 

standalone electrolyser and entire electrolysis system. It is further clarified by an 

example that a specific electrolyser "Stuart IMET 1000" requires 46.8 kWh/kg of H2. 

Dividing heat of formation of hydrogen (39 kWh/kg of H2) with the energy requirement 

yields and energy efficiency of 83% based on HHV which is approximatley equal to 

what has been previously reported (Bockris et al., 1985). However, when the energy 

requirement of the rectifier and auxiliaries are included the energy requirement jumps 

to 53.5 kWh/kg of H2  reducing an efficiency of 73%. According to the report there are 

two major factors in fixing H2 cost. If plant is relatively big, it is the electricity that plays 

the major role and if plant size is small; capital cost becomes the limiting factor. 
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Another implication is relatively short life of electrolyser stack ranging between 5-15 

years.  

Production of hydrogen by water vapour plasmolysis looks even more advantageous, 

as steam in this study is considered to be produced from waste heat sourced from the 

plants which could be find easily in chemical plants or power generation plant and 

does not require additional energy for steam generation. Secondly, scaling down to 

micro-fluidics system is anticipated to require much less power. Micro-plasma 

reactors, along with their lower power requirement, offer another advantage of better 

control over the process than the conventional processing. This is possible because use 

of microfluidics can tailor fluid dynamics through high but brief field gradients which 

are spatially precise and electronically controlled (Rehman et al., 2012, Zimmerman, 

2011). Another advantage of hydrogen production by plasmolysis is the separation of 

hydrogen from the product gases. This could be solved again taking help from micro-

fluidics using microbubble dynamics. There is significant difference in solubilities of 

oxygen and hydrogen in water with oxygen being 25 fold more soluble than the 

hydrogen. Product gases entering in the form of microbubbles in a tall column of water 

will yield hydrogen rich gas from the top.  

Considering the above discussion and recent developments in plasma technology, it is 

envisaged that water vapour plasmolysis could potentially be a cheaper way of 

producing hydrogen. Integration of waste heat, to produce steam with plasma micro-

reactor technology may increase process efficiency. Secondly low capital cost and 

maintenance of plasma micro-reactors may be the biggest attraction. Multiplexing 

plasma micro-reactors (Lozano-Parada and Zimmerman, 2010) could increase the 

production of hydrogen which could be substantially cheaper than electrolysis stacks in 

terms of capital outlay for a given scale production facility. 

2.4 Kinetics of ozone formation  

In the current study, ozone generation has been used to optimise the operational 

parameters of plasmolysis instead of hydrogen. Based on the similarities of kinetics of 

formation of ozone and hydrogen, the rationale for using ozone for optimisation 

studies has been discussed in detail in section 5.3.1 in chapter 5. So, it is of great 

importance to understand the kinetics of ozone formation.     
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Ozone was first identified by its characteristic odour during water electrolysis 

(Schönbein, 1837) and few years later, Siemens (1857) proposed a novel type of 

electrical gas discharge which could generate ozone from air or oxygen flowing at 

atmospheric pressure (Rubin, 2001, Kogelschatz et al., 1999). Kinetics of ozone 

formation both from oxygen and air has been studied extensively (Hadj-Ziane et al., 

1992, Kossyi et al., 1992, Eliasson and Kogelschatz, 1991, Lozano-Parada and 

Zimmerman, 2010, Yagi and Tanaka, 1979, Kogelschatz et al., 1997, Fridman, 2008)  

The most important kinetic pathway in ozone formation is the dissociation of an 

oxygen molecule in to excited oxygen states (2-24a and 2-24b). This is followed by a 

three body recombination reaction (2-25). The third body role could be played by O2 or 

O3 in air plasmas. Along with O2 and O3, N2 could also work as third body in air 

plasmas. 

 e + O2    e + O2  uA3    e + O (3P) + O (3P)      (2-24a) 

 e + O2    e + O2  uA3    e + O (1D) + O (3P)     (2-24b) 

 O(3P) +O2 + M   O3* + M  O3 + M             (2-25) 

O3* is an excited/transient ozone species. Reactions (2-24)-(2-25) are the generally 

accepted mechanism, however, much more complex mechanistic models are proposed 

for ozone formation in air (Eliasson and Kogelschatz, 1991). Ozone formation from air 

as a feedstock has additional complexity due to generation of nitrogen-containing 

reactive intermediate and product species. NO, NO2, N2O, NO3, N2O5, N+ and N2
+ are 

just few examples of species which could be present in air plasma. However, under 

conventional ozone synthesis from air only N2O and N2O5 could be detected in addition 

to ozone in an air plasma (Eliasson and Kogelschatz, 1991). 

Ionic reactions do not contribute significantly towards the formation of ozone. There is 

an optimum micro-discharge strength for ozone production. This strength is 

characterised by the ratio of concentrations of oxygen atoms to oxygen molecules 

[O]/[O2] in the micro-discharge channel or energy deposited in the micro-discharge 

channel. For oxygen plasma, stronger microdischarges start favouring the unwanted 
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reactions as shown in (2-26)-(2-28), where an optimised ratio of an order of 10-3 has 

been proposed (Eliasson and Kogelschatz, 1991).  

O + O + M   O2 + M    (2-26) 

O + O3*   2O2    (2-27) 

O + O3    2O2    (2-28) 

The presence of moisture can alter the kinetics. The increased moisture content also 

increases the surface conductivity of the dielectric materials. This increased surface 

conductivity enhances the ability of dielectric materials to conduct charges and hence 

leads to strong micro-discharges (Fridman, 2008). The strong micro-discharges produce 

higher concentration of atomic oxygen which favours side reactions as stated above. 

For an optimised O3 production, air has to be dried “completely” to a dew point of -60 

oC. Ozone formation is poisoned by moisture because of the formation of additional 

OH and HO2 (2-29)-(2-30) (Fridman, 2008). NO and NO2 produced in this case react 

with OH  to form HNO2 and HNO3  respectively as shown in (2-31) and (2-32) (Pinart et 

al., 1996, Kogelschatz, 2003) and related species.  

OH + O3    HO2 + O2   (2-29) 

HO2 + O3   OH +O2 + O2   (2-30) 

OH + NO    HNO2     (2-31) 

OH + NO2   HNO3 +O2 + O2   (2-32) 

For air plasmas, higher power densities tend to produce nitrogen oxides. In this case 

NO and NO2 could also be formed along with N2O. Surprisingly, the ozone 

concentration in air plasma is higher than what could be expected from an oxygen 

content (21%) of air which could possibly be explained on the basis of additional 

processes (2-33)-(2-36) releasing oxygen atoms along with (2-24a)-(2-24b). (Eliasson 

and Kogelschatz, 1991, Kogelschatz, 2003, Fridman, 2008) 

N + O2      NO + O  (2-33) 

N + NO      N2 + O  (2-34) 
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N2 ( uA3 ) + O2    N2O + O (2-35) 

N2 (
gu BA  33 , ) + O2   N2 + 2O (2-36) 

2.4.1 Ozone decomposition in water  

Ozone, in the current study, has been quantified using a chemical method (Bader and 

Hoigné, 1981). Therefore, it is very important to understand how ozone is decomposed 

in aqueous solutions. Ozone is unstable in water (half life of 15 minutes at 25oC). 

Ozone decay in natural water is characterized by initial fast reactions followed by slow 

first order kinetics (Von Gunten, 2003). Also, decomposition of ozone is sensitive to 

temperature, type of organic matter and pH of the solution in which it is injected 

(Tomiyasu et al., 1985, Von Gunten, 2003, Hoigné, 1998). Higher temperatures above 

800oC favour nitrogen oxide formation which suppress ozone synthesis (Fridman, 

2008). Ozone diluted in air is unstable at higher temperatures hence there is a chance 

for ozone decomposition in the plasma zone if the temperature is high (Fridman, 

2008). Ozone dissolved in water decomposes by following two different chemical 

pathways. Some fraction of ozone produced reacts directly with the solute (Potassium 

indigo trisulfonate in the current study) in water and the rest of the ozone may first 

decomposes into 


OH radicals which would than react with the solute/organic matter 

(Hoigne and Bader, 1976). Ozone decomposition mechanisms have been studied 

extensively and the generally accepted mechanism (Staehelin and Hoigne, 1982, Forni 

et al., 1982, Buehler et al., 1984) is such that where one mole of ozone would produce 

one mole of


OH
.during propagation reaction. Either direct reaction of potassium 

indigo trisulfonate with ozone or indirect decomposition of the potassium indigo 

trisulfonate by 


OH , it can be assumed that one mole of ozone will react with one 

mole of indigo salt.  

Table 2-2 indicates comparison of basic operational parameters of industrial scale 

ozone generators. The data in Table 2-2 has been presented to emphasise the 

difference between the operational parameters of conventional ozone generation and 

the current study. Detailed discussion on this topic is done in chapter 5. 
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Table ‎2-2 Comparison of different types of industrial ozone generators (Fridman, 2008) 

Ozone 
Generator 

Feed Tdew 
(oC) 

d  
(mm) 

V 
(kV) 

f 
 (Hz) 

Dthickness 
(mm) 

  

(kWh/kg) 

Otto Air -40 3.1 7.5-20 50-500 3-5 10.2 

Tubes Air -60 2.5 15-19 60 2.5 7.5-10.0 

Tubes Oxygen -60 2.5 15-19 60 2.5 3.75-5.0 

Lowther Air -60 1.25 8-10 2000 0.5 6.3-8.8 

Lowther Oxygen -60 1.25 8-10 2000 0.5 2.5-5.5 
Where, Tdew is dew point of air, d inter-electrode distance, V is voltage, f is frequency, Dthickness is the thickness of 
dielectric barrier and  is energy cost 

2.5 Separation of hydrogen from product gases  

Despite having more specific productivity over other electrical hydrogen production 

methods such as electrolysis (Givotov et al., 1981), separation of the product gases 

(hydrogen and oxygen) of water vapour plasmolysis has remained an unsolved 

problem. In the following section separation of the hydrogen from product gases will 

be discussed by different methods.  

2.5.1 Hydrogen separation technologies 

There are several techniques available for hydrogen separation and purification such 

as membrane separations, pressure swing absorption (PSA) and cryogenics. Both PSA 

and cryogenic distillation can give high purity hydrogen but are energy intensive 

processes (Adhikari and Fernando, 2006).  One of the solutions is to use a membrane 

to separate hydrogen and oxygen. Membranes can also provide high purity of 

hydrogen, as an alternative to PSA or cryogenic process at relatively lower energy 

consumption (Cheng et al., 2002). In the current study, the product stream will have 

more than one component (hydrogen, oxygen, un-decomposed steam, and argon) 

compared with direct plasmolysis of water where product stream would contain only 

hydrogen and oxygen. Although membranes presents a viable option, there are 

particular limitations. For example, metallic membranes such as Pd-based give very 

high purity hydrogen but they are very expensive. Ceramic membranes present 

relatively less expensive option but they are brittle. Polymeric membranes are not 

brittle and the cheapest option to use. However, they are known to plasticise in the 

presence of moisture (Basu et al., 2010). Their separation efficiency has been found to 

reduce with the moisture content present in the feed. Presence of a large amount of 
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un-decomposed steam reduces permeability of hydrogen and hence separation 

efficiency will be reduced (Wang et al., 2013). Separation of hydrogen from such 

mixture of gases may require more than one membrane or a custom made membrane 

for this job which would increase the cost of the overall plasmolysis system. The 

separation problem could be solved by taking help from microfluidics using 

microbubble dynamics as discussed in the following section.  

2.5.2 Separation by microbubbles  

A novel approach based on microbubble separation is proposed to separate hydrogen 

from the other gas mixtures. As Figure 2-5 shows there exists more than an order of 

magnitude difference between solubility of hydrogen and oxygen in water at all 

temperatures. The proposed separation scheme exploits this difference, to separate 

hydrogen from oxygen. Water vapours along with Ar will be decomposed in a plasma 

micro-reactor as sown in Figure 2-6. Argon being inert would not participate in the 

water vapour plasmolysis and would leave the plasma micro-reactor without any 

chemical transformation. Un-decomposed steam would condense once it comes in 

contact with water. A bubble would essentially contain argon, oxygen and hydrogen in 

it at this stage. As products would rise in the form of bubbles in a column filled with 

water, oxygen would preferentially dissolve in water while bubbles containing 

hydrogen and argon would keep on rising. If hydrogen is to be used on a plant on as 

intermediate energy storage then conversion by a fuel cell will result in the argon in 

the off-gases, hence naturally separated and recycled. If the hydrogen is to be used as 

a chemical intermediary, say for reducing biofuels to drop-in fuels, then if it is a liquid 

drop-in fuel, the argon will stay in the gaseous phase and again be recycled 

automatically.  
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Figure ‎2-5 Solubility of hydrogen and oxygen at different temperatures (ToolBox, 2014) 

A DO probe would then be required to continuously monitor level of DO in the water 

column. Fresh water could be circulated in the column in order to make process 

continuous. The oxygen rich water could be utilised elsewhere in the plant for 

applications like feeding an algae or some other microorganism in a bioreactor. A 

change in the value of aK
l

 in this regard could indicate efficient mass transfer by a 

microbubble generation technique.  
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Figure ‎2-6 Experimental plan for simultaneous production and separation of hydrogen
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An efficient and cost effective method to generate microbubbles out of the product 

gases would than hold the key for taking full advantage of proposed microbubble 

separation process. It becomes equally important to measure the number density of 

microbubbles produced as the separation of the gases would depends upon it.  

The following discussion is based on the identification, understanding and utilisation of 

a method to produce microbubbles economically.  

2.5.3 Microbubble generation 

Although fine pore diffusers are almost ubiquitous at industrial scale bubble 

generation and utilisation processes like wastewater treatment, the fine pore diffusers 

working alone as nozzles are not sufficing to produce microbubbles (200-800 µm). 

Conventional diffusers/nozzles use steady flow to produce fine bubbles on order of 1-2 

mm. These bubbles on average are an order of magnitude larger than the pore size. 

This could be explained on the basis of dynamics of bubble formation. There are two 

forces responsible for bubble formation. First, wetting force of the liquid around the 

bubble and second is buoyancy force of the bubble responsible for its rise. A bubble 

starts to grow when gas passes through a pore. The bubble will keep on growing until 

the buoyant force overcomes the liquid wetting of the surface (surface tension). 

Bubble breaks off from the surface and rise up at the velocity based on buoyancy force 

(Zimmerman et al., 2008). Usually this break off size comes at an order of magnitude 

higher than the pore size. This could be explained on the basis of Young-Laplace Law 

which governs the relation between radius of the bubble and pressure difference ( P ) 

across the gas-liquid interface. The bubbles growing in the diffuser pores are subjected 

to instability which make all the bubble growth concentrate at few pores where the 

size of the bubble could be larger than the size of the pore (Tesař, 2012) . These 

bubbles then coalesce to produce even bigger bubbles. The coalescence could occur 

because of polydispersity of the bubble size and irregular space between the bubbles. 

The other reason for not forming smaller bubbles from very fine porous materials is 

the channelling in diffuser material which has been shown in Figure 1 (a) of 

(Zimmerman et al., 2008). In that case the bigger bubble formed provides the path of 

least resistance and hence all the air would go through this path. This is mainly due to 
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the non-uniformity in the pores on the diffuser surface. This variation in the pore size 

leads to a non-uniform gas distribution. These fine bubbles are subjected to a high 

buoyancy force hence rising rapidly and reducing the resident time. In addition, the 

surface area to volume ratio of the fine bubbles is also low relative to microbubble 

which reduces the mass transfer across the gas liquid interface. On the contrary 

microbubbles offers high surface to mass ratio, hence increase the mass transfer 

across the gas liquid boundary (Al-Mashhadani et al., 2011).  

Surface wetting properties of diffuser are also found to be of great importance. A 

hydrophobic surface would make gas spread over a larger area than the pore size. This 

induces a secondary force which holds the bubble to the surface increasing the 

buoyant force required to dislodge the bubble and hence bubble volume to overcome 

it. On the other hand hydrophilic surfaces have a thin film between the bubbles and 

pore surface, so, the hydrophobic gas (air for example) does not stick to the solid 

surface. Bubbles in this case seem to shoot out like bullets from the pores in the 

diffuser contrary to the slow pushing out from the diffuser pores (Zimmerman et al., 

2011). 

As mentioned earlier that conventionally microbubble generation relies on the 

instabilities shown in Figure 1 in Zimmerman et al., (2008). However, with fluidic 

oscillations, bubbles could be released from the surface when they form a 

hemispherical cap which is the smallest possible shape in which bubble could be 

formed in the strong adverse effects of the surface tension at higher curvatures. Again, 

this could be explained by looking at the mechanism of bubble formation. There are 

two phases in bubble formation namely stable phase and unstable phase 

corresponding to the pressure difference ( P  ) across gas-liquid interface. When a gas 

is passed through a porous medium/diffuser, a bubble starts to grow with infinite 

radius of curvature since the interface is a flat plane. Bubble starts to grow big with 

more gas filling in the bubble. As more gas enters in the bubble, radius of the interface 

starts to decrease with the increase in the P across the interface following the Young-

Laplace law. This is the first stable phase. This is, however, only true for the stage when 

the bubble has not acquired the hemispherical shape. The second phase of the bubble 

formation starts when the bubble has reached the hemispherical shape. The bubble 
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volume keeps growing with increase in the radius which diminishes the P across the 

interface. Hence the bubble size would keep on growing until the volume of the bubble 

is such that buoyancy forces overcome the surface tension of the liquid. Consequently 

a bigger bubble is formed. However, oscillatory flow, does not allow the bubble go past 

the hemispherical shape due to instabilities caused by pulsations. Using oscillatory 

flow to produce microbubbles suggests to break bubble off at a critical point at which 

the bubble could occur. At this critical point the bubble keeps on growing in size if no 

external force is present to break off the bubble or the bubble might also collapse as 

the point at which a bubble could be formed has not been reached yet. This kind of 

fluidic oscillation could be achieved by mechanical means or by fluidic oscillator having 

no moving parts (Zimmerman and Tesar, 2013). 

Usually the microbubbles are produced by three different methods (Zimmerman et al., 

2008). Most common method involves compressing the air to a relatively higher 

pressure (~6 bars) and then releasing through a specially designed nozzle. This method 

is based on cavitation principle and could produce bubbles as small as nanobubbles. 

However, high power densities are required for the generation of smaller bubble by 

this method. Microbubbles could also be produced by the use of ultrasound. 

Ultrasound is used to induce cavitation locally at points of extreme rarefaction in the 

standing ultrasonic waves. Again, it involves usage of high power for the microbubble 

generation. The third method involves oscillating the fluids which could be achieved 

either by mechanical vibrations or using fluidic oscillator (Zimmerman and Tesar, 

2013). The fluidic oscillator is based on the Coanda effect. The tendency of a fluid to 

attach itself to a vertical wall/ structure and bend away from the initial direction of 

flow is known as the Coanda effect (Reba, 1966, Freire et al., 2002). The fluidic 

oscillator offers potentially cheapest means to oscillate the fluid with no moving part. 

The fluidic oscillator consists of two components. The first one is the amplifier shown 

in right hand side of Figure 2-7 (A). The amplifier is composed of cavities in a number 

of computer numerical control (CNC) machined Perspex plates. The second component 

is a feedback loop which connects the two control terminals of the amplifier as shown 

in left hand side of Figure 2-7 (B). The pressure difference between the terminals 

generates the flow in the loop which causes the main air flow from the inlet to switch 
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from one attachment wall to the opposite one under the Coanda effect (Zimmerman 

et al., 2008). 

 

Figure ‎2-7 Fluidic oscillator and how fluid switches channel based on Coanda effect 

2.6 Reactive separation  

"Cheating chemical equilibrium” is something which chemical engineers have learned 

well in last few decades. Changing the equilibrium and pushing the reactions to 

completion is the art behind this science. Integrating the reaction stage and separation 

stage in one single process unit lead towards significant savings in the capital and 

running costs (Schembecker and Tlatlik, 2003). According to the Le Chatelier’s 

principle, chemical equilibrium could be shifted by changing the concentration of the 

reactants or products, temperature and pressure of the system. Equilibrium is shifted 

in the direction so as to minimize the effect of change. Therefore if the products or one 

of the products are simultaneously removed from the system as they are being 

produced, equilibrium will shift in the forward direction and hence more reactants 

would combine together to restore the equilibrium increasing overall conversion of the 

system. For reactive separation, a defined window of operation is needed for chemical 

reaction, physical separation and the design of the apparatus. The economic 

advantages from reactive separation could only be exploited when the windows of 

these operations overlap with each other (Schembecker and Tlatlik, 2003). The 

economic benefits could be related to the reduction of the raw materials used, 

simplification of production cycles, energy integration and/or by getting higher rates of 

conversion and improvements in selectivity.  
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Reactive separation is one of the principles applied in the current project. For 

hydrogen production by water vapour plasmolysis, it is of great interest to see that if 

chemical engineering principles of reactive separation could be applied to it 

effectively. It is worth noting that plasma reactions, unlike chemical reactions, do not 

follow well-defined mechanisms. Ozone production from oxygen has more than 

hundred different pathways involving different species of oxygen producing ozone as a 

net product (Kossyi et al., 1992, Eliasson and Kogelschatz, 1991) and same has been 

found in case of hydrogen where more than hundred reactions have been identified to 

participate in kinetics of hydrogen formation (Rehman et al., 2012). As discussed in 

section 2.5.2 that product gases would come out in the form of microbubbles which 

would be dissolved in water. Oxygen having higher solubility would dissolve 

preferentially in water leaving hydrogen rich bubble to rise in water column. The 

volumetric mass transfer coefficient of product gases will then be deciding factor to 

see whether the reactive separation is possible or not. In order for the reactive 

separation to occur the volumetric mass coefficient of products or one of the product 

(oxygen and or hydrogen) will have to be greater than the time scale for hydrogen 

generation. If products of the water vapour plasmolysis are dissolved in water faster 

than they are produced in the plasma micro-reactor it can shift the equilibrium 

towards the forward direction. Time scale of the plasmolysis has been estimated by 

solving the kinetics model while the time scale of dilution of hydrogen/oxygen/ 

(products) could be obtained by measuring volumetric mass transfer coefficient. 

Comparing both values would indicate whether reactive separation is effective or not 

in yield enhancement.  
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2.4 Summary  

This chapter is dedicated to review literature for the related subjects which is utilised 

in the current study. The fact that the major hydrogen production technologies like 

SMR and coal gasification depend upon fossil fuel and hence not green indicates the 

need of developing new processes which could generate hydrogen independent of 

fossil fuel. It has been identified that there still remains niche for a process for 

hydrogen production by water vapour plasmolysis. Lower principle cost of plasmolysis 

and recent developments in the field of plasma shows that hydrogen could be 

produced by water vapour plasmolysis economically. Kinetics of ozone formation has 

been studied for the optimisation of plasma micro-reactor. Review of separation 

technologies for hydrogen indicates that hydrogen could be separated from product 

using microbubbles. Reactive separation has been reviewed in order to assess its 

potential application the current study.  
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3.1 Preface  

The chapter comprises homogeneous chemical kinetics modelling of water vapour 

plasmolysis. A stream of pure water vapour was considered as feedstock. Different 

pathways of decomposition such as, dissociation reactions, dissociative attachment of 

electron, dissociative ionisation reactions, ionisation reactions and dissociative 

excitation reactions were included along with the other pathways for different species 

produced and consumed with in plasmolysis. The chapter is organised as follows: In 

section 2, a kinetic model has been developed, assuming the plasmolysis of water 

vapour in a plasma micro-reactor similar to that used in (Lozano-Parada and 

Zimmerman, 2010) having channel width of 800 µm and characteristic length of 1 cm 

of plasma zone. In section 3, the model results are analysed and discussed. Time scales 

for different species to reach steady state concentration has been evaluated. Effect of 

varying electron density over the concentration and evolution time for different 

species is monitored. Important pathways affecting the overall kinetics of water 

vapour plasmolysis have been identified. Based on the findings by kinetic modelling, a 

reaction mechanism of water vapour plasmolysis has been proposed. In section 4, 

summary of the chapter is given.  
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3.2 Rationale for kinetic modelling of water vapour plasmolysis  

A chemical kinetics model was developed for water vapour dissociation flowing at 

atmospheric pressure under nonthermal plasma conditions . The kinetics modelling 

was studied to understand the chemistry of hydrogen formation by water vapour 

plasmolysis. The kinetics study is applied to the plasma micro-reactor design described 

in the next chapter. The reaction time scale obtained from kinetics modelling would 

serve three purposes. Firstly, the period of oscillation of an AC plasma source could be 

tuned such that the power is only supplied  for the required reaction time scale. A 

detailed discussion on this is given in section 3.3. Secondly, if the diameter of the 

plasma micro-reactor is fixed, an estimation of the required length of the plasma 

micro-reactor could be made. Thirdly, the reaction time scale could be used to assess 

the applicability of reactive separation  on water vapour plasmolysis in the latter part 

of the thesis. The effects of parameters like electron density on the concentration of 

hydrogen can be monitored as well. The kinetics modelling can therefore be 

considered as the first step towards hydrogen production by water vapour plasmolysis.  

3.2 Kinetic model  

Plasma-chemical processes have been applied to different feedstocks including water 

in liquid and vapour state (Givotov et al., 1981, Maehara et al., 2006, Nguyen et al., 

2009, Burlica et al., 2010), methanol (Mutaf-Yardimci et al., 1998, Xi Zhen et al., 2003, 

Sarmiento et al., 2007, Rico et al., 2009), ethanol (Wang et al., 2010, Yan et al., 2008) 

and different hydrocarbons such as methane (Boutot et al., 2004, Sarmiento et al., 

2007, Jasinski et al., 2008, Paulmier and Fulcheri, 2005) and kerosene oil (Babaritskii et 

al., 2004). Most of the plasma studies reported (Givotov et al., 1981, Maehara et al., 

2006, Nguyen et al., 2009, Bockris et al., 1985, Avtaeva et al., 2010) have been carried 

out at very low pressure. Recently, some experimental studies have shown the 

conversion of hydrocarbons to hydrogen by plasma at atmospheric pressure (Sobacchi 

et al., 2002, Paulmier and Fulcheri, 2005). This study models the plasmolysis at 

atmospheric pressure, with the effect of atmospheric pressure incorporated through 

initial number density of water vapours. 
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Many efforts have been made to model water/ water vapour plasma for different 

purposes. From the study of a single type of plasma-chemical reaction such as 

electronic and ionic collision with the water vapour (Dolan, 1993), to overall kinetics 

models for water vapour have been investigated (Bockris et al., 1985, Fridman, 2008, 

Avtaeva et al., 2010). Dissociative excitation of water by an electron impact has been 

studied (Beenakker et al., 1974). The electron beam (0-1000 eV) was incident on a gas 

phase (water vapour and a gas- He and N2). The authors concluded that the hydroxyl 

radicals excited in the 
2A  state are originated from excitation of both singlet and 

triplet states of the water molecule. A more complex mathematical model for the 

chemical reactions occurring in water in discharge channels have been proposed  

Mededovic et al., (2008) as well. The discharge channel was divided into two zones, 

namely, the core zone having diameter of 10 µm and recombination zone having 

diameter of 200 µm. The model explains the molecular hydrogen evolution in 

submerge discharges and describes the stoichiometric generation of H2, O2 and H2O2. 

More recently a zero dimensional model (well mixed homogeneous reactor) for low 

density non-stationary gas discharge in water vapours has been proposed by Avtaeva 

et al., (2010). The authors have studied the water vapour plasma at very low pressure 

(133-150 Pa) and found that the major positive and negative species were H3O+ and 

OH- respectively.  

Water vapour plasmolysis by vibrational excitation (as discussed in section 2.3.6 in 

chapter 2) and dissociative electron attachment depending upon energy distribution 

has been discussed by Fridman (2008). Figure 3-1 explains the electron energy 

distribution through different pathways in water vapour plasma. It can be seen that 

eighty percent of the energy is absorbed in a vibrational excitation channel which is 

dominant at lower electron energy levels (< 1 eV ). For typical electron temperatures 

3-5 eV  in nonthermal plasmas (Lozano-Parada and Zimmerman, 2010), most energy is 

absorbed in a dissociative attachment channel. The direct route of water vapour 

plasmolysis is as follows (Fridman, 2008); 

  H2O                  H2 + 
2

1
 O2  moleculeeVH /6.2  (3-1) 
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Figure ‎3-1 Electron energy distribution between excitation, dissociation and ionisation channels in water vapours 
for  : (1) elastic scattering (2) vibrational excitation (3) dissociative attachment (4) electron excitation (5) 

(Fridman, 2008) 

Hydrogen and hydroxyl radicals are the primary species produced when the water 

molecule is decomposed (Medodovic and Locke, 2009). The reaction representing the 

production of atomic hydrogen and hydroxyl radical (dissociation reaction) can be 

written as follows (Lukes et al., 2008a, Medodovic and Locke, 2009, Shirafuji et al., 

2009). 

H2O + e-                           H + OH + e-   (3-2) 

Several processes are initiated in the non-thermal plasma including a high electric field, 

intense ultraviolet radiation, overpressure shock waves and most important of all, 

formation of reactive species like hydroxyl-OH, hydrogen atom-H and oxygen atom-O. 

H and OH  are associated with primary chemical activity in water discharges (Lukes et 

al., 2008a). After being produced in a plasma discharge, these species could then react 

with each other to form molecular products (Mededovic et al., 2008, Lukes et al., 

2008a) and other species such as hydroperoxyl-HO2  (Locke et al., 2006). Eighteen 

different pathways of water molecule dissociation by electrons impact have been 

reported by Avtaeva et al. (2010). The types of reaction included were momentum 

transfer, ionisation, dissociative ionisation, dissociative attachment, dissociation and 

dissociative excitation. However, Dolan (1993) has dropped the dissociative 

attachment reactions producing negative species (OH-, H- and O-) due to their small 

cross sections (1-6x10-18cm2 molecule-1) which peak at electron energies of 6-12 eV . It 

is further reported that the rate of negative ions production by these reactions is very 
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low and produces less than 1% products at 100 eV . Dolan (1993) has also pointed out 

a few dissociative attachment of electron pathways which  may occur in water vapour 

plasma but have lower probability and relative higher energy requirement.  However, 

considering the energy distribution in Figure 3-1 (Fridman, 2008), the mechanism of 

water vapour plasmolysis by dissociative attachment of electron, producing OH and H-, 

was also included in the model to analyse the effect of its co-existence with other 

dissociation reactions. Dissociative attachment of electron in water plasmolysis could 

play an important role because more than 60% of the discharge electron energy could 

be utilised in this mechanism at slightly higher electron temperature Te > 1.5 eV. It is 

worth noting here that the electron temperatures of 1.5-4 eV  have been reported in 

water plasmas for hydrogen generation (Nguyen et al., 2009). The dissociative 

attachment of electron mechanism of  water vapour plasmolysis is initiated by reaction 

3-3 (Bockris et al., 1985, Fridman, 2008); 

H2O + e-                          OH + H-   (3-3) 

This dissociative attachment results in the loss of the electron which has a very high 

electron energy threshold (  30 eV ). Unlike the dissociation pathway which produces 

OH and H, the initiation step produces OH and H-. The H- radical formed here combines 

with an electron through electron detachment process eliminating the negative charge 

on H- and thus producing H and an extra electron. This process is only feasible if the 

above mentioned reaction (3-3) is followed by the given reaction (3-4).   

H- + e-                                   H + e- + e -  (3-4) 

The electron produced by the electron detachment would then able to participate in 

the initiation reaction with another water molecule, thus starting a chain reaction and 

by doing so one electron is able to participate in the reaction many times making 

process energy effective. The rate constant for detachment process is very fast ~10-6    

cm3 s-1. This chain mechanism (3-3 and 3-4) is initiated by ionisation of water molecules 

while it could be terminated by an ion-ion recombination reaction (3-5), 

H- + H2O+                                  H2 + OH   (3-5) 

or by fast ion-molecular reaction (3-6). 
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H- + H2O                                   H2 + OH-   (3-6) 

The energy efficiency of water plasmolysis through dissociative attachment of electron 

mechanism depends upon the length of the chain “  ” that is how many times an 

electron can take part in dissociative attachment reaction. 

Electron collisions with water molecules (H2O) are known to excite rotational, 

vibrational and electronic levels of water molecules to H2O* (Itikawa and Mason, 

2005). However, the effect of H2O* on the rate of reactions including H2O is not yet 

studied (Avtaeva et al., 2010) and to the best of our knowledge this piece of 

information could not be found. Although, kinetic data for the formation and 

decomposition of excited molecules of H2* is available (Hagelaar et al., 2000), there 

exists no information on the formation of excited H2* molecules by electron impact 

with water molecules (Itikawa and Mason, 2005). Oxygen emission lines in water 

spectra have been reported in different studies (Sato, 2008, Lukes et al., 2008a, Shih 

and Locke, 2010b). Production of O( Pp 33 ) and O( Pp 53 ) has been reported by the 

electron impact reaction with a water molecule (Lukes et al., 2008a). 

e- + H2O                                  O ( Pp 33 ) + H2 + e-  (3-7) 

e- + H2O                                  O ( Pp 53 ) + H2 + e-  (3-8) 

The transition )33( 033 SsPpO   produces an emission line at 844 nm while emission 

line at 777 nm is produced by the transition )33( 055 SsPpO  . However, both routes 

mentioned above require higher electron energy (~17 eV ) than the dissociation 

pathway of water into H and OH (Reaction 1 in Table 3-1) (Lukes et al., 2008a). That is 

why both of these reactions are not considered in the model. At this point it is worth 

mentioning that a delicate balance between the production and consumption of each 

species must be sought such that the overall products of the plasmolysis remain in 

agreement to the experimental results /published literature. 

Waste heat could be utilised to produce steam for hydrogen production from 

nonthermal plasmas. Typically a waste heat boiler could be utilised to produce low 

quality steam such as considered in the current study. Demineralised water is used for 
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the steam production which shall have very little impurities. Also, when water is 

vaporised any impurity (salts) would remain behind in waste heat boiler so no impurity 

would enter in the plasma reactors. This is the rationale for neglecting impurities in the 

model.  

3.2.1 Initial conditions 

Water vapours and electrons are the only precursors as only these two species enter 

the system as starting reactants. The number density of every other species is set to 

zero. The number density of water vapour was calculated using the ideal gas law at 

slightly above its boiling point and atmospheric pressure. At the given values of 

temperature and pressure, number density for water vapours was found to be at 1.925 

x 1025 m-3. Results using number density of water vapours calculated by the Van der 

Waals equation are shown in Appendix I. The initial number density of seed electrons 

is very low, approximately 1 x 106 m-3 (due to cosmic radiation). However value of 

equilibrium electron density varies in different studies. The value of electron density as 

high as in the  order of 1020 m-3 has been reported by Zhang et a.l 2007. Lower values 

of order of 1017 m-3 has also been reported in experimental investigation by Abdul 

Majeed et al. (2011). However, equilibrium electron densities found in nonthermal 

plasmas like DBD (1018-1021 m-3) (Nehra et al., 2008) were used to set the  initial 

electron concentrations  as advised by Professor Siméon Cavadias of Laboratoire de 

Génie des Procédés Plasmas et Traitement des Surfaces / ENSCP/ UPMC (Private 

communication, 2012) to help the convergence of the numerical solution. A general 

range of electron density was chosen to study the kinetic behaviour of water vapour 

plasmolysis over that range.  

3.2.1.1 Electron temperature  

As discussed earlier, EEDF is the probability for an electron to have sufficient kinetic 

energy known as mean electron energy ""  (eV) to carry out the reactions. So under a 

high applied electric field, an electron would have higher mean electron energy to 

carry out a particular reaction. Since the current simulation was run under constant 

values of electron density which is a function of applied electric field, electron energy 

could be assumed to have a constant value (have reached equilibrium value). Before 
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deciding a value for the electron temperature in the plasmas, it is very important to 

understand the discharge physics which governs this value.  As discussed in chapter 2 

the breakdown voltage depends on the pressure “p” of the gas and inter-electrode 

distance “d” of the plasma micro-reactor. If pd number is small (usually in low pressure 

plasmas) the breakdown follows classical Townsend mechanism. However if f pd 

number is large (usually in high/atmospheric pressure plasma-under current set of 

conditions), instead of following the Townsend breakdown mechanism, streamer 

breakdown initiates (Lozanskii, 1976, Kunhardt and Byszewski, 1980, Eliasson and 

Kogelschatz, 1991). The streamer, in this case becomes self-propagating because of the 

presence of high concentration of space charge at the head of electron avalanche and 

the resulting high eignfield causes the breakdown to occur in a single transit. A 

moderately homogenous conducting channel having low electric field filled with 

charged and excited particles are left behind this high energy streamer. The effective 

reduced field in this mechanism is significantly higher than the reduced electric field in 

classical Townsend breakdown. In this case, energy loss by elastic collisions of 

electrons with neutrals is not significant because of considerably high energies (~5 eV) 

and limited lifetime of electrons (Eliasson and Kogelschatz, 1991). Since water vapour 

plasmolysis has been studied at atmospheric pressure in the current modelling work, 

the breakdown of water vapours is thought to occur by streamer initiation.   

It is worth noting that electron temperature in DBDs (at high pressure) have been 

reported in the range of 1-10 eV (Eliasson and kogelschatz, 1991, Schutze et al., 1998). 

Previous modelling studies (Lozano-Parada and Zimmerman, 2010), of nonthermal 

plasmas at atmospheric pressure has also reported electron temperature in the range 

of 3-5 eV. Experimental investigations have also found the electron temperature to 

vary between 1.5-4 eV in water vapour plasma (radio frequency plasma) for hydrogen 

generation (Nguyen et al., 2009).  In the light of above discussion and, since, the 

current study focuses on utilising low power plasma, the lower limit of electron 

temperature of 3 eV has been chosen for simulation work.  
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3.2.1 Implementation of kinetic model 

The kinetic model has been implemented using COMSOL Multiphysics™- Reaction 

Engineering Laboratory (REL). This package provides an automatic sensing of stiff 

systems and an adaptive time stepping algorithm with relative tolerance set to 10-6 

(Lozano-Parada and Zimmerman, 2010). It is presumed that the water vapour 

concentration is fixed in a hypothetical reactor at the ideal gas molar level and the 

electron density is set by the electric field. If the reactor is supposed to be well-mixed 

(dominated kinetically), then every reaction in the kinetic scheme (Table 3-1) 

contributes mass action law terms to the kinetics model with rate constants (including 

Arrhenius temperature dependence), with number densities corresponding to the 

species incorporated in this study and given in Table 3-2. The rate equations for the 

reactions given in Table 3-1 can be solved to make a model of intrinsic chemical 

kinetics for the concentration of the species (Lozano-Parada and Zimmerman, 2010) 

given in Table 3-2. To get steady state concentration of molecular hydrogen (
2HC ) the 

overall equation could be written as follows (3-21);   
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Where in  is the symbol used for the species given in Table 3-2 and subscript " i " 

represents different indices given to the different species. " ik " is the rate constant for 

the reactions given in Table 3-1 with subscript " i " represents different indices given to 

the reactions. The kinetic model does not account for the losses at the electrode 

surfaces. The electrons accelerated by the electric field collide with water vapours as 

shown in the reaction initiation step (Reactions 1-13 in Table 3-1).  
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Table ‎3-1 Kinetic scheme of plasma-chemical reactions considered in the current model 

Sr. 

No. Reactions 
Rate constant (K)  

(m3.mole-1.sec-1, m6.mol-1.sec-1) 
Ref. 

Dissociation Reactions  

K1  e-  + H2O                                 H + OH + e- 9.978E+07 Sa, Ab 

Momentum Transfer Reaction 

K2 e- + H2O                                   e- + H2O 3.65776E+11 Ab 

 Ionisation Reaction 

K3 e- + H2O                                  2e- + H2O
+ 2.990E+05 Ab 

Dissociative Ionisation Reactions   

K4 e- + H2O                                   2e- + OH + H+ 6.992E+01 Ab  

K5 e- + H2O                                   2e- +H + OH+ 3.268E+02 Ab  

K6 e- + H2O                                   2e- + H2 + O+ 3.094E+00 Ab 

K7 e- + H2O                                   2e- + H2
+ + O 2.37E-09 Ab 

Dissocitive Attachment Reactions  

K8 e- + H2O                                   H- + OH  3.706E+07 F, Ab 

Dissocitive Excitation 

K9 e- + H2O                                  H + O*(21S0) + e-  3.938E+04 Ab 

K10 e- + H2O                                  H + OH*(A) + e-  4.132E+06 Ab 

K11 e- + H2O                               OH + H (n=2) + e-  3.021E+02 Ab 

K12 e- + H2O                               OH + H (n=3) + e-  4.604E01 Ab 

K13 e- + H2O                               OH + H (n=4) + e-  7.184E+00 Ab 

Neutral-Neutral Reactions 

K14 OH + OH                                H2O2  1.02E+07 Sa 

K15 OH + O3                                 HO2 +O2 4.46E+04 Sa 

K16 OH +HO2                               H2O +O2 6.63E+07 Sa 

K17 OH + H2O2                              HO2 +H2O  1.02E+06 Sa 
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K18 O + O2                                   O3 8.43E+03 Sa 

K19 O + HO2                               OH + O2  3.37E+07 Sa 

K20 H + O3                                  OH + O2  1.69E+07 Sa 

K21 H + HO2                                H2O + O  1.69E+06 Sa 

K22 H + HO2                               OH + OH  3.91E+07 Sa 

K23 H + HO2                                O2 + H2  3.91E+07 Sa 

K24 HO2 + HO2                            H2O2 + O2  9.64E+05 Sa 

K25 OH + OH                              H2O +O 8.91E+05 Ma 

K26 OH + M                                H + O + M f x (4.09x10-9 exp(-416kJ/RT) )  Mb 

K27 O + O + M                           O2 + M f x (9.26x10-34(T/298)-1) Mb 

K28 OH + O                                 O2 + H f x (4.55x10-12 (T/298)0.40exp(49.64kJ/RT)) Mb 

K29 O+OH                                   HO2 f x (2.69x10-10 exp(-0.26kJ/RT)) Mb 

K30 H + OH                                 O + H2   f x (6.86x10-14 (T/298)2.80exp(16.21kJ/RT)) Mb 

K31 O2 + OH                                HO2 + O  f x (3.7x10-11exp(-220))  Mb 

K32 OH + OH                              2O + 2H    f x (`4.09x10-9exp(-416kJ/RT) ) Mb 

K33 H2O2 + O                              HO2+ OH    f x (1.42x10-12(T/298)2exp(-16.31kJ/RT))  Mb 

K34 H2O2 + H                              OH+ H2O    f x (4.01x10-11 exp(-16.63kJ/RT) )  Mb 

K35 H2O2 + H                               HO2+ H2    f x (8x10-11exp(-33.26kJ/RT))  Mb 

K36 H2O2 + O2                             2HO2       f x (9x10-11exp(-166kJ/RT))  Mb 

K37 HO2 + H2                              H2O2+ H    f x (5x10-11exp(-109kJ/RT)) Mb 

K38 HO2 + M                              H+ O2+ M     f x (2.41x10-8(T/298)-1.18exp(-2031) ) Mb 

K39 O2 +H + M                         HO2+ M     f x (1.94x10-32(T/298)-1) Mb 

K40 OH+H2                               H2O+ H     f x(2.97x10-12(T/298)1.21exp(-19.71kJ/RT))   Mb 

K41 O+H2                                  OH+ H     f x(3.44x10-13(T/298)2.67exp(-26.27kJ/RT))  Mb 

K42 O+H2O                                 OH+ OH     f x (668x10-13(T/298)2.60 exp(-63.52kJ/RT))   Mb 

K43 OH +OH + M                        H2O2 + M  3.13E+06 H 

K44 H + H + M                            H2 + M g x (6.04x10-33 (T/298)-1)/6.04e-33 Mb, D 
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K45 H2O + H                               H2 + OH f x (1.5810-11 (T/298)1.20 exp( 79.90 

[KJ/mole]/RT))  

N 

K46 O + H2O                               HO2+ H 3.98068E-37 N 

K47 HO2 +H2O                            OH + H2O2 1.00091E-13 N 

K48 H+OH+ H2O                         H2O + H2O 3E-33  N 

K49 H2O +O2                              HO2 + OH 2.51647E-40 N 

K50 H2O + O3                             H2O2 + O2 7.1673E-05 N 

K51 HO2 +O3                             OH + 2O2 1.4x10-20exp(-600x8.6xE-05/T)  Ab 

K52 H + O2 + H2O                          HO2 + H2O 2.321E+05 Ab 

K53 H + O2                                      HO2 1.084E+06 Ab 

K54 H2 + M                                  H + H +M 8.15E-50 Mc 

K55 H + O + M                             OH + M 1.232E-02 Mc 

K56 H + OH + M                           H2O + M 25.544E+05 Mc 

K57 H+O2 + M                              HO2 + M 7.379E+03 Mc 

K58 H2O2 + M                              OH + M 1.295E-15 Mc 

K59 O3 + M                                  O2 + O + M 4.450E-05 Mc 

K60 O3 + O                                O2 + O2 2.219E+07 Mc 

K61 H + O3                               OH + O2    1.600E+07 Mc 

 Charge Transfer Reactions  

K62 H2O
+ +H2O                           H3O

++ OH f x 0.5E-09  F,Ab,Aa 

K63 H2O
+ + H2                              H3O

+  + H 8.431E+08 Ab 

K64 H2O
+ + O2                              O

+
2  + H2O 9.033E+07 Ab 

K65 OH+ + H2O                             H2O
+  + OH 1.807E+09 Ab 

K66 OH+ + H                                 O+  + H2 f  x (4.9x10-16exp(-0.36/T)) Ab ,Sb 

K67 OH+ + O                                 O+  + OH f  x (1.6x10-16exp(-0.44/T)) Ab 

K68 H+ + H2O                                H2O
+  + H 1.807E+09 Ab 

K69 H+
2 + O2                                 HO2

+  + H 1.144E+09 Ab 



Chapter 3    Kinetic Modelling  

59 
 

K70 H+
2 + H2O                              H2O

+  + H2 2.168E+09 Ab 

K71 H+
2 + H2O                              H3O

+  + H 2.047E+09 Ab 

K72 O+ + H2O                               H2O
+  + O 1.403E+09 Ab 

K73 OH+ + O2                               O2
+  + OH 1.204E+08 Ab 

K74 O2
+ + H2O                              H2O3

+   1.325E+09 Ab 

K75 H2O3
+ + H2O                          H3O

+ + OH +O2 1.807E+08 Ab 

K76 H2O3
+ + H2O                          H4O2

+ +O2 1.144E+09 Ab 

K77 H4O2
+ + H2O                          H5O2

+ + OH  6.022E+08 Ab 

K78 e- + O2                                 e
- + O2 f x (4.7E-8)Te

0.5 L 

K79 OH- + O3                                OH +O-
3 6.02E+08 K 

K80 O- + O3                               O3
- + O 3.19E+02 L 

 Ion Electron Detachment Reaction  

K81 H- +e-                                     H + e- + e- f x 1E-06 N 

K82 O- + e-                                   O + e- + e-     1.74E+04 L 

 Mutual Nueteralisation Reactions 

K83 H-+H+                                     H+H f x 3.9E-07 F,Ab  

K84 O-+O+                                    O+O 1.807E+11  F, Ab 

K85 O-+O2
+                                   O+O2 6.022E+10  F, Ab 

K86 O2
-+O2

+                                  O2+O2 f x 4.2E-07 F, Ab 

K87 O2
- + O+                            O2 + O  f x 2E-07 F, Ab 

K88 H− + H2
+                                  H+ H2  4.035E+10 F, Ab 

K89 H− + O+                                   H+ O   1.861E+11 F, Ab 

K90 H− + OH+                                H+ OH  1.861E+11 Ab 

K91 H− + H2O
+                               H+ H2O  1.855E+11 Ab 

K92 H− +H2O
+                                 H2 +OH f x 1E-07 F 

K93 O- + H+                                    O +H 1.861E+11 Ab 

K94 O- + H2
+                                   O +H2 1.355E+11 Ab 
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K95 O- + OH+                                  O +OH 6.323E+10 Ab 

K96 O- + H2O
+                                 O +H2O 6.203E+10 Ab 

K97 OH- + OH+                               OH  + OH*(A) 6.564E+10 Ab 

K98 OH- + H+                                   OH  + H 1.861E+11 Ab 

K99 OH- + H2
+                                  OH  + H2 1.355E+11 Ab 

K100 OH- + O+                                   OH  + O 6.323E+10 Ab 

K101 OH- + H2O
+                               OH  + H2O 6.142E+10 Ab 

K102 H- + H3O
+                                   H2  + H2O 1.855E+11 Ab 

K103 O- + H3O
+                                 H  + O + H2O 6.142E+10 Ab 

K104 OH- + H3O
+                                   2H2O  6.082E+10 Ab 

K105 H- + O2
+                                     H  + O2 1.831E+11 Ab 

K106 OH- + O2
+                                  OH  + O2 5.420E+10 Ab 

K107 H- + H2O3
+                                 HO2  + H2O 1.825E+11 Ab 

K108 O- + H2O3
+                               O3 + H2O 5.179E+10 Ab 

K109 OH- + H2O3
+                            O2 + OH+ H2O 5.058E+10 Ab 

Ion-Molecule Reactions  

K110 H3O
++2 H2O                          H3O

+.H2O + H2O 6.53E+08 Aa 

K111 H3O
+.H2O+2H2O                      H3O

+.(H2O)2+ 

H2O 

8.34E+08 Aa 

K112 H3O
+. (H2O)2+2H2O                      H3O

+.(H2O)3 

+ H2O 

8.71E+08 Aa 

K113  H2
+ + H2                               H3

++ H  1.264E+09 Sb 

K114 H2 + O-
2                             OH- + OH  2.41E+07 K 

K115 H+ + 2H2                            H3
+ + H2 1.12E+07 Hb 

Dissociative Electron-Ion Recombinaiont Reactions 

K116 e- + H2O
+                                     H + OH  f x(0.66x10-13(0.01/Te) ) Aa, Ab 

K117 e- + H3O
+                                     H + H2O 3.15x10-7(300/Te)

0.5/ 2.05E+12 Aa 

K118 e- + H3O
+.H2O                            H + H2O + H2O 2.5x10-6(300/Te)

0.5/ 1.63E+13 Aa 
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K119 e- + H3O
+.(H2O)2                         H + 3H2O 4.5x10-6(300/Te)

0.5/ 2.93E+13 Aa 

K120 e- + H3O
+.(H2O)3                         H + 4H2O 6.5x10-6(300/Te)

0.5/ 4.23E+13 Aa 

K121 e- + H3O
+ + H2O                        H + H2O + H2O 9.79E+12 Aa 

K122 e- + H3O
+. (H2O) + H2O                       H +3H2O  9.79E+12 Aa 

K123 e- + H3O
+. (H2O)2 + H2O                      H+ 4H2O  9.79E+12 Aa 

K124 e- + H3O
+. (H2O)3 + H2O                      H + H2O  9.79E+12 Aa 

K125 e- + e-+  H2O
+                              e- + H2O 7.26E+25 Aa,F 

K126 e- + H3O
+                                    H2+OH f x 2E-07 F 

K127 e- +  H2O
+                                   2H+O fx2E-07 F 

K128 e-  +  H2O
+                                  H2 + O f x (0.3x10-13(0.01/Te)) Ab 

K129 e-  + OH+                                     O*(21S0)+ H    f x(0.6x10-14/Te
0.5) Ab 

K130 e-  + O2
+                                      2O f x (2x10-14(0.026/Te)

0.5)  Ab 

K131 e-  + H2O3
+                                 2O + H2O     f x (3x10-13(0.026/Te)

0.5) Ab 

K132 e-  + H4O2
+                                 H + H2O + OH    1.204E+12 Ab 

K133 e-  + H5O2
+                                 H + 2H2O f x (2.4x10-12(0.026/Te)

0.08)  Ab 

K134 e-  + O+                                      O f x (2.7x10-19(Te)
-0.7) Ab 

K135 2e- + H3O
+                                H + H2O + e- f x (7 x10-39(Te)

-4.5)  Aa, Ab 

K136 e- + H3
+                                      H2+ H f x (9.75x108 Te

0.5) Sb 

K137 e- +H2
+                                      H+ H f x (5.66x108Te0.5) Sb 

K138 e- +H+                                       H f x (2.62x1013Te
0.5 ) Sb 

K139 e- + O2                                      O
- +O f x  (1.07E-9 *Te -1.391*exp(-6.26/Te)

 ) L 

K140 e- + O2 +O                                O2
- +O 3.62E+04 L 

K141 e- + O3                                      O
- +O2 2.93E+08 L 

K142 e- + HO2
+                                  O2( ) + H f x (1E-14/Te

0.5) Ab 

K143 e- + O2                                    O + O(1D) + e-  3.55E+00 L 

K144 e-+ O2
+                                    O + O(1D) 9.89E04 L 

K145 e- + O2
+                                      2O 7.65E03 L 
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K146 e- + O2
+  + O2                             2O 3.62E-03 L 

Associative Detachment Reactions  

K147 OH- + HO2                            H2O +O2+ e- 6.023E+08 K 

K148 H2 + O3
-                              H2O + O2 + e- 6.023E+08 K 

K149 H2 + O-                               H2O  + e- 3.61380E+08 K 

K150 H-+H                                  H2+e- 9.033E+07  F, Ab 

K151 H-+O2                                HO2+e- 7.26E+08  F, Ab 

K152 O-+O                                 O2+e- 9.03E+07  F, Ab 

K153 O-+H2                                H2O+e- 3.613E+08  F, Ab 

K154 O-+O2                               O3+e- 4.145E+04  F, Ab 

K155 O2
-+O                               O3

 + e- f x 3E-10 F 

K156 OH- +O                             HO2 + e
- 9.03E+08  K,F, Ab 

K157 OH- +H                              H2O + e
- 6.022E+08  K,F, Ab 

K158 O2
- +O2                              O2+O2+e- f x 2.2E-18 F 

K159 O- + O2
+                               3O 1.27E+10 L 

 Excited Species Reactions  

K160 O(1D) + O3                                     O2 +O2  1.99E+08 Sa 

K161 O(1D) + H2O                                  OH +OH   1.14E+08 Sa 

K162 O(1D) + H2                                     H2 + O    1.927E+18 Ha 

K163 O(1D) + H2O                                  H2O+ O 1.204E+16 Ha 

K164 O(1D) + H2O                                  H2+ O2 6.023E+15 Ha 

K165 O- + O*(21S0)                                O2 + e-                    9.033E+07 Ab 

K166 OH- +  O* (21S0)                            HO2 + e- 9.033E+08 Ab 

K167 O*(21S0) + H2O                              O + H2O 2.168E+08 Ab 

K168 O*(21S0) + H2O                              OH + OH 1.506E+08 Ab 

K169 O*(21S0)                                         O + h  4.215E+25 Ab 

K170 O2( ) + O2                               O2 + O2 f x (4.1E-23 *T0.8) Ha 
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K171  O2( )                                      O2 1.81E+04 Ab 

K172 OH*(A)                                          OH   800ns Ab 

K173 H- + H+                                H + H*(n=2) 4.21E+03 Ab 

K174 H- + H+                                H + H*(n=3)      7.83E+03 Ab 

K175 H*(n=2)                             H + hv  1.6 ns  Ab 

K176 H*(n=3)                             H*(n=2) + hv  10.2 ns  Ab 

K177 H*(n=4)                             H*(n=2) + hv  33.7 ns  Ab 

f= 6.02x10
17

, g= 3.62404x10
35

, T= Gas temperature, Te= Electron temperature,  

S
a
 for (Shirafuji et al., 2009), S

b
 for (Salabas et al., 2004), M

a
 for (Mededovic et al., 2008), M

b
 for (Medodovic 

and Locke, 2009), M
c
 for (Mukasa et al., 2011), A

a
 for (Aleksandrov et al., 2007), A

b
 for (Avtaeva et al., 2010), H

a
 

for (Herron, 2001), H
b
 for (Hagelaar et al., 2000), K for (Kosarev and Starikovskii, 2000), N for (NIST, 2011), F for 

(Fridman, 2008), D for (Dixon et al., 1962) and L for (Lieberman and Litchenberg, 2005). 

Table ‎3-2 Neutral, excited, positive and negative species and their respective symbols considered in the model 

Positive 

ions 

Symbol Neutral 

Species 

Symbol Excited 

Species 

Symbol Negative 

species 

Symbol 

H2O+ n8 H2O n7 O*(21S0) n39 OH- n16 

OH+ n38 OH  n15 O(1D) n35 O- n25 

H3
+ n5 H2 n2 OH*(A) n17 H- n31 

H2
+ n4 H n1 H*(n=2) n54 O2

- n26 

H+ n3 HO2 n14 H*(n=3) n55 O3
- n29 

O+ n32 H2O2 n13 H*(n=4) n44 e- 

(Electron) 

ne 

O+
2 n33 O n20 O2 )(  n50   

HO2
+ n45 O2 n19     

H3O+ n9 O3 n27     

H2O3
+ n46 m M     

H4O2
+ n47       

H5O2
+ n48       

H3O+.H2O n10       

H3O+.(H2O)2 n11       

H3O+.(H2O)3 n12       

 

3.3 Analysis and discussion  

Figure 3-2 and Figure 3-3 show the time scale to reach 99% of H2 and O2 concentration 

is less than 0.01 s. It is worth noticing again that the number density of water vapours 
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has been set to account for the effect of atmospheric pressure. At atmospheric 

pressure ambipolar diffusion dominates the diffusion mechanism. Under these 

conditions the value of ambipolar diffusivity is around 10-5 m2s-1 and is assumed to be 

same for ions and heavy gas particles (Lozano-Parada and Zimmerman, 2010). The 

time scale for such plasma to diffuse a length of 1 mm will be ~ ambipolar  100 ms 

which is an order of magnitude 10-1s slower than the reaction time reaction  (model 

results). Therefore the reaction would be completed long before the ions could reach 

the wall of the reactor (Lozano-Parada and Zimmerman, 2010). So, in a continuous 

process, the time in which electric field is switched on, where ,ambipolarreaction    the 

residence time in the micro-reactor could be set such that residencereaction    by 

choosing a suitable combination of superficial velocity and characteristic length of 

reactor (Butterworth, 2010). This implies an AC plasma source such that its period of 

oscillation is approximately equal to reaction time- reactionacT ~ . As mentioned earlier, 

ozone has been successfully produced at 170 V AC with a frequency of 100 Hz (Lozano-

Parada and Zimmerman, 2010). The kinetic model results of 
ambipolarreaction    also 

validates the assumption of not considering the extinction processes on the wall as the 

reaction would have completed long before ion or gas particles could likely reach the 

electrode surface. Considering this discussion and the reaction time scale for water 

vapour plasmolysis, it could be stated that hydrogen can reliably be produced by water 

vapour plasmolysis at much lower voltage and frequency thereby improving the 

efficiency (Bockris et al., 1985) and reducing the cost associated with plasmolysis.   

A typical optical emission spectra showing different species (H, OH, O etc.,) along with 

their corresponding wavelengths can be found in literature (Shih and Locke, 2010b). 

Avtaeva et al., (2010) has reported a wide band of wavelength between (390-550 nm) 

referring it to be radiation of H2O molecule )(
~~

AC   and weak emission in the range 

of 540-588 nm which is most likely due to H2*. 
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Figure ‎3-2 Number densities of H2, O2, H2O2, HO2, OH and H w. r. t evolution time without dissociative attachment mechanism at electron number density of 10
21

 m
-3
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Figure ‎3-3 Concentration profiles of H2, O2, H2O2, HO2, OH and H w. r. t evolution time with dissociative attachment mechanism at electron number density of 10
21

 m
-3
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[[ 

As discussed earlier, the model was analysed with and without the addition of 

dissociative electron attachment mechanism. REL allows selecting or deselecting any 

reaction from the reaction scheme and observing its effects on number density and 

time of evolution of different species. Mechanistic steps (reaction no. 8, 81 and 92) of 

dissociative attachment were introduced in kinetic scheme presented in Table 3-1 to 

see its effects on the types and concentration of species produced and reaction time 

scales. Figure 3-2 shows the kinetic curves of H2, O2, H2O2, HO2, OH and H without 

dissociative attachment mechanism (water vapour plasmolysis is initiated by 

dissociation mechanism reaction 1 in Table 3-1) and Figure 3-3 shows the kinetic 

curves of the above given species when dissociative attachment mechanism of 

electron was used as primary reaction to break water vapour by electron impact. The 

dominant step in this plasmolysis system was found to be dissociation reaction 

(Reaction 1). The threshold electron energy for electron impact dissociation of water 

to form H and OH is 5.1 eV (Itikawa and Mason, 2005, Lukes et al., 2008a). Table 3-3 

summarises the threshold energies for electron impact dissociation pathways of water 

molecule. Under non-LTE conditions or at lower electron energies (as in current study) 

the dissociation channel given as reaction-1 in Table 3-1 and Table 3-3 is most likely to 

dominate the kinetics because of lower energy requirement (Kregar et al., 2009). A 

detailed discussion on important pathways present in water vapour plasmolysis is 

done at later in this section.  

Table ‎3-3 Electron impact dissociation pathways of water molecule (Itikawa and Mason, 2005, Lukes et al., 2008a) 

Sr. 

No. 

Reaction Threshold Energy  

(eV) 

1 e- + H2O                            OH  +  H  +  e- 5.1 

2 e- + H2O                            O*(1D)  +  H2(X)  +  e- 7.0 

3 e- + H2O                            OH *(A)  +   H(1S)  + e- 9.15 

4 e- + H2O                            O*(1S)   +   H2 (X)  + e- 9.22 

5 e- + H2O                            O* (3P)   +  2H + e- 9.51 

6 e- + H2O                            O*(3S3So)   +   H2(X) + e- 14.56 

7 e- + H2O                            OH*(A)   +   H*(n=2) + e- 15.3 

8 e- + H2O                            OH*(A)   +   H*(n=3) + e- 17.19 

 



Chapter 3    Kinetic Modelling  
 

68 
 

Figure 3-2 shows the steady state number density of 9.64 x 1024 m-3 of H2 is produced. 

When the reaction 1 was deselected from the reaction scheme, a drop of 98.75% in 

the number density of H2 was observed. Dissociative attachment was found to be the 

other important step in water vapour plasmolysis. When the model was run with 

dissociative electron attachment mechanism (Reaction 8), number density of H2 

(produced by dissociation pathway-reaction 1) dropped from 9.64 x 1024 m-3 to 2.41 x 

1024 m-3. Deselecting other pathways of electron impact water vapour breakdown 

(ionisation reactions, dissociative ionisation reaction and dissociative excitation 

reaction) included in the current study does not seem to affect the kinetics as no 

significant difference in the number densities of species or reaction time scale was 

observed. This reveals that dissociation reaction and dissociative attachment reaction 

are the main pathways of water vapour plasmolysis under conditions of the present 

study. 

However, a general trend of the concentration profiles is found to be similar in both 

mechanisms. H2 and O2 are the major products along with traces of H2O2. Twice as 

much H2 is produced as O2.  The profile of H2 is apparently following two slopes. In the 

first regime the reaction rate increases rapidly and then gradually slows down before 

reaching steady state at just before 10-2s. From the lower number densities involved in 

the first regime, it is likely that only the second regime and slope are important in 

producing substantial amount of hydrogen (Lozano-Parada and Zimmerman, 2010). 

The profile of O2, however, after being evolved shows a slight dip in number density at 

10-5s and then rises to reach steady state at about the same time as H2. 

The number density of H2O2 drops after its evolution and reaches steady state at 8 x 

10-3s in absence of dissociative attachment mechanism. H2O2 is an unstable molecule 

under typical plasma conditions. However, it could be produced as a stabilised product 

in water plasma at low temperature especially if the process is carried out at 

supersonic flows (Fridman, 2008). H2 has been shown to produce at double the rate of 

H2O2 (Kirkpatrick and Locke, 2005) but their study was carried out in an aqueous 

phase. However, the current model is based on vapours, so a very low number density 

of H2O2 is found to be present in the product stream. The low predicted number 

density of H2O2 could be neglected, however it is being discussed because reactions 
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involving H2O2 were found to affect the overall kinetics of the process and same is true 

for HO2, OH and H. Production of OH and H radicals has been shown by optical 

emission spectroscopy while H2 and H2O2 have been detected by chemical methods 

(Lukes et al., 2008a). 

At every increasing value of electron concentration, hydrogen (H) atoms are produced 

at higher number density and then drop rapidly as it combines with HO2 to form 

hydrogen H2 and O2 (Reaction 23 in Table 3-1). It was thought that the recombination 

of hydrogen atoms (H + H) would be the major source of H2 generation (Reaction 44 in 

Table 3-1). 

H + H + M                                       H2 + M    (44) 

Where M is the third body. However, this recombination reaction is a third order 

reaction (Dixon-Lewis et al., 1962, Larkin and Thrush, 1965), is temperature 

dependent, and has a very small rate constant (~10-33 cm3molecules-1) (Medodovic and 

Locke, 2009, Avtaeva et al., 2010). Since the temperature in the current study is low, 

H-H recombination reaction does not seem to affect the overall kinetics. Medodovic 

and Locke (2009) has proposed the formation of H2 by H-H recombination reaction 

(Reaction 44 in Table 3-1) in the core zone and 21% of the hydrogen in recombination 

zone was thought to be produced by the reaction of H and OH (Reaction 30 in Table 3-

1). 

   H + OH                                           O + H2   (30) 

The value of rate constant of H-H recombination reaction (Reaction 44 in Table 3-1) 

given in the core zone is not applicable in the current model as the temperature (2500 

- 7000 K) in the said study (Medodovic and Locke, 2009) in the core zone was very 

high. The rate constant of reaction between H and OH (Reaction 30 in Table 3-1) in the 

recombination zone is temperature dependent and does not contribute significantly at 

lower temperatures. Atomic oxygen O has also been produced but is not included in 

the present analysis as its number density was very low (below 1017m-3). However, its 

production is evident in water discharges (Lukes et al., 2008b). One noticeable 

difference about the addition of the dissociative electron attachment mechanism 
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(Reaction 8 in Table 3-1) was the emergence of H- (n31) along with H and OH in Figure 

3-3 showing it to be other significant water vapour decomposition pathway along with 

dissociation reaction (Reaction 1 in Table 3-1).  

Figure 3-4 shows the number densities of different species as a function of electron 

number density. With an increase in the electron density, number density of all species 

is increased. With every value of electron density, number density of H2 was found to 

be double than that of O2. The addition of dissociative electron mechanism caused a 

decrease in the number density of all species. However, the number density of H was 

found to be most affected. This is because H is directly produced in dissociation 

reaction (Reaction 1 in Table 3-1). However, in the dissociative electron attachment 

mechanism H is produced by ion-electron detachment process (Reaction 81 in Table 3-

1).  

H- + e-                                           H + e- + e-   (81) 

 

Figure ‎3-4 shows number density of H2, O2, H2O2, HO2, OH and H (without the addition of dissociative electron 
attachment mechanism) and H2*, O2*, H2O2*, HO2*, OH* and H*(with dissociative attachment mechanism)  
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Figure 3-5 shows the time of evolution of different species as a function of electron 

number density. With the increase in electron number density, the evolution time for 

each species was decreased. The time scale to reach steady state with dissociative 

electron attachment mechanism was similar to the corresponding time scale of 

different species in the absence of dissociative electron attachment. 
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Figure ‎3-5 Evolution time H2, O2, H2O2, HO2, OH and H (without the addition of dissociative attachment 
mechanism) and H2*, O2*, H2O2*, HO2*, OH* and H*(with dissociative attachment mechanism) 

As discussed earlier, REL allows the user to select or deselect any reaction from the 

reaction scheme and observe its effects on the number density and time of evolution 

of different species. The effect of every reaction on the number density of different 

species and their time of evolution was observed by deselecting the respective 

reaction from the reaction scheme. This was done for the whole range of electron 

densities (1018-1021 m-3) and in both mechanisms (dissociation and dissociative 

attachment of electron). Same reactions were found to affect the number densities of 

H2, O2 and H2O2. Reaction numbers given in following discussion refer to the 

corresponding reaction numbers in Table 3-1.  
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Reaction-1 was found to be the major source of production of H and OH. This could be 

explained on the basis of relatively larger cross sectional area (0.7 x 10-16 cm2) of 

producing OH in ground state by this pathway compared with other pathways of 

creating OH, having smaller cross sectional area (0.09 x10-16 cm2), in excited state such 

as reaction-10  (Kregar et al., 2009). The other source of OH was found to be reaction-

22. When dissociative electron attachment mechanism was introduced, H- was also 

produced along with H and OH. The number density of H, in this case, was controlled 

by reaction-81. Amongst every reaction producing H2, reaction-23 was found to be the 

most significant one and for all values of electron densities (1021-1018) m-3, it was the 

major source of H2 and O2 production. By deselecting reaction-23, the number density 

of H2 was reduced from 9.64 x 1024 m-3 to 4.22 x 1023 m-3. Along with reaction-1, the 

number density of O2 was affected by reaction-28 as well.  

    H + HO2                                 H2 + O2   (23)  

    OH + O                                             O2 + H  (28)     

As reaction-23 was deselected H2O2 became the primary product. The number density 

of H was found to increase as well as it is not consumed anymore in the reaction. The 

increase in the number density of H2O2 can be explained on the basis of excess of H 

and HO2 available once reaction-23 is deselected. These excessive H and HO2 combine 

together in reaction-22 to form OH which consequently reacts in recombination 

reaction (Reaction-14) to form H2O2 and hence a sharp increase in number density of 

H2O2 is observed.   

    H+ HO2                                          OH +OH   (22) 

OH + OH                                          H2O2   (14) 

Reaction-24 was found to affect the number density of H2O2 and this could also explain 

the increase in H2O2 as reaction-23 was deselected. In reaction-24, HO2 recombines 

with itself to produce more H2O2, again, deselecting reaction-23 means more of HO2 

are available to participate in the reaction-24 to produce more H2O2. 

HO2 + HO2                                    H2O2 + O2  (24) 
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By deselecting reaction-22, the number density of OH was dropped to 3.01 x 1021 m-3 

from 6.02 x 1021 m-3showing a drop of 50% in the concentration of OH. However, a 

slight increase was also noticed in the number density of H2 and O2. This is because the 

increased availability of H and HO2 to participate in the reaction-23 to form H2 and O2.  

Reaction-14 was found to be a key step in forming H2O2 by recombination of OH-OH 

(Shih and Locke, 2010a). By deselecting reaction-14 from the kinetic scheme, the 

number density of H2O2 was dropped to 6.02 x 1020 m-3 from 6.02 x 1022 m-3.   

    OH + OH                                          H2O2   (14) 

Reaction-24 produces both H2O2 and O2. However, deselecting reaction-24, did not 

show any significant change in the O2 concentration, while, almost 20% of H2O2 was 

found to decrease for all values of electron density. The major source of production of 

HO2 was found to be the reaction between OH and H2O2 (Reaction 17).  

OH + H2O2                                   HO2 + H2O  (17) 

Deselecting reaction-17 reduced the number density of HO2. Consequently the number 

density of both O2 and H2 was decreased. There was an increase in the number density 

of H2O2 showing that reaction-17 is the major reaction consuming H2O2. Based on 

these observations, a mechanism is proposed in Table 3-4.  
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Table ‎3-4 Mechanism of water vapour plasmolysis to produce H2 

Reaction no. 

according to 

Table 3-1 

Reactions Process explanation 

1 H2O + e-                       H + OH + e- Water vapours are decomposed by 

dissociation reaction and/or 

dissociative electron attachment. 

Water vapours are decomposed to 

form H, H- and OH. H- would 

further participate in dissociative 

electron attachment mechanism 

as discussed previously.  

8 H2O + e-                          H- + OH 

14 OH + OH                         H2O2 OH combines together to form 

H2O2. Reaction-24 is also another 

important pathway which can 

produce H2O2. However, reaction-

14 has been found to affect H2O2 

production the most. 

24 HO2 + HO2                       H2O2 +O2 

17 OH + H2O2                       HO2 + H2O H2O2 combines with OH to form 

HO2 and water molecule. 

23 H + HO2                         H2 + O2 This HO2 reacts with H atom to 

produce H2 andO2. 
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3.4 Summary 

Dissociation reaction and dissociative electron attachment were found to dominate 

the water vapour breakdown processes. This was observed to be true for the whole 

range of electron densities selected. Both time scales and number densities reached 

their respective highest values of 
2Hn = 9.64 x 1024 m-3 and reaction = 10 ms at a 

maximum electron density of 1021 m-3. Time scales for reaching 99% percent of H2 

produced was found to be ~10 ms. This shows scope for economical H2 production 

through plasma micro-reactors. This was found in agreement with (Lozano-Parada and 

Zimmerman, 2010). The time scales found to reach steady state hydrogen production 

is an essential parameter for plasma micro-reactor design which is carried out in next 

chapter. With every value of initial electron number density, the number density of H2 

was found to be double that of O2. The dissociation reaction (Reaction 1) was found to 

dominate the water vapour breakdown yielding an equilibrium number density of H2 

(9.64 x 1024 m-3). The other important kinetic step was found to be dissociative 

attachment of electrons (Reaction 8).  Number density dropped from 9.64 x 1024 m-3 to 

2.41 x 1024 m-3 of H2 when dissociative electron attachment was used as primary 

reaction of electron impact water vapour dissociation. However, its addition 

introduced H- radicals into the system which in turn control the production of H by 

electron detachment with electron. Recombination of H-H atom was not found to be 

responsible for the production of H2. H2 was found to be produced mainly by the 

reaction between H and HO2. By performing a detailed kinetic analysis major steps 

influencing the overall kinetics of water vapour plasmolysis were found. Based on 

these findings, a simplified process is proposed. 
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4.1 Preface 

This chapter is dedicated towards experimental design and procedures followed in the 

current study. The chapter consists of two sections. The first chapter deals with the 

introduction of the chapter. In second section, details of materials and methods of all 

experiments have been given. Section two has been further divided into four 

subsection. In the first subsection experimental methods for generating water vapour 

plasma, its electrical and optical electrical characterisation, and identification of optical 

emission spectral peaks in the range of 317-400nm is given. Experimental methods for 

optimisation of operational parameters of plasmolysis have been studied in second 

subsection. Experiments regarding separation of hydrogen by microbubbles have been 

given in third subsection. Applicability of reactive separation has been assessed 

experimentally in fourth subsection.  
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4.2 Materials and methods  

Different configurations of plasma micro-reactors were fabricated and tested in order 

to find the optimum design which could be used for sustainable water vapour plasma 

generation, its characterisation, feasibility study of hydrogen production and 

assessment of reactive separation. 

The water vapour plasma was generated in a rectangular capillary of 1mm width. 

Electrodes were cut from aluminium sheet in rectangular shape. The electrodes were 

pasted, using an adhesive (araldite), on opposite sides of the capillary tube such that 

the overlapping distance between them is about 1cm. The assembly was sandwiched 

between glass slides by using the adhesive as shown in Figure 4-1. One end of the 

capillary tube was used as inlet and the other was used as the outlet. This arrangement 

was simple and easy to use. For preliminary experiments, water vapour plasma was 

ignited at 3.6 kV at 37kHz. However, it was difficult to control the adhesive thickness 

between electrode and capillary tube making plasma inhomogeneous at some places. 

Because of the fragile nature of capillary tubes, the reactor kept breaking. 

.  

Figure ‎4-1 Capillary plasma micro-reactor 

The disk reactor originally used for ozone production (Lozano-Parada, 2007) was used 

for generating water vapour plasma as shown in Figure 4-2. The disk reactor was 

micro-fabricated, so it offered better control on the process. It is more robust than the 
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capillary reactor. The outlet of the disk reactor has small slits at the perimeter which 

meant the product from water vapour plasmolysis would come out in the form of 

bubbles. However, glass wafers of 120 µm thickness were used as dielectric material. 

Again, it was difficult to control the thickness of adhesive to paste glass wafer on 

electrodes. Non-uniform layer of adhesive means the distance between the electrodes 

cannot be kept constant. This increases the chance of arcing as most of the current 

would pass through to the point where the distance between two electrodes is 

minimum and hence arcing can occur at that point. Drilling a hole to be used as water 

vapour inlet on the glass wafer was difficult as well. Laser drilling could be used to 

accomplish the job but it increases the principle cost of the plasma micro-reactor. 

 

Figure ‎4-2 Disk plasma micro-reactor 

Preliminary experimental results identified the need of designing a new plasma micro-

reactor to achieve the objectives of the current study. Looking into preliminary reactor 

designs and discussion done in section 2.3.5 in chapter 2, a DBD-corona hybrid 

discharge reactor was designed as discussed in next section.  

4.2.1 H2 production by water vapour plasmolysis and its characterisation  

A custom made high voltage power source (Entwicklung Leistungselectronic, Germany) 

was used to ignite the plasma. The power source was designed to give voltage up to 12 

kV with frequency ranging from 20 kHz to 40 kHz. The power supply was equipped 

with manual control knobs to control voltage, current and frequency. It also has two 

digital LCDs to monitor voltages and current values. No matching network has been 

provided in the device due to limited frequency range. A T-shaped borosilicate glass 

reactor was designed and built with 7 mm outer diameter and 4.88 mm inner 

diameter. A stainless steel circular rod of diameter 2.40 mm was used as the driven 
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electrode. Figure 4-3 shows the schematic representation of plasma micro-reactor. 

The configuration produced a flow channel of 2.48 mm with a radial gap of 1.24 mm. 

An Aluminium sheet of thickness 0.5 mm and 2 cm long was wrapped around the 

reactor and used as ground electrode. Figure 4-4 shows the DBD-corona hybrid 

discharge reactor used in the experimenters.   

 

 

Figure ‎4-3 Schematic representation  of DBD-Corona hybrid discharge reactor used in experiments 
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Figure ‎4-4 DBD-Corona hybrid reactor used in experiments  

A 3 mm hole in the centre of the ground electrode was drilled to serve as a window for 

data acquisition. A holder was attached with the plasma micro-reactor to support fibre 

optic probe for data acquisition as shown in Figure 4-5.  

 

 

Figure ‎4-5 Fibre optic probe and holder attached to DBD-Corona hybrid discharge reactor 

 

Three different sets of experiments were performed. In the first set of experiments 

water vapour plasma was characterised. In part 1, only water vapours were run 

through the reactor. Flow rate of water vapour was set to 2 ml min-1 at 1 atm. Power 
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was supplied from the above mentioned power source to obtain steam plasma. This 

was followed by the injection of argon gas at 10 ml min-1 from the other side of the 

reactor. Lastly, Argon gas was replaced by 10 ml min-1 of nitrogen into the reactor 

along with steam. The gases (Ar and N2) have been injected through an inlet opposite 

to that used for steam in order to prevent condensation. Both argon and nitrogen 

were 99.998% pure and purchased from BOC.  

In second set of experiments, water vapour decomposition was monitored by 

connecting a set of condensers to the outlet of the reactor. The experiment was run 

for ten minutes and steam condensate was collected in a measuring cylinder. The 

experiment was repeated with injection of argon gas and water vapour decomposition 

rate was monitored. Decomposition products were analysed using both online and 

offline GC. An empirical model was generated by applying an experimental plan 

according to the second order central composite rotatable design (Cochran and Cox, 

1992) to study the effects of steam and argon flow rates on the decomposition rate. A 

detailed discussion on the statistical model is done in section 5.2.9 in chapter 5. 

A third set of experiments was carried out to explore the identity of the peaks in the 

optical emission spectrum in the range of 317-400 nm. Two experiments were carried 

out separately. In the first experiment, plasma was ignited in a glass tube (9cm ID) 

filled with demineralised water. Two bungs were fitted at each end having two Al 

electrodes as shown in Figure 4-6. An inter-electrode gap of approximately 1 mm was 

maintained. In the second experiment, glass chip was treated with Ar plasma. The 

contact angle for demineralised water with glass chip was measured before and after 

experiment by First Ten Angstrom tensiometer using the sessile drop method.  
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Figure ‎4-6 Schematic representation of reactor used for the optical emission spectral peaks 

A high voltage probe and digital oscilloscope (ADC-212, Pico Technology Limited) was 

used to measure the applied voltage and to generate voltage and frequency output 

signals. The plasma current was measured by a calibrated digital current clamp meter 

(UNI-T, UT 201) (Abdul-Majeed et al., 2011). 

The experiments were started with an initial voltage of 2.2 kV and gradually increased 

upto 4 kV. Optical emission spectra were obtained by a fibre optic cable which was 

connected to an (Ocean Optics USB 2000) spectrometer (monochromator and 

detector). The spectral data obtained were analysed by Spectral Suite software (Ocean 

Optics). This spectrometric system has 0.3-1.5 nm FWHM  resolution, 600 lines grating 

density blazed at 300 nm and 25µm slit width. The spectrometric parameters, 

integration time and boxcar width, were 1000 ms and 2 respectively. All spectral data 

was recorded at 4 kV, 16 mA and 36.74 kHz.  

4.2.2 Optimisation of operational parameter of plasmolysis using ozone generation 

Operational parameters of plasmolysis were optimised using ozone generation instead 

of hydrogen generation. It is assumed that the kinetics of formation of ozone from air 

plasma and hydrogen from water vapour plasma are similar. Hence, a plasma micro-

reactor optimised for ozone generation would work equally good for hydrogen 

generation as well. A detailed discussion on the justification of this assumption is done 

in section 5.3.1 in chapter 5.  
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Plasma was ignited and sustained by the same power supply used in section 4.2.1. 

Figure 4-7 shows the schematic representation of reactor. However, the dimensions of 

DBD-corona hybrid discharge reactor was reduced in order to get the radial flow 

channel down to micron scale (external diameter of reactor = 7.0 mm and internal 

diameter = 3.40 mm). A circular rod of diameter 2.40 mm was used as the driven 

electrode. The configuration produced a flow of channel 1.20 mm with a radial gap of 

0.6 mm. Brass, stainless steel 316 (SS) and aluminium (Al) rods of the same thickness 

were used in turn as the driven electrodes. Four different materials were used as outer 

electrodes in turn. These materials were aluminium sheet, aluminium tape, a squared 

holes stainless steel mesh (mesh 1) and punched holes stainless steel sheet (mesh 2).  

The ozone concentration was measured using the indigo solution decolourisation 

method proposed by Bader and Hoigné (1981). The method was chosen because it is 

very sensitive to change in ozone concentration, fast, precise, specific, easy to handle 

and recommended for kinetics measurements and studies of ozonation processes 

(Bader and Hoigné, 1981). It involves making a stock solution of potassium indigo 

trisulfonate and then diluting it with 1 litre deionised water to make a standard 

solution. 
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Figure ‎4-7 Experimental set up of the T-shaped DBD-corona hybrid reactor for optimisation experiments  
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To test the solution, 1 ml of stock solution diluted with 99 ml of water should give an 

absorption value of 0.20 0.010 cm-1 at 600 nm.  

The stock solution is stored in cold and dark conditions because of its sensitivity to 

light and temperature. Standard solution was prepared by taking 20 ml of stock 

solution, 10 g of sodium dihydrogen phosphate and 7 ml of concentrated phosphoric 

acid (85% v/v) and diluting it with deionised water to make a total volume of 1 litre. 

Phosphoric acid and sodium dihydrogen phosphate were used as buffers in order to 

keep the pH around 2. This is essential as at lower pH values, the amines are 

protonated and all of the ozone is assumed to react with C=C. The structural formula 

of potassium indigo trisulfonate is shown in Figure 4-8.  

 

Figure ‎4-8 Structural formula of potassium indigo trisulfonate 

150 ml of the indigo solution was used in each experiment. The plasma was switched 

on for 20 seconds. Air was blown through the gas washing flask for 2 minutes after the 

power was switched off. This was done to allow all the ozone to react with the indigo 

solution. The samples were taken from the gas washing flask and analysed for 

absorption at 600 nm (Bader and Hoigné, 1981) using a Hach Lange (DR 2800) 

spectrophotometer. Each experiment was run for 20 seconds except for the 

experiments with 4.8 kV which were run for 15 seconds as the solution was getting 

decolourised in 18 seconds. For experiments to optimise pressure, a needle valve was 

used to maintain air pressure between 0.2-1 gauge pressure (barg) inside the reactor. 

A Bourdon gauge was used to monitor the pressure. 

All experiments were repeated three times and a standard deviation was used to 

estimate the standard error. 
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4.2.3 Separation of hydrogen by microbubbles  

Air was used to produce microbubbles and the changes in DO concentrations were 

monitored to calculate aK l . The rationale for using air-water system to generate 

microbubbles has been discussed in section 5.4.1. aK l  was studied for oscillatory flow 

and compared with steady state flow in the range of 40-100 l min-1.  

Two different sets of experiments were carried out to determine aK l  and to measure 

the bubble size distribution. In the first set of experiment aK l  of air in to water was 

measured. Figure 4-9 shows schematic representation of the experimental rig used.  
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Figure ‎4-9 Experimental setup used for measurement of Kla 

A glass tank of dimensions (1.2 m x 0.5 m x 0.59 m) was used as water container. 

Approximately 0.30 m3 (1.2m x 0.5m x 0.5m) was used in each experiment. A pair of 

SuprafiltTM  30 cm disks diffusers, widely used in industry, was used to bubble air in to 

the water. The diffuser material consists of ethylene propylene direne monomer 

membranes (EPDM). 

A handheld YSI 556 DO probe was used to determine the DO concentration in the 

water over time. Water was first deoxygenated to a level well below 20% saturation. 
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For deoxygenation, N2 was bubbled through a ceramic diffuser placed in the bottom of 

the water container. Oxygenation profiles were created between 20-80% saturation at 

a sample time interval of 30 seconds. Experiments were conducted at different flow 

rates ranging between 40-100 l min-1 with oscillatory flow and steady flow at same 

upstream pressure (4-17 psig corresponding to each flow rate in the range of 40-100 l 

min-1). The Fluidic oscillator was replaced with a Y-piece for the steady flow 

experiments. The DO probe was placed at the corner of the tank in order to avoid 

direct contact/attachment of bubbles with the sensor of the probe which could cause 

an error in aK l  estimation.  

In second set of experiments bubbles sizing was done using ABS. It consists of a pair of 

hydrophones which are placed in the liquid parallel to each other over the surface of 

the diffuser where bubbles are rising. Each hydrophone has a surface area of 5 x 5 cm2 

and hydrophones were placed at a distance of around 10 cm from each other. 

Hydrophones were placed in the mid depth of the tank. One of the hydrophones works 

as the emitter producing short bursts of sound waves at particular frequency (50-100 

kHz) which are received by the other. The data was generated by the hydrophones and 

then analysed by the algorithms developed by Dynaflow INC. Bubble size distribution 

was measured at different flow rates ranging from 40-100 l min-1 for both oscillatory 

flow and steady flow. 

4.2.4  Application of reactive separation on plasma-chemical process 

Three different sets of experiment were conducted to assess the applicability of 

reactive separation on water vapour plasmolysis. In the first set of experiment aK l  

was measured for both oscillatory flow and steady flow at the same upstream 

pressure. The experimental rig used was same as used in section 4.2.3 and shown in 

Figure 4-9. However, the only difference was the use of MBD 600 diffusers-

PointFourTM in these experiments instead of SuprafiltTM disk diffusers. MBD diffusers 

were chosen for two reasons. First, they are made with ceramic and plasma resistant. 

Secondly their ability to blow bubble at relatively lower flow rates. Considering the low 

flow rates used in plasma micro-reactors, a minimum flow rate of 1.1 l min-1 was used 
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to produce microbubble. Similar handheld DO probe (YSI 556), as used in previous 

section, was used to determine the amount of DO in the water.  

Second set of experiments was conducted to measure the bubble size distribution 

using  ABS for steady and oscillatory flows. The procedure adopted is the same to that 

described in section 4.2.3 for bubble sizing. 

Third set of experiments was conducted to put the hypothesis of reactive separation to 

test. To assess the applicability of reactive separation on plasma-chemical processes, a 

reactor was designed with the plasma chamber directly below the diffuser as shown in 

Figures 4-10 and 4-11. This is to make an experimental arrangement such that the 

products emerging from plasma chamber can enter the water column in the form of 

microbubbles by passing through a diffuser as proposed is section 4.2.2. If it is 

assumed that the time lag for the gases to pass through the diffuser is negligible, the 

products coming out in the form of the bubbles could be separated by dissolving 

directly in the water. If the products are separated in the liquid phase at a quicker rate 

than they are formed in the plasma channel, an increased concentration of products 

should be produced by putting the plasma chamber directly below diffuser. It has been 

pointed out in section 2.4 in chapter 2 that ozone generation could be used instead of 

hydrogen production for optimisation studies (and the rationale for using ozone is 

given in section 5.3.1). In this set of experiments, ozone produced by air plasma was 

used to test the application of reactive separation on plasma-chemical process. Similar 

power supply, which was used previously in section 4.2.1 and 4.2.2 was used to ignite 

and sustain plasma. The concentration of ozone produced was monitored by indigo 

method (Bader and Hoigné, 1981) as described in section 4.2.2 using Hach Lange (DR 

2800) spectrophotometer.  



Chapter 4  Experimental Design and Procedure 

90 
 

FI

Flow meter 

Air 

Cylinder

Indigo solution

Plasma (Bottom position) 

Plasma (Top position) 

Diffuser

 

Figure ‎4-10 Experimental arrangement for application of reactive separation experiment 

 

 

Figure ‎4-11 Modified DBD-corona hybrid discharge reactor used for reactive separation 

The dimensions of the plasma micro-reactor are similar to what was used in section 

4.2.2 producing a radial flow channel of 600 µm. The overall length of plasma micro-
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reactor tube was 15 cm. A 2 cm long piece of Al tape was used as ground electrode. A 

sintered borosilicate diffuser of porosity >16 micrometer was attached at the outlet of 

the plasma micro-reactor. The diffuser was fused with a glass cylinder on top of it as 

shown in Figure 4-11. The current was allowed to settle according to the impedance of 

the plasma micro-reactor. The volume of indigo solution used was 150 ml. 4 kV was 

applied to ignite the plasma at a frequency of 37 kHz. The experiments were run at 

two different positions of external electrodes that is top and bottom. Experiments 

were run for an incremental interval of 3 seconds. For both positions, experiments 

were kept running until the indigo solution was completely decolourised 

(spectrophotometers showed 0 as absorbance reading). Air was blown for two minutes 

after the power was switched off at the end of each experiment in order for all the 

residual ozone to react with indigo solution. A sample was withdrawn at the end of 

each experiment for the spectrophotometric analysis. 
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5.1 Preface  

Results of the experiments, discussed in chapter 4 are presented and analysed in this 

chapter. The chapter is divided into six sections. The second section is dedicated for 

analysing the results of section 4.2.1. Water vapour plasma has been characterised for 

its fundamental properties. Feasibility of hydrogen production from water vapour 

plasmolysis at atmospheric pressure at relatively smaller inter-electrode distance has 

been demonstrated. Electron density, Debye length, electron, excitation, rotational 

and vibrational temperatures are calculated. Different types of energy yields are 

defined and calculated. Modelling work from chapter 3 is extended to observe the 

effect of addition of Ar along with water vapours as feed into the plasma micro-

reactor. Results of experiments on the identification of optical emission spectral peaks 

between 317-400 nm are analysed. In the third section, results from section 4.2.2 have 

been analysed. Pressure and flow rate of the air, electrode material, length of external 

electrode and its configuration, applied power and frequency are optimised. In the 

fourth section, results from the section 4.2.3 have been analysed. aK l  have been 

estimated for oscillatory and steady flows. In order to see the effects of oscillatory 

flow, results from the bubble sizing experiment have been analysed and oxygen 

transfer efficiency has been calculated. In the fifth section, results from section 4.2.4 

have been analysed to assess its applicability on plasma-chemical reaction. Conclusions 

of the chapter are discussed in the sixth section.        
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5.2 Analysis of water vapour plasma  

The residence time of water vapours in plasma chamber is a variable and is a function 

of total flow rate of water vapours and length of external electrode. Based on the 2 cm 

electrode length and gas flow rate, residence time in the current plasma reactor is in 

the order of 10-1 s. The time scale to reach steady state hydrogen production was 

found to be 10-2 s in chapter 3 by kinetic modelling. However, one of the objectives of 

this session is to show the feasibility of hydrogen production. A detailed analysis based 

on experimental investigations of optimum residence time has been carried out in 

section 5.3 which is entirely dedicated to optimisation of experimental parameters. 

5.2.1 Electrical characterization 

The plasma discharge has been characterised both electrically and optically. The voltage 

output signal, frequency spectrum and voltage-current (VI) characteristics have been 

plotted for AC powered DBD-corona hybrid discharge reactor. The voltage output 

signal of the power supply is shown in the Figure 5-1.  
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Figure ‎5-1 Voltage output signal of power supply 

From Figure 5-1, it is evident that the source is providing a stable signal at 4 kV. Figure 

5-2 shows the frequency signal spectrum. The frequency signal spectrum was obtained 

using digital oscilloscope (ADC-212, Pico Technology Limited). On the y-axis, the 
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amplitude is in arbitrary units. The output signal mainly consisted of one main 

frequency of 36.74 kHz and two harmonics which are negligible; thus power goes into 

the reactor mainly at frequency of 36.74 kHz.  

 

Figure ‎5-2 Frequency spectrum showing the output signal mainly at 36.74kHz 

 

Figure 5-3 shows the VI characteristics for the DBD-corona hybrid discharge reactor 

used in this study.  

 

Figure ‎5-3 Current-voltage (VI) characteristics of AC powered DBD-corona hybrid discharge 
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It is subdivided in four different regions; 1- Townsend or pre-discharge, 2-normal glow, 

3-abnormal glow and 4-discharge to arc transition (Schutze et al., 1998). The first 

region, namely, dark or Townsend discharge occurs prior to ignition. In the first region, 

a limited increase in the current proportional to the voltage is observed. In the second 

region, after the ignition of the plasma, the voltage drops immediately. This negative 

slope in Figure 5-3 in region 2 shows voltage drop which usually appears in 

microdischarges (Sismanoglu and Amorim, 2008). At lower pressures (vacuum), 

Schutze et al., (1998) observed no voltage increase after region 2 with increase in 

current. The authors have reported rather a straight line parallel to increase in the 

current as shown in Figure 2-3 in chapter 2. However, at higher pressure 2
nd

 and 3
rd

 

region may shrink, (voltage starts increasing immediately after 2
nd

 region) (Schutze et 

al., 1998) which is the case in the current study. In the third region, voltage starts to 

increase with the current until region 4 where a sharp decrease in the slope of line is 

observed which makes plasma highly conductive and can lead towards discharge to arc 

transition with further increase in voltage (Schutze et al., 1998). This discharge to arc 

transition can occur if the voltage was increased to more than 4kV as shown by sharp 

increase in the current in region 4 in Figure 5-3. Arcing is not desirable in the current 

study as it can break the reactor as shown in Figure 5-4, so, the voltage was only 

increased until 4 kV.  

 

Figure ‎5-4 Hole created by arcing in DBD-corona hybrid discharge reactor 
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It is worth mentioning here that Schutze et al., (1998) used a DC glow discharge, 

however, an AC powered DBD plasma is discussed in the current study. From Figure 5-

3 it is also clear that the minimum breakdown voltage for steam flowing at 1 atm in a 

discharge gap of 1.24 mm is 3.5 kV at 3 mA. This corresponds to a power of 10.5 Watts. 

This breakdown voltage is in agreement with the discussion by Fridman (2008). 

Looking at the value of breakdown voltage of air, 30 kV cm-1 at 1 atm, it may be 

expected for water to breakdown at much greater voltage due to the density 

difference between air and water. However, a large number of studies (Fridman, 2008) 

have shown that the breakdown voltage of water is of the same order as for air. This is 

because of fast formation of gas channels in the body of water with imposed high 

electric field (Fridman, 2008). This essential and practically important effect could be 

elucidated on the basis of the process occurring at the electrode surface. The process 

occurring at the electrode surface can be further divided into two processes (Akiyama, 

2000). The first process is subdivided in two phases as well; In the first phase a bubble 

is formed due to vaporisation of the liquid from local heating in the strong electric field 

regions at the tip of the electrode and in the second phase, electronic processes, the 

breakdown occurs due to ionising collision of electrons on their way across the 

breakdown gap. The first phase is not applicable in the current study as the water is 

already fed in vapour phase. Since water is fed in the vapour phase, which provides 

additional energy (latent heat of vaporisation of water) therefore overall energy for 

water vapour breakdown by plasmolysis is reduced. The second process is related to 

underwater electrical discharges and arc formation and hence not applicable on the 

current study. Although, experimentally determined minimum breakdown voltage is 

3.5 kV with current of 3 mA, the analysis is conducted at 4 kV to obtain a better data 

set. The corresponding current at 4 kV was 16 mA.  

5.2.2 Optical characterisation  

Figure 5-5 shows the optical emission spectrum obtained by fibre optic probe from 

water vapour plasma. The spectrum shows an OH band between 302-317 nm. 
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Figure ‎5-5 Optical emission spectrum of steam plasma  

It was observed that some peaks occurring in the emission spectrum in the range of 

300-400 nm, other than the peaks of OH band (302-317 nm), resemble nitrogen peaks 

(both second positive system of N2 and first negative system of N2
+) (Hong et al., 2008). 

However, these OES peaks appear in every experiment (spectral data of steam plasma, 

steam and argon plasma, and steam and nitrogen plasma), prompting an investigation 

of their identity which is discussed in section 5.2.11.  

Figure 5-6 shows the optical emission spectrum of steam and argon plasma. A sharp 

increase in the OH band (302-317nm) is observed. The collision of Ar with the 

energetic electrons has also resulted in forming Ar atoms in various excited states, 

which is illustrated by the increased intensity of the argon emission lines at 696.5 nm, 

750.38 nm and other Ar lines in the near IR region. Further details on the increased 

intensity of OH band (302-317) are discussed in section 5.2.9. 
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Figure ‎5-6 Steam and argon plasma spectrum 

 

Figure 5-7 shows the emission spectrum of steam and nitrogen. Nitrogen was injected  
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Figure ‎5-7 Optical emission spectrum of steam and nitrogen plasma 
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along with steam to determine the rotational temperature and vibrational 

temperature. Along with OH (302-317nm), nitrogen peaks are observed for both the 

second positive system of N2 and first negative system of N2
+ (Hong et al., 2008). 

Spectral data from Ar(I) lines, OH band (302-317 nm) and second positive system of N2 

are used to calculate Te, Texc, Trot, and Tvib. The Ar lines shown in Figure 5-6 between 

690-815 nm have reliable published values of transition probabilities. Also, the energy 

gap between emitting upper levels is expanded within a range of more than 2 eV  

which is very important in choosing the lines for plasma diagnosis. The large number of 

available Ar lines (in the region of 690-815 nm) also give an additional advantage of 

choosing lines (at expense of lower intensity signal) with biggest energy difference 

between energy levels. This energy gap is essential to achieve higher accuracy for using 

the traditional Boltzmann plot (Gordillo-Vázquez et al., 2006). 

5.2.3 Electron density  

The electron density is calculated using 
d

e
ve

J
n

.
 , where eJne ,, and dv  represent 

the electron number density (m-3), plasma current density (A m-2), electron charge and 

electron drift velocity (m s-1). The electron drift velocity was estimated by Evd   . 

Where,  is the electron mobility and E  is the average electric field. The electric field 

was estimated by measuring voltage using a high voltage probe and digital oscilloscope 

(ADC-212 from Pico Technology Limited). The voltage was measured to be 4 kV 

dissipating across a gap of 1.24 mm producing an electric field of 4.83 x 106 (V m-1). 

Since the water vapours are following at atmospheric pressure, the electron mobility in 

atmospheric pressure plasmas, was taken as to be 0.01 m2 s-1 (Abdul-Majeed et al., 

2011). This produces a drift velocity of 4.83 x 104 m s-1. The peak current was 

measured using digital current clamp meter (UNI-T, UT 201), where the current value 

was taken very near to the load and found to be 16 mA for the above given voltage 

value. The rationale for using peak current has been discussed later in section 5.2.9. 

The current density, 912 (A m-2), was then calculated. Using the values of current 

density, electron charge and drift velocity, en  was estimated to be  1.765 x 1017m-3 



Chapter 5  Results and Discussion  

101 
 

which is in general agreement with studies (Nehra et al., 2008, Abdul-Majeed et al., 

2011) using similar plasmas.  

5.2.4 Electron temperature  

OES has been used to determine electron, excitation, rotational and vibrational 

temperatures. In non- LTE plasmas, a normal Boltzmann plot is not permitted because 

the deviation from equilibrium may occur by a factor of 1000. However, there still 

exists information about the electron temperature in line intensities (Van der Sijde and 

Van der Mullen, 1990). It becomes very important to modify the Boltzmann plot for 

the calculation of Te under non-LTE conditions. Electron temperature was calculated 

under non-LTE conditions by following equation (5-1) (Gordillo-Vázquez et al., 2006, 

Van der Sijde and Van der Mullen, 1990, Abdul-Majeed et al., 2011).  

 D
kT
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bAh

AI
Ln

e

i

ijiji

jiji



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











  

1
    (5-1)

 

Where, Te is electron temperature, 
ijhv is the energy gap, k  is the Boltzmann constant, 

ijA  is the transition probability and ib1  is a parameter determined by b

i

a

ii pEb 1
. 

Where iE  is the excitation energy of excited state i , 
ip is the effective quantum number 

for excited state, a  and b  are the fitting parameters obtained from (Gordillo-Vázquez 

et al., 2006). ip  for each level is given by the formula 
i

H

EE

E
pi






. Where, HE  is 

the Rydberg constant (13.6 eV), E and iE  are the ionisation energy and excitation 

energy of the excited state i . The sum of transition probabilities (
jiA
) should contain 

all the excited energy level and number of radiative transitions starting in each 

considered argon energy level. Figure 5-8 shows the modified Boltzmann plot used to 

determine the electron temperature.  
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Figure ‎5-8 Modified Boltzmann plot for determination of electron temperature 

Te can be extracted from the slope of such modified Boltzmann plot. It is worth noting 

that strong emission lines are originated from a relatively small energy band and 

spectroscopic energy system which limits the energy difference between upper energy 

levels considered. This increases the errors in the determination of electron 

temperature. To avoid this, lines were chosen such that the gap between upper energy 

levels is greatest but at the cost of lower intensity signal. The data in the modified 

Boltzmann plot shows some inconsistency. Therefore error bars of  20% have been 

assigned to derive the electron temperature which is in agreement with (Gordillo-

Vázquez et al., 2006). The line produces a slope of -7.0 x 10-5 which is equivalent to 

eT

625.0
 which produces Te = 8928.5 K = 7.7 x 10-1   1.5 x 10-1 eV . 

5.2.5 Debye length  

The Debye length is the characteristic length scale in plasma. This parameter serves as 

a length scale to shield the Coulomb potential of individual charged particle when they 

collide. It can be calculated using equations (2-8) and (2-9). In the current study, the 

Debye length was calculated to be 3.24 µm which is in general agreement with (Bellan, 

2006). 
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5.2.6 Excitation temperature  

OES based temperature measurements such as Te, Texc, Tvib and Trot which are derived 

from the emission spectrum, are based on the relative intensities of identical species 

at different excitation levels. These measurements can also be based on those of the 

ions of neighbouring ionisation stages on the relative continuum intensities and on the 

relative absolute intensities among others. Texc depicts the population of the excited 

atomic states assuming that the population of excited atomic states follows Boltzmann 

distribution. It is a measure of the excitation capacity of atoms within the plasma. Texc 

was measured in non-LTE conditions by the Boltzmann plot method (Pacheco et al., 

2008). This method is considered good because it does not require a standard source 

of calibration, however, the peaks chosen to calculate Texc  should be selected carefully 

such that they cover the maximum possible range of EEDF to increase the accuracy. 

The Boltzmann plot method is expressed by the following equation (Ni et al., 2006, 

Pacheco et al., 2008).  

excb

i

iji

ijij

Tk

E
K

Ag

I
 ln)ln(


     (5-2) 

Where 
ijI  is the line intensity, 

ij  is the wave length, ig  is the statistical weight of the 

upper atomic state, 
ijA  is the transition probability, iE is the excitation energy, bk  is 

the Boltzmann constant and K  is a constant for all considered lines. The data used to 

obtain the Boltzmann plot has been taken from National Institute of Standards and 

Technology (NIST, 2012) and is presented in Rehman et al. (2012). A plot is drawn 

between )ln(
iji

ijij

Ag

I 
 and iE  which produces a slope )/1( excbTk  which is equal to -

0.625/Texc and inversely proportional to the excitation temperature. Figure 5-9 shows 

the typical Boltzmann plot which produced a slope of -1.0 x 10-4 hence producing Texc = 

6250 K= 5.3 x 10-1   6.4 x 10-2 eV . 
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Figure ‎5-9 Boltzmann plot to determine excitation temperature 

5.2.7  Rotational temperature  

Trot depicts the population of the rotational levels in molecular species present in 

discharge zone (Valdivia-Barrientos et al., 2008). Rotational temperature is considered 

to be the closest to the gas temperature as the rotational relaxation is fast at 

atmospheric pressure (Laux et al., 2003). The Boltzmann plot method could be applied 

in LTE plasma and also in non-LTE plasma to calculate rotational temperature, provided 

the pressure is sufficiently high (as in the current study) so that the collisional 

frequency of molecules is higher than that of the radioactive decay probability of 

excited state under consideration, which leads towards thermal equilibration of the 

state population (Kado et al., 2004). Trot is measured by using rotational fine structure 

of electronic band such as  
 


u g
XB 22 , first negative system of N2

+, and 

 

 22 XA for OH. The intensity of such rotational lines for a transition )"'( JJ  , 

is expressed as a function of oscillator strength 
jS  or the transition probability, 

jA : 
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Where, h  is the Planck’s constant, bk  is Boltzmann constant, vB is the rotational 

constant which belongs to vibrational quantum number v and   is the wave number 

associated to the emission line. Where, 1"'  KKS j . The practical values of 
jS and 

1"' KK  are usually articulated as a function of the quantum number "K (assigned to 

lower state). For N2
+, two branches could be used, the P  and the R  branch (Hill, 

2006). For the P  branch it is expressed as 1"'  KK and 1"'  KK  for the R branch. 

Trot, can be calculated by plotting the intensity of the given line versus "K  (Hill, 2006).  

For the P  branch,  )1"("
"2

 KK
Tk

Bhc
C

K

I
Ln

rotb

      (5-5)  

For  the R  branch,  )2")(1"(
)1"(2




KK
Tk

Bhc
C

K

I
Ln

rotb

    (5-6) 

Where C  is a constant. The slope of such plot is equal to 
rotbTk

Bhc
 which is equal to 

rotT

983.2
, thus  Trot can be estimated. The corresponding values of oscillator strength 

were taken from (Hill, 2006) and the R branch was used to calculate rotational 

temperature from first negative system of N2
+. Optical emission spectrum of the first 

negative system of N2
+ is shown in Figure 5-10. The data used for the calculation of Trot 

has been taken from Hill (2006) and is presented in Rehman et al. (2012). Figure 5-11 

shows the graph between )2")(1"(  KK and 








 )1"(2 K

I
Ln  which produced a slope of  

-4.0 x 10-3 resulting in 745.75 K = 6.4 x 10-2 ± 2.5 x 10-3 eV .  
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Figure ‎5-10 Optical emission spectrum of first negative system of N2
+ 

 

 

Figure ‎5-11 Linear fit between (K"+1)(K"+2) and Ln (1/2(K"+1)) to calculate rotational temperature by N2
+
 first 

negative system 

The OH spectra could also be used for the determination of Trot. However, it is more 

complex having five main branches O, P, Q, R and S. The whole band of )( XAOH   

transition could be used for determination of rotational temperature or more easily by 

utilising relative intensities of two groups of lines relating to the R and P branches  
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(Laux et al., 2003). Again, equation (5-7) can be used and Trot can be calculated by 

plotting )/( AILog   versus iE . 

 D
kT

E
AILog

rot

i 


)/(       (5-7)

 

Where D is a constant. The slope of such plot is given as rotT/625.0 . The 

corresponding values of A  and iE  was taken from Hill (2006) and presented in 

Rehman et al. (2012). Figure 5-12 shows the plot of equation (5-7). The estimated 

value of the slope of line is -8x10-4 which produced rotT = 781.2K = 6.7 x 10-2 ± 6.3x 10-3

eV . 

 
Figure ‎5-12 Linear fit to calculate the rotational temperature of OH 

 

5.2.8 Vibrational temperature  

The molecular band of second positive system of N2 and first negative system of 

molecular ion of nitrogen N2
+ can be utilised to calculate vibrational temperature Tvib. 

In the current study, Tvib is calculated using the second positive system of N2 by 

considering nonthermal equilibrium conditions (Laux, 2002). The method to obtain Tvib 

is based on the emission process;     hvXBN gu )()( 22

2  where the 

mechanism for the production of molecular ions in the state of   )( 2

2 gXN  is direct 
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ionisation by electronic impact of fundamental state   ).( 1
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where 
",' vvI is intensity of the vibrational band )",'( vv , 

",' vv  is the corresponding 

wavelength, 
",' vvA  is the Einstein’s coefficient for spontaneous emission, 

)(vG  is 

vibrational term, h  is Planck’s constant and c is the speed of light. This slope could be 

utilised to calculate Tvib. The data to calculate Tvib has been taken from (Lozano-Parada, 

2007) and is presented in Rehman et al., (2012) . Figure 5-13 shows the plot between 


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Figure ‎5-13  A linear fit to calculate vibrational temperature from N2
+
 second positive system 

The results of the temperature measurement are summarised in Table 5-1. Trot 

measured using the first positive systems of N2 and OH band only differs by 4.5%.  
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Table ‎5-1  Summary of plasma characterization 

Electron Density 1.765 x 1017 m-3 

Debye length 3.24 (µm) 

Temperature K eV 
Electron 8928.57 7.7 x 10-1   1.5 x 10-1 

Excitation 6250 5.3 x 10-1   6.4 x 10-2 
Vibrational 720.217 6.2 x 10-2   1 x 10-3 
Rotational 
(N2

+ based) 

(OH based) 

 
745.75 
781.21 

 
6.4 x 10-2 ± 2.5 x 10-3 
6.7 x 10-2 ± 6.3 x 10-3 

 

The value of the vibrational temperature lies between the gas temperature and the 

electron temperature (Stoffels et al., 2002). Often the gas temperature could be 

inferred from the rotational temperature of the excited molecules which have the time 

to equilibrate with the gas molecules of plasma before photon emission, hence their 

rotational distribution could reflect that of the gas molecules in the plasma (Masoud et 

al., 2005). However, it is interesting to note that, in the current study the rotational 

temperature is found to be slightly higher than the vibrational temperature. There 

could be a couple of explanations for this anomalous behaviour. Firstly, in the current 

study the plasma has been generated at atmospheric pressure. It is known that 

rotational temperature remains constant with the increase in the pressure, however, 

vibrational temperature is found to decrease with increasing pressure (Masoud et al., 

2005, Kitamura et al., 2005). Secondly, the presence of even a small amount of oxygen 

in the plasma is known to lower the vibrational temperature at any point in the 

discharge zone. This could be explained on the basis of higher rate coefficients of 

relaxation between vibrational and rotational/translational motions of oxygen (O2) 

than nitrogen (Kitamura et al., 2005). Since, in the current study O2 has been evidently 

generated, it could possibly decrease the vibrational temperature. Both factors of 

having plasma at atmospheric pressure and generation of oxygen within plasma zone 

could explain this anomalous behaviour. Also, water vapours used as feedstock could 

give extra energy to the gas phase molecules in the plasma zone thereby increasing the 

rotational temperature. 
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5.2.9 Energy yield and cost  

The amount of water vapour decomposed by plasmolysis was found by connecting two 

condensers to the outlet of the reactor. A second order central composite rotatable 

design was applied to monitor water vapour decomposition rate% (Y ) as objective 

function. This was done to establish a statistical model correlating the water vapour 

decomposition rate with steam flow rate and argon flow rate. Steam flow rate and Ar 

flow rate were studied as two parameters affecting the water vapour decomposition 

rate according to the following model (Cochran and Cox, 1992); 

2112

2

222

2

1112211 xxBxBxBxBxBBY  
     (5-8) 

Where Y is the objective function (decomposition rate of water vapours) B , 1B , 2B , 

3B , 4B and 5B are the constants, )( 1x  and )( 2x are the code value for steam flow rate 

(ml min-1) and argon flow rate (ml min-1). These code values are tested in the range of (

1x = -1.414, -1, 0, +1, +1.414) which is equivalent to the (1, 2, 3, 4, 5 ml min-1) for steam 

and (
2x  = 10, 20, 30, 40, 50 ml min-1) for argon. The data was fitted in the model 

equation (5-8) using multiple stepwise regression analysis which gave the following 

empirical model. The average absolute error of obtained model was estimated to be 

1.32%.  

21

2

2

2

121 025.011.051.028.016.064.9 xxxxxxY      (5-9) 

It was found that under current experimental conditions, the water vapour 

decomposition rate was decreased when steam flow rate was increased higher than 2 

ml min-1. However, an increase in the Ar flow rate enhances the decomposition rate 

and a maximum decomposition rate of 10% was found with 2 ml min-1 of steam and 50 

ml min-1 of Ar. 

Concentration of H2O2 was measured by a colorimetric method (Eisenberg, 1943) 

which is based on a specific reaction between H2O2 and titanyl ions giving stable yellow 

coloured complex of pertitanic acid which gives an absorption peak at 410 nm. 

Ti4
+ + H2O2 + 2H2O                        TiO2 + H2O2 + 4H+ (5-10) 
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A Hach Lange-DR 2800 spectrophotometer was used to determine the absorption of 

samples at 410 nm.  Solution of a known concentration of titanium sulphate was 

added in the liquid condensate collected at the end of the experiment. There was no 

change in colour observed which showed there is no pertitanic acid and hence no H2O2 

formation. Figure 5-14 (A) shows no yellow coloration while Figure 5-14 (B) shows the 

yellow formation of pertitanic acid when titanium sulphate was added to the standard 

solution of H2O2. The foggy colour in Figure 5-14 (A) may have been formed due to the 

dilution of titanium sulphate in the sample which is similar to colour change in Figure 

5-14 (C) where titanium sulphate was dissolved in demineralised water. From the 

experiment it was clear that there was no H2O2 formation in the water vapour 

plasmolysis. Similar results have been observed by Givotov et al. (1981) where the only 

products of water vapour plasmolysis were H2 and O2 in stoichiometric ratios. 

(A) (B) (C)

 

Figure ‎5-14 Formation of Pertitanic acid with addition of titanium sulphate in the sample (A) Demineralised 
water, (B) Standard solution (H2O2 0.0255 (Vol.%) and (C) steam condensate after steam plasmolysis 

 

Both the vapour phase and liquid phase were analysed by GC. Liquid samples were 

collected at the end of the experiment and were analysed by head space analysis. The 

bottles containing liquid sample were kept in a water bath at 70 oC for half an hour 

before taking the sample from the bottle head space. A 10 ml standard plastic syringe 

was used to withdraw the samples from the head space of the bottle and injected into 

the GC, Varion cp3800, fitted with thermal conductivity detector (TCD), 2m HAYESEP C.  
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Argon gas was used as carrier gas. There was no peak observed for hydrogen or 

oxygen. Hence hydrogen and oxygen produced from the experiment were not 

dissolved in the water vapour condensate, i.e. negligible as the solubility of both 

oxygen and hydrogen in water at 100 oC is negligible.  

It must be noted that the internal volume of the reactor (5.61 x 10-4 litres) is very 

small. Attaching any container directly at the outlet of the reactor is likely to increase 

the pressure inside the reactor and hence could change the kinetics of the plasmolysis. 

Considering this, gaseous samples were collected in number of ways. The steam 

leaving the reactor was condensed by the attaching two condensers (in series) with the 

outlet of plasma micro-reactor using flexible tubing. The gaseous (vapour phase) 

sample coming out of the outlet of the second condenser was calculated by attaching 

standard gas sampling bags. Samples collected were fed to the above mentioned GC. 

GC results showed significantly low percentages of H2 (0.2306%) and O2 (0.5195%). 

However, when the samples were withdrawn from top of the condensers (near the 

inlet), the oxygen concentration was raised to 5.6662% and hydrogen was 0.6251%. 

This could be explained on the availability of a large volume in the condensers section. 

Since there is a large volume available in condensers for the gases to occupy, they do 

not enter the gas sampling bag given the relative smallness of the inlet orifice. Also, 

the bag was unable to confine hydrogen, as shown by the continuous decrease in 

hydrogen content when samples from the same bag were analysed over time interval 

of half an hour. One of the reasons for hydrogen concentration being so low is its 

relatively low density. As it is lightest amongst the other product gases (O2 and Ar), the 

analysis suggests, it might not flow with them at the same rate and would like to stay 

on the top parts of the condensers.  

Bags (SKCTM bags) which could contain hydrogen for longer periods of time were then 

used to collect gaseous samples. Bags were attached directly at the outlet of the 

plasma micro-reactor. This was done to collect all the gases and condense steam 

directly in the bag to eliminate the possibility of hydrogen or oxygen staying behind in 

the condenser section. The bag was submerged in a cold trap (thermal box containing 

ice, water and salt) to avoid overheating and help condensing the steam. The 

experiment was run for 3 minutes with 2 ml/min of steam and 50 ml/min of argon gas. 
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The gas samples from the bag were withdrawn and fed to GC. The percentage of 

oxygen was dropped 0.560%, however percentage of hydrogen remained similar. The 

bag has a small orifice as shown in Figure 5-15 and only one turn opening was advised 

by the company so it leaves very little space for the gases to leave the reactor and fill 

the bag.  

 

Figure ‎5-15 SKC-H2 storage bad and inlet orifice 

 

This smaller orifice has created pressure, by hindering the gas flow, inside the reactor 

which is likely to change the whole kinetics of reaction and hence percentage of 

oxygen was found to be very low. A sound of pressure relief could also be heard when 

SKCTM bags were detached from the reactor at the end of the experiment. The other 

possibility, of the reduced percentage of the oxygen, could be the degree to which the 

inner surface of the bag is inert for oxygen. To monitor the inertness of the bag, it was 

filled with standard mixture (1% H2, 5% O2 and 94% Ar) and left for a day. GC results 

showed no decrease in the percentage of oxygen when analysed after 1 day. 

Repetition of the experiment with the bag three times showed similar results.  

Considering the build-up of pressure in the reactor, a long glass tube (1.5"x 15") was 

used as a collection vessel. A rubber bung was used to seal the tube with a 8 mm hole 

in it serving as inlet. The tube was submerged in cold trap for condensing the steam. 

Experiment was run for 3 minutes. GC results showed 19.0532% oxygen, though 

hydrogen was dropped to 0.0799%. Experiment was repeated and similar results were 

achieved. Since, the size of the inlet of the glass tube was almost same to the outer 

diameter of reactor, gases would have flown easily without building any pressure in 
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the plasma micro-reactor. That may explain the higher percentage of oxygen obtained. 

However, the glass tube had a fixed volume and was air tight. It was difficult to 

withdraw samples from it. This led to the use of glass syringe which could be 

connected to the reactor directly and is likely to have little friction between its inner 

surface of the syringe and its plunger so it was thought it would not create any 

pressure inside the reactor. Two glass syringes of 20 ml and 100 ml were used to 

collect the gases. The experiment was finished when the glass syringe was full (15 

seconds for 20 ml and 52 seconds for 100 ml). The gases did not fill very smoothly in 

the syringes; they were rather filled in time intervals creating pressure in the reactor. 

The GC results showed an average of 14.6500% oxygen and 0.3080% hydrogen. The 

percent of hydrogen and oxygen and overall volume gases collected is dependent on 

the methodology of collecting gases and hence it is difficult to quantitatively analyse 

the experiments. Snapshots of the results obtained when gas was collected by 

standard gas collection bags are shown in Appendix II in Figure 7-5, when sample was 

taken from top of the condenser in Figure 7-6, when the sample was collected in glass 

tube in Figure 7-7 and when sample was collected in glass syringe in Figure 7-8.  

For inline detection, the reactor was connected to GC through flexible tubing. The GC 

used was a Perkin Elmer Auto-system XL while the column is an RT-M sieve 5A (30m x 

0.53mm id) by Restek. N2 was used as a carrier gas meaning O2 could not be detected 

due to its thermal conductivity being almost identical to N2. However, the sensitivity 

towards H2 became greater because the difference between thermal conductivity of 

carrier gas (N2) and sample gas (H2) was greater (Kirkpatrick and Locke, 2005). 

Calibration was done for 1%, 5%, 10% and 20% of hydrogen in N2. The GC results 

showed about 0.9% of H2 with no O2 as stated above. 

The GC analysis has shown different percentages of hydrogen and oxygen according to 

the different gas collection methods. It is suggested that different methods create 

different level of pressures inside the reactor which changes the kinetics and hence 

different percentages of hydrogen and oxygen shown by GC. Stoichiometrically, there 

should be half a mole of oxygen per every mole of hydrogen produced and hence 

similar volumetric ratios. The stoichiometric ratios between hydrogen and oxygen 

shown by GC analysis do not match with the theory. It could be explained on the basis 
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that hydrogen is produced in the experiments however, since H2 is the smallest size 

molecule, it might have escaped though the materials (such as tubes and bags for 

sample collection) while collecting gaseous samples. This phenomenon is known as 

hydrogen embrittlement and causes reduction in the strength and ductility of 

materials (Cotterill, 1961, Oriani, 1978). Due to high temperature and pressure 

involved in the experiments, a significant amount of hydrogen gas produced might 

have escaped while collecting the sample. It is noted that hydrogen generation studies 

such as (Porter et al., 2009) and (Burlica et al., 2010) have successfully quantified 

hydrogen production by GC analysis. However their studies involved liquid water 

hence less pressure to deal with. Considering the above discussion, hydrogen was 

quantified using indirect methods, i.e. amount of hydrogen produced was determined 

by monitoring the decomposition rate of water vapours. 

To find the water vapour decomposition rate the plasma was ignited with water 

vapour without Ar. The decomposition rate could be calculated by monitoring the 

difference of volume collected with and without plasma ignition over a total period of 

operational time.  

100(%) 
plasmawithoutwaterofrateFlow

onswitchedplasmawithwaterofrateFlow
rateionDecomposit  (5-11) 

In DBDs the electrical power consumed (P) in plasma is different from the total power 

drawn from the mains (Ptotal). This is because the voltage and current are not in phase 

in the capacitive systems. The voltage is lagged the current by the phase angle (Zito et 

al., 2010). The power consumed in DBDs could be calculated by voltage-charge-

cyclograms (Lissajous Figure) (Manley, 1943, Kriegseis et al., 2011) or from the 

knowledge of phase angle (Kostov et al., 2009). In a typical DBD configuration, for one 

oscillation period, the mean electric power could be calculated by using equations (5-

12) to (5-14) (Kostov et al., 2009);  

     cosVIP       (5-12) 

     
Z

V
I        (5-13) 
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     cos
2

1 2

Z

V
P      (5-14) 

Where, V is the amplitude of ac voltage, Z is the impedance,   is the phase angle 

between voltage and current. The impedance of DBDs could be calculated by the 

following relation: 
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Where, j represents the imaginary part of the impedance, 
d

Ak
CD

0  is the 

capacitance of the dielectric layer and 
x

A
CG

0  is the capacitance of the air gap R 

and is the equivalent resistance of the DBD discharge,   is angular frequency, A is the 

electrode area, d is the thickness of dielectric layer, k is the dielectric constant and x is 

the discharge gap width.  

Although the power consumed in the plasma is less than the total power, nevertheless, 

one has to pay for the total power utilised in the process. The total power (Ptotal) was 

estimated from the peak values of current and voltage.  

     peakpeaktotal IVP      (5-16) 

Considering the results from the statistical model (as discussed above), the water 

vapour flow rate was set to be 2 ml min-1 which produced a decomposition rate of 5%. 

Cost and energy yield have been calculated considering 5% decomposition rate of 

water vapour plasma (2 ml min-1) and 10% with water vapours (2 ml min-1) and argon 

(50 ml min-1) plasma. The amount of hydrogen produced was calculated 

stoichiometrically by considering 5% decomposition in steam plasmolysis and 10%  

decomposition in steam and Ar plasmolysis. The power is measured to be 3.960 KJ min-

1 (4 x 103 V x 16.5x10-3 A). The price (7.3 Pence kWh-1) is taken under the category of 

“all consumers’ average” from Quarterly Energy Prices (Department of Energy & 

Climate, 2012). The energy yield (g kWh-1) and the cost of H2 for hydrogen production 

(m3 of H2 produced/kWh and £ kWh-1 energy produced by H2) is given in Table 5-2. It 
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can be seen from Table 5-2 that in the presence of Ar, decomposition rate is doubled. 

The increase in the decomposition rate by addition of Ar has been observed by Burlica 

et al. (2010) as well.  

Table ‎5-2 Amount of the H2 produced, Energy yield and price of H2 produced 

Feed 
 

Decomposition 
rate  
(%) 

Amount of H2 
produced 
(gm/min) 

Price 
(m3 of H2/kWh) 

Price 
(£/kWh) 

Steam 5 0.011 0.153 0.18 

Argon + steam 10 0.022 0.306 0.09 

The lower efficiency in case of steam plasmolysis, as given Table 5-2 has been 

witnessed in a previous study as well (Givotov et al., 1981). The lower efficiency, 40% 

as compared to predicted efficiencies of 50-70%, in the work of Givotov et al, (1981) 

has been thought to be because of the ion-molecule reaction between H2O and H- ion 

produced by dissociative attachment of electron reaction, essential for a low degree of 

ionisation (as discussed in chapter 2). 

H2O + H-    H2 + OH-  (5-17) 

However, the efficiency was hypothesised to be 80% by the use of CO2 which could 

work as catalyst in water vapour dissociation in a double stage plasma reactor. A 

similar catalytic affect could be achieved by using Ar. This catalytic affect is attributed 

to collisions of the Ar excited species (Ar3P) with water molecule. Ar (3P) is produced by 

electron impact collision with Ar atoms. Ar (3P), hence produced, collides with water 

molecules as shown in reactions (5-18) and (5-19). These collisions lead to efficient 

dissociative excitation of the water molecules (Motret et al., 2000), which 

consequently produced extra OH radicals as demonstrated by the increased intensity 

of OH emission lines (302-317 nm) in Figure 5-6. 

Ar + e     Ar(3P) + e   (5-18) 

Ar(3P)+ H2O   H + OH + Ar   (5-19) 

Energy efficiency of the process is defined as ratio of amount of energy produced by 

unit of fuel to the amount of energy required to produce the fuel.  
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100

2

2 efficiencyEnergy 
HofamountunitproducetoconsumedEnergy

HofamountunitbyproducedEnergy
  (5-20) 

The other type of efficiency usually defined as the thermodynamic efficiency which is 

the ratio of the theoretical amount of energy to produce a unit amount of fuel to the 

experimental amount of energy spent. 

010

2

2efficiency micThermodyna 
OHbreaktousedenergyofamountalExperiment

OHbreaktorequiredenergyofamountlTheoretica
  (5-21) 

Considering 1.4 x 105 kJ/kg as gross calorific value (GCV) of H2, energy efficiency was 

calculated by taking the ratio of amount of heat that would be generated by H2 

produced in the experiment to the amount of heat which was used to produce H2. 

Experimental amount of energy used to break H2O was calculated from the total 

power consumed in the process. The calculated energy yield and thermodynamic 

efficiency is presented in Table 5-3. 

Table ‎5-3 Energy yield, energy efficiency and thermodynamic efficiency of H2 production by plasmolysis 

Feed 
 

Energy Yield 
(g/kWh) 

 
Energy 

Efficiency   
(%) 

 
Thermodynamic 

Efficiency  
(%) 

Steam 10 39.39 39.62 

Argon + steam 20 78.77 79.16 

Comparison of energy yields for hydrogen production for different types of plasma 

processes and other hydrogen producing technologies is given in Table 5-4. In the 

current study, the energy yield of water vapour plasmolysis in DBD-corona hybrid 

reactor is equal to the microwave discharge. It is worth noting that the energy yield of 

water vapour plasmolysis with Ar gas is equal to electrolysis. Ar used in the plasmolysis 

could be recycled. The recycling of Ar would depend on the use of hydrogen. If 

hydrogen is to be used on a plant as an intermediate energy storage then fuel cell 

conversion will result in the Ar in the off-gases along with water, hence naturally 

separated and recycled. If the hydrogen is to be used as a chemical intermediary, say 

for reducing biofuels to drop-in fuels, then if it is a liquid drop-in fuel, the Ar will stay in 

the gaseous phase and again recycled automatically. 
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Table ‎5-4  Energy yield for kinetic and thermodynamic limits for different types of plasmas processes and other 
technologies producing H2 (Burlica et al., 2010) 

Method H2 (g/kWh) Reference 

Thermodynamic limit 25-30   (Fridman, 2008) 

Kinetic Limit 
Absolute Quenching 5.2 - 

Ideal Quenching 10 - 

Super ideal quenching 13 - 

Electrolysis 
20 (Burlica et al., 2010) 

14-18 - 

Photocatalysis  0.01 - 

Microwave plasma  10 (Fridman, 2008) 

Corona 2 (Burlica et al., 2010) 

AC gliding arc 1.3 - 

Gliding arc spray (Ar as carrier 
gas)  

13 - 

DBD-Corona hybrid reactor 

Steam only  10 Current study 

Steam and Ar  20 Current study 
(Best case) 

The other high energy yield process is the gliding arc spray using Ar as a carrier gas 

(Burlica et al., 2010). The authors have used water droplets as feedstock. However, in 

the current study, low quality steam is used instead. In the current study, water vapour 

is produced by utilisation of waste heat which is widely available in the chemical 

engineering industries and power plants. Usually, the exhaust temperature from most 

industrial processes and power plants are lower than 370 oC. Recovering this heat by 

usual methods of waste heat recovery is economically infeasible and releasing this 

heat into the atmosphere causes heat pollution (Wei et al., 2007). Such heat could 

easily be recovered to produce low quality steam (Approx. 1 atm and 100 oC) thus 

increasing the process efficiency and preventing the heat pollution. This low quality 

steam could then be converted to hydrogen by plasmolysis.  

H2O    H2 + 
2

1
O2    (5-22) 

The thermodynamic limit for reaction-1 given in equation (5-22) is 28.7 g kWh-1 (2.6 eV 

molecule-1) with kinetic limit of absolute quenching, ideal quenching and super ideal 

quenching are 5.2, 10, and 13 g kWh-1 respectively (Fridman, 2008). It is interesting to 

note that the hydrogen energy yield in the plasmolysis of water vapours with Ar has 
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exceeded the kinetic limits. This is possible because the theoretical kinetic limit of 

quenching process given in Table 5-4 is for thermal plasmas (Fridman, 2008) which is 

different from the current plasmolysis conditions (non-thermal plasmolysis at 

atmospheric pressure) (Burlica et al., 2010). The logical explanation of high energy 

yield and higher efficiencies in the current study is the inclusion of latent heat of 

vaporisation (2257 kJ/kg) by the utilisation of the waste heat and relatively smaller 

flow channel which enables water vapours to breakdown at relatively low power. It is 

worth noting that the flow channel is 1.24 mm, however as mentioned earlier, 

(Lozano-Parada and Zimmerman, 2010) have reported production of ozone at 170V AC 

with a micro-channel plasma reactor of 800 µm diameter. Therefore, further reduction 

in the power requirement can be expected with the flow channel in micrometer range. 

This is because of the fact that only a small potential difference is required to maintain 

high electric field strength across the channel as there exists an inverse relation 

between electric field strength and discharge gap. Miniaturising plasma reactors also 

enhances the control over the plasma process because the use of microfluidics can 

tailor fluid dynamics (Zimmerman, 2011) and hence it can be concluded that further 

improvement in the efficiency is possible by better design and optimisation of reaction 

conditions.  

It is worth nothing here that unlike large-scale plasma reactors, power supplies for 

such plasma micro-reactors are miniaturised as well and available commercially at very 

low price (~$10). These plasma micro-reactors can also be ignited with battery sources 

(Zhu et al., 2006). These power supplies can be coupled with such plasma micro-

reactors to produce hydrogen locally instead of producing hydrogen at large scale and 

distributing it to consumers. Hydrogen can be produced and delivered to the fuel cell 

or combustor instantaneously for power generation. This becomes especially 

important for the use of hydrogen as transport fuel. In light and heavy vehicles, this 

solves the “hydrogen storage issues” one of the biggest barriers faced by hydrogen 

economy (Ross, 2006). 
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5.2.10 Effect of Ar injection on kinetic model of hydrogen production  

Addition of Ar has a catalytic effect on water vapour plasmolysis as noticed in the 

current study and elsewhere in literature (Burlica et al., 2010, Shirafuji et al., 2009). As 

discussed above this catalytic affect could be attributed to the basic chemistry shown 

in reactions (5-18) and (5-19). To see if the kinetic model developed in chapter 3 could 

predict the effect of argon injection or not, reactions (5-18) and (5-19) were added in 

the kinetic scheme given in chapter 3 and analysed with REL 3.5a. As the model was 0 

dimensional, the ratio of the concentrations of water vapour and Ar was used to infer 

the ratio of their flow rates in the experiments. The concentration ratio between water 

vapour and Ar was varied between 1 and 10 such that the total pressure of feed 

remained at 1 atm as shown in Figure 5-16. Maintaining atmospheric pressure is 

important as this was originally used in kinetic modelling in chapter 3. 

 

Figure ‎5-16 Variation in partial pressure of Ar and water vapours corresponding to concentration ratio 

Figure 5-17 shows the results of adding Ar chemistry in the kinetic model. Along with 

other species, H2, O2, H2O2, OH, HO2 and H, Ars (an excited species of Ar) can also be 

seen in Figure 5-17. However, the number density of Ars is very low ( below 1018m-3).   
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Figure ‎5-17 Number density of different species with Ar assisted water vapour plasmolysis at Ar to water concentration ratio of 10:1 at electron number density of 10
21

 m
-3
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Figure 5-18 shows the number density of hydrogen with addition of Ar chemistry in the 

kinetic model. A gradual increase in the number density of hydrogen is observed with 

the increase in the ratio of concentration of Ar to water. However, a sharp change in 

the slope of line is expected at higher concentrations of Ar with the increase in 

hydrogen concentration becomes smaller and smaller before reaching to a steady 

state value. The trend seems to follow second order polynomial fit (Y = 3 x 1022x2- 

2x109x + 1x1025).  

 

 

Figure ‎5-18 Predicted hydrogen concentration as a function of ratio of concentration of Ar and water vapours 

 

5.2.11 Identification of optical emission peaks between 317-400nm  

The following section is based on the discussion on the identity of optical emission 

peaks between 317-400 nm. As seen in Figures 5-5, 5-6 and 5-7, the optical emission 

peaks between 317-400 nm are always present irrespective of the gas or vapours in 

the flowing in the plasma micro-reactor. These optical emission peaks could simply 

because of the presence of N2 in the system, interaction of the plasma with the glass 

surface or formation of NH in the system because of reaction between nitrogen 

present in the system and hydrogen formed in plasma micro-reactor. The NH radical in 

the mixture of N2-H2 glow discharge for metal surface nitriding has been shown to 
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form at 336 nm (Petitjean and Ricard, 1984). The NH signal dominated the spectrum at 

lower concentration of H2 with highest signal achieved at about 10% concentration.  

Since in the current study, a similar/lower ratio between N2 (if present in the system 

because of some leak) and H2 could be expected, it may be possible that the peak at   

=336 nm in Figures 5-5, 5-6 and 5-7 is because of formation of NH.  

A test was devised to eliminate the interactions with the glass surface and remove N2 

from the system as discussed in section 4.2.1. Since no gas was flowing through the 

tube, nitrogen (from air) cannot enter in the system. The solubility of N2 gas in water 

(0.02g of N2/kg of H2O) at room temperature is also very low so theoretically the 

amount of nitrogen present in the water is negligible. A plasma was ignited between 

the electrodes using 4kV at 37 kHz. and an optical emission spectra was recorded. A 

pathway was provided to push the water outside the tube when products (H2 and O2 

etc.,) are formed due to water plasmolysis. Plasma generated, in this case, is localised 

in the inter-electrode gap thus avoiding the contact between plasma and glass surface. 

The optical emission spectrum is shown in Figure 5-19. It shows signal of H ,
H  and 

OH. However, there are no optical emission peaks observed between 317-400 nm. 

There could be two reasons behind the disappearances of optical emission peaks 

between 317-400 nm. First, there was no contact of plasma with the glass surface and, 

secondly, the concentration of dissolved nitrogen in the water is negligible thus 

producing no signal. 
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Figure ‎5-19 Optical emission spectrum of in-water plasma 



Chapter 5  Results and Discussion 
 

125 
 

In order to explore the possible changes on the glass layer properties upon being 

subjected to plasma, the contact angle of a demineralised water droplet was measured 

using the FTA tensiometer and applying the sessile drop technique. The contact angle 

of water on glass slides were measured before and after subjecting it to plasma. The 

flow of Ar was set to 105 ml/min at a gauge pressure of 0.35 barg. The applied voltage 

was set to 4 kV at 37 kHz. The results, in Figure 5-20, show that the contact angle for 

the demineralised water droplet has increased from 56.3o to 103.35o. This indicates 

significant alterations on the surface properties due to the plasma treatment. The 

plasma treatment increases the free radicals on the surface of the glass slide and 

which could form polar compounds, which consequently causes significant changes in 

the glass properties as shown by the decrease in the surface wettability (Abdul-

Majeed, 2012). This effect can change the nature of the glass surface from hydrophilic 

to hydrophobic. A rise in the level of water by 6 ml in a capillary tube after the plasma 

treatment has been demonstrated which shows the change of properties of glass from 

hydrophilic to hydrophobic (Li et al., 2009). After one minute of operation, there was a 

change of contact angle (38o) between treated and untreated capillary. It is possible 

that one of the plasma the glass surface is causing these optical emission spectral 

peaks in the range of 300-400 nm. However, to confirm the identity of these optical 

emission spectral peaks a detailed study is required. 

 

Figure ‎5-20 Water contact angle of the glass slide before and after treatment 
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5.3 Analysis of optimisation experiments   

As discussed in section 5.2.9, detecting hydrogen in water vapour plasma flowing at 

atmospheric pressure in a plasma-micro-reactor by direct methods such gas GC is a 

difficult task (Rehman et al., 2013). In order to optimise the reaction conditions a 

method of direct measurement of the required species is generally required. Ozone 

can be detected by several direct methods. There are ozone detectors available 

commercially (ozone solutions AS-500). It could also be detected by chemical methods 

(Bader and Hoigné, 1981). Because of the ease and reliability of detection, ozone 

generation has been used for optimisation of operational parameters of plasmolysis. 

Also, due to the similar time scales for hydrogen and ozone formation, it can be 

assumed that ozone generation could be used to optimise operational parameters of 

water vapour plasmolysis. In the following section the rationale for using ozone 

generation has been studied in detail.  

5.3.1 Rationale for using O3 for optimisation of operational parameters  

Kinetics of ozone formation has been discussed in section 2.4. Similar to ozone 

formation, it is interesting to see, that electron impact dissociation is the dominant 

pathway in kinetics of hydrogen formation as discussed in chapter 3 (Rehman et al., 

2012). Also, the threshold energy required for electron impact reaction with H2O (5.1 

eV) (Kregar et al., 2009) is not very different from the threshold energy required for 

electron impact reaction with O2 (6 eV) for O3 generation (Kogelschatz, 2003).  

However, the ozone forming step is a three body reaction between O and O2 while 

that in hydrogen formation is the reaction between H and HO2. Again, in kinetics of 

formation of both hydrogen and ozone positive ions do not seem to have contributed 

significantly. The ozone formation is quenched by the presence of nitrogen and/or 

moisture at a higher power levels and oxygen atoms start recombining with each other 

to produce oxygen molecules or breakdown the already produced ozone. Similar 

behaviour is shown by water vapour plasma that hydrogen and hydroxide radicals 

produced in the plasma recombines to produce water (Fridman, 2008). The reaction is 

a three body reaction and has a small rate constant (3 x10-33 cm6 s-1) which could start 

dominating the kinetics at higher power levels. Figure 5-21 represents the kinetics of 

ozone formation in air plasmas (Kossyi et al., 1992). The red line has been drawn in 
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Figure 5-21 to show the time scales for hydrogen number density to reach of steady 

state and the blue line indicates the time scales for ozone number density to reach 

steady state. The most interesting observation is that the overall time scale to reach 

steady state formation of H2 and O3 is quite similar. Although the time to reach steady 

state production of O3 is shorter than the time scale for hydrogen to reach steady 

state, it could be suggested that the overall kinetics would remain same. This might be 

explained by comparing time scales of reaching steady state formation of O3 and H2 in 

Figure 5-21. If an air plasma is tuned such that it is run only until the time scale to 

reach steady state H2 instead of time scale to reach O3 steady state formation, the only 

difference one can expect is slightly higher number density of NO2. Since O3 has 

already reached steady state, its concentration does not change. Similar time scales to 

what has been proposed by (Kossyi et al., 1992) for the ozone formation has been 

reported by (Eliasson and Kogelschatz, 1991) in air plasmas. However these kinetic 

studies (Eliasson and Kogelschatz, 1991, Kossyi et al., 1992) were carried out at higher 

electron density value (1025 m-3) while, in chapter 3 hydrogen formation kinetics has 

been studied at lower electron density (1017-1021 m-3) (Nehra et al., 2008) . 
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Figure ‎5-21 Kinetics of ozone formation in air plasma (Kossyi et al., 1992) 

In Figure 3-5 of chapter 3, the evolution time of species has been plotted against the 

electron density. It was observed that a decrease in evolution time of the species is 

expected as the electron density is increased. It has also been noticed (Kogelschatz, 

2003) that time scales of ozone formation in air plasmas is an order of magnitude 

slower than the time scales of ozone formation in oxygen plasmas. The reason is the 

"substantial fraction of electron energy initially lost" in electron collision with nitrogen 

which is later recovered by reactions (2-36) and (2-37) given in section 2.4 (Eliasson 

and Kogelschatz, 1991). It is worth noting here that kinetic simulations run by Eliasson 

and Kogelsschatz (1991) did not have any moisture in it. However, air, even dried to 

have a dew point -60 oC, would contain 10 ppm of water vapour concentration (Yagi 

and Tanaka, 1979). The air used in the laboratories has a higher moisture content of 
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around 50 ppm (BOC, 2014). The presence of moisture, in a similar way to nitrogen in 

air plasma, could absorb energy from plasma and make reaction kinetics slow enough 

to make it comparable with the kinetics a of hydrogen formation. So in the light of 

discussion above, it could be assumed that as time scales for formation of hydrogen 

and ozone is similar and hence the overall kinetics of formation is also similar. 

5.3.1 Calibration 

The standard indigo solution was diluted with a known volume of water to make 

several diluted standard solutions. A calibration curve was plotted and is shown in 

Figure 5-22. The calibration curve shows the relation between concentration of indigo 

and corresponding absorption at 600 nm. The calibration curve was used to calculate 

the moles of indigo decomposed in each experiment and hence the concentration of 

ozone produced could be calculated.  

 

Figure ‎5-22 Calibration curve for Indigo solution 

5.4.3 Effect of pressure  

The effect of pressure on ozone production was monitored by increasing the pressure 

inside the plasma micro-reactor by putting a needle valve at the outlet. Pressure was 

varied between 0.2-1.0 barg. The effects of increasing the pressure are shown in 

Figure 5-23.  
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Figure ‎5-23 Effect of pressure on ozone formation 

The standard error in absorbance was 4.5%. The pressure is found to decrease the 

ozone formation with an increase of 1 barg reducing the ozone concentration by half. 

The reduction in concentration of ozone could be expected by increasing the pressure. 

With the increase in pressure, number density of gas particles in the plasma micro-

reactor is increased as shown by ideal gas law. With an increase in the number density 

of gas particle, the electric field will be distributed over a larger number of particles 

lowering the energy level of each particle. Hence the number of effective collisions 

would decrease, eventually reducing the ozone formation. From the results, it could be 

stated that air flowing at 0.2 barg would favour ozone formation. 

5.4.4 Effect of flow rate  

Flow rate was varied between 0.2 (l min-1) to 5 l min-1. The standard error in 

absorbance was 4.6%. The results are shown in Figure 5-24. The trend line could be 

divided into two main parts. Ozone concentration reaches a point of maximum 

formation before reducing back to a steady state condition. Further increase in the 

flow rate of air (at a constant pressure of 0.2 barg) would result in quenching plasma 

(Yagi and Tanaka, 1979).  
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Figure ‎5-24 effect of flow rate on ozone formation at 4.8 kV, 37 kHz, 3 cm electrode length and atmospheric 
pressure 

Initially, an increase in the ozone concentration is observed as the flow rate is varied 

from 0.2 l min-1 to 1 l min-1. However, it could be seen that 0.6, 0.8 and 1 l min-1 flow 

results in similar concentration of ozone. A sharp decrease in the concentration of 

ozone is observed from 1-2 l min-1. From 2-5 l min-1 a steady ozone concentration is 

obtained. The results shown in Figure 5-24 could be explained on the basis of 

phenomenon occurring both in plasma and mass transfer on the skin of the 

bubble/gas-liquid interface.  

Increase in ozone formation could be attributed to a relatively smaller ratio of oxygen 

atoms to oxygen molecules [O]/[O2]. As discussed earlier in chapter 2 in section 2.4, a 

higher concentration of oxygen atoms has  a poisoning effect on ozone formation by 

reacting with O3 and /or O3*, as shown in reactions (2-26)-(2-28), where an optimised 

ratio of concentration [O]/[O2] of an order of 10-3 has been proposed to be optimum 

(Eliasson and Kogelschatz, 1991). Increasing the flow rate from 0.2 to 1 l min-1 would 

have increased the concentration of oxygen molecules [O2] in plasma and hence the 

quenching effect of oxygen atoms [O] might be reduced causing ozone formation to be 

increased. Since, applied power was same in all experiments, increasing the flow rate 

from 1-5 l min-1 would have reduced the specific energy (eV molecule-1) to an extent 

where ozone formation is decreased. 
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Since ozone solubility in water (5 x 10-5 mol l-1) (Sotelo et al., 1989) is low (compared to 

3.78 x 10-4 mol l-1 at 20oC) (Nixon and Pauley, 2014), mass transfer of ozone from 

bubble (gas phase) to liquid could be assumed to be controlled by the liquid phase 

transfer coefficient (Caprio et al., 1982, Konsowa, 2003). The initial increase in the 

ozone concentration could be attributed to an increase in mass transfer from the 

bubble (gas phase-a mixture of ozone and air) to liquid. This enhancement in mass 

transfer could be explained on the basis of relatively increased turbulence at higher 

flow rate, hence mixing, and increase in gas holdup ( G ) with increasing flow rate as 

depicted by n

G Q . Where Q  is the air flow rate and n  ranges from 0.7 to 1.2 under 

bubbly flow conditions which prevails at relatively smaller gas flow rates (Konsowa, 

2003). As a result of increased gas holdup, liquid-gas interfacial area is increased and 

hence the mass transfer from bubble to liquid increases. The increase in mass transfer 

and consequently an increase in ozone concentration because of its dilution in water  

is observed until the bubble flow regime is replaced by a heterogeneous regime (at 

relatively larger bubbles). At this point the bubbles start growing big because of 

frequent collisions and coalescence. Additionally, the increased bubble size reduces 

the surface area and hence the overall mass transfer is reduced. The bubbly flow 

regime and heterogeneous regime are shown in Appendix III (Figure 7-6 and Figure 7-

7). 

Experimental results shown in Figure 5-24 could be used to calculate the residence 

time of air in the plasma chamber. Figure 5-25 shows the concentration of ozone 

produced at different residence times. It is worth noting that the maximum ozone 

concentration is produced at around 2 x 10-2 s which is time assumed for the ozone to 

reach maximum concentration (Eliasson and Kogelschatz, 1991, Kossyi et al., 1992).  
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Figure ‎5-25 Effect of residence time on ozone formation 

It also validates the assumption that the timescale for both hydrogen and ozone 

production is similar and hence the kinetics of formation are similar. With further 

increase in the residence time, formation of NOx dominates and the ozone 

concentration is reduced (Yagi and Tanaka, 1979). 

5.4.5 Effect of power  

The effect of power on ozone formation is observed by changing the power from ~ 20-

80 W by varying the voltage between 3.4-4.8 kV at 37 kHz The lower limit of the 

applied voltage was set corresponding to the minimum breakdown voltage of air and 

the upper limit was set to avoid arcing in the system. The current was allowed to 

adjust itself according to impedance of the system. The standard error in absorbance 

was 10%. Ozone concentration is found to increase with the power input. The 

experimental results are depicted in Figure 5-26. Two different slopes could be 

observed in Figure 5-26. From 20-50 W the slope looks steeper than the slope from 60-

80 W. Higher power density leads to the stronger microdischarges which eventually 

start supporting side reactions either by recombination of O atoms to produce O2 or 

break down the O3* and/or O3 by collision with O atoms as shown in reactions (2-26)-

(2-28) given in section 2.4. Also as discussed above the formation of NO and NO2 could 

start dominating ozone production at higher power densities. 
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Figure ‎5-26 Effect of power on ozone formation at 1 l min
-1

, 37 kHz, 3 cm electrode length and 1.01 bar 

However, the trend indicates that the plasma is still not power saturated in which case 

a decrease in the ozone concentration at higher power levels would have been 

observed. The results, however indicate that some other dielectric material with 

higher dielectric strength could be used instead of borosilicate glass in order to 

conduct the experiments at higher voltages (>5 kV) like mica (7) or alumina (9.3-11.5) 

(ToolBox, 2014). From the results it could be concluded that higher powers would 

favour formation of ozone in the range of 3.4-4.8 kV with 37 kHz using 3cm long 

electrode. 

5.4.6 Material and geometry of electrode  

Electrodes used in plasma-micro reactors deteriorate as they are used over longer 

period of times. It becomes important to test the behaviour of electrode material over 

longer period of time. However, because of the scale of the study it was not possible to 

run the experiment for longer periods of time (over a period of days). As discussed 

above three different internal electrodes and four different external electrodes were 

used to see the effect of properties (such as electrical conductivity) of materials on the 

ozone formation. Aluminium, brass and stainless steel were chosen as internal 

electrodes because they present inexpensive options to be used as electrodes 

compared with Pt. For longer period of time, the change in structural properties of 

inner electrodes and the corresponding effect on ozone concentration could not be 

tested because of the requirement of large amounts or indigo solution for it. Other 
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than type of material used for external electrodes, two different configurations of 

material used were sheet and mesh. Al sheet and Al tape are sheet electrodes and two 

stainless steel made meshes were used as well. The electrodes are shown in Appendix 

III (Figure 7-8). The meshes were used to monitor the effect of different configuration 

of electrode on ozone concentration as it is reported that meshes can make plasma 

more homogenous (Ye et al., 2012). Also, the electrical conductivity of the external 

electrodes would govern how much current they can conduct and hence can affect the 

plasma efficiency by limiting the power supplied to the it. More power will be 

dissipated as heat if a poor conductor is used. The standard error in the experiments 

was found to be 3.13%. The results are shown in Figure 5-27. No significant difference 

was observed by using different combinations of internal and external electrodes, 

although, Al tape seems to produce slightly higher concentration of ozone but the 

effect was not significant.  

 

Figure ‎5-27 Effect of different material type and configuration of electrode 

From Table 5-6 it is evident that there is a significant difference between electrical and 

thermal conductivities of the material used in the experiment. However, the difference 

in these properties does not seem to affect ozone concentration. This indicates that 

the plasma impedance is controlling the overall power flow through the reactor and 

electrical conductivity of materials does not play a significant role in ozone formation.  
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Table ‎5-5 Electrical and Thermal conductivities of Aluminium, Brass and Stainless steel (ToolBox, 2014) 

Material Electrical Conductivity 
(Siemens/m)) 

Thermal Conductivity 
(W/m-K) 

Aluminium  3.77 x 106 205 

Brass 15.9 x 106 109 

Stainless steel 1.0 x 106 16 

5.4.7 Electrode length 

The length of external electrode was varied in order to optimise the length of plasma 

reactor. The standard error in absorbance was 7%. The results of variation in ozone 

formation are shown in Figure 5-28. A gradual increase in the ozone formation is seen 

with an increase in the length of the plasma chamber.  

 

Figure ‎5-28 effect of variation in electrode length (Al-Tape) on ozone formation at 4.8 kV, 37 kHz, 1 l  min
-1

 and at 
0.2 barg 

By increasing the length of electrode the residence time for which air is passing 

through active plasma zone has increased causing an increase in ozone concentration. 

5.4.8 Effect of frequency 

The frequency was varied between 26-40 kHz to see its effect on ozone concentration. 

40 kHz was the maximum value which could be achieved by the present power supply. 

The lower limit was set in order to prevent arcing. The standard error in absorbance 

was 6% in case of 3 kV and 34 kHz while in all other experiments the percentage error 

was around 1%. As mentioned above the current was allowed to settle at a value 

according to the impedance of the system. However, at different frequencies at given 
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voltages the current drawn by the plasma micro-reactor varies. Figure 5-29 shows 

peak current drawn at different frequencies. Also, it could be seen that it is not 

possible to conduct the experiments at 4.2-4.8 kV at 28 kHz because of arcing. Only at 

3 kV it was possible to lower the frequency to 26.3 kHz. The peak current drawn in the 

plasma micro-reactor increases as the frequency is decreased from 40 kHz.  

 

Figure ‎5-29 Peak current drawn by plasma at different frequencies 

For every applied voltage the maximum current is absorbed at 34 kHz. The current 

then decreases as the frequency is further lowered to 31 kHz and starts rising again as 

the frequency is further reduced to 28 kHz and keeps rising as frequency is further 

reduced to 26 kHz in case of 3.0 kV. Figure 5-30 shows the power consumed by the 

plasma reactor. The trends shown are similar to Figure 5-29.  
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Figure ‎5-30 Variation in absorbed power at different frequencies 

Figure 5-31 Effect of varying the frequency on ozone concentration. It can be noted 

that ozone formation is favoured at lower frequencies. 

 

Figure ‎5-31 Effect of frequency on ozone formation 

Except for 4.6 kV and 4.8 kV the concentration of ozone produced increases with a 

decrease in the frequency. It could be seen that maximum ozone concentration is 

obtained at 3 kV at 26.3 kHz, 3.4 kV and 3.8 kV at 28 kHz. In an AC powered plasma 

reactor, at lower frequency, it takes more time for polarity to shift from one electrode 

to the other. This means charge is felt by the air for longer period of time and hence 

higher concentration of ozone is obtained. As mentioned above, it was not possible to 
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lower the frequency to 28 kHz for higher voltages (4.2-4.8 kV) so the exact effect of 

smaller frequencies at higher applied voltages cannot be found.  

Figure 5-32 shows the effect of power on ozone formation at different frequencies. 

The maximum concentration of ozone (~90 ppm) is produced utilising 60 W at 28 kHz.  

It is also interesting to see that similar ozone concentration is produced at 26 kHz. 

Further analysis could not be performed as there is only one data point available at 26 

kHz and 3.0 kV. In the current experimental setup higher concentrations of ozone are 

produced at low power (~70 W) at low frequency (26 and 28 kHz) than at higher power 

(~300 W) at higher frequency (40 kHz).  

 

Figure ‎5-32 Effect of frequency variation over ozone formation 

It is interesting to compare results shown in Figure 5-32 to the results shown in the 

section 5.4.5. Similar trends to Figure 5-26 are observed. At a specific frequency, 

increasing power produces higher ozone concentration except 31 kHz where ozone 

concentration is found to decrease with an increase in power. As discussed above 

higher power density could lead to the stronger microdischarges which eventually start 

supporting side reactions either by recombination of O atoms to produce O2 or break 

down the O3* and/or O3 by collision with O atoms as shown in reactions (2-26)-(2-28). 

Ozone formation using plasma micro-reactors, thus, requires much lower frequencies 

(~28 kHz) at lower applied voltages (~34 kHz). Values of optimised variables are given 

in Table 5-7.  
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Table ‎5-6 Summary of optimised operational parameters 

Parameters Optimised Values  

Pressure  Atmospheric pressure  

Flow rate  ~ 1 l min-1 

Power  80 W at 37kHz 

Electrode (internal) Aluminium rod  ( not significant difference though) 

Electrode length  3.5 cm 

Frequency  28 kHz at 3.4 kV 
 

5.4 Separation of hydrogen from product gas 

5.4.1 Rationale for using air-water system for separation process  

The efficiency of hydrogen separation can be measured by measuring the mass 

transfer from product gases to liquid phase e.g., oxygen from microbubbles. However, 

it must be noted that the current study is utilising plasma micro-reactors. The flow of 

gases used in the study is in the order of millilitres as discussed in sections 4.2.1 and 

5.2.9. The amount of hydrogen and oxygen produced could not affect the 

concentration of dissolved gases in water significantly to be detected by conventional 

detection equipment such as a DO probe. Additionally, the fluidic oscillator used in this 

study requires 40 l min-1 as a threshold value to start oscillating the fluid. In order to 

identify the potential use of oscillatory flow as a separation technique, however, a 

distinctive air-water system could be used. The air-water system will allow working at 

higher flow rates, measure aK l  and hence an efficient and cost effective method of 

microbubble generation could be identified for hydrogen separation process.   

5.4.2 Measurement of aKl  

aK l  can be found by using unsteady state method i.e., fitting the data to the following 

equation (Kawahara et al., 2009). 

      CCaK
dt

dC
sl      (5-23) 

Where sC  is saturation concentration of water at test temperature as given by Henry’s 

law and C  is the concentration of oxygen in water during experiment measured at 
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different time intervals. The experimental data obtained was analysed for aK l  using 

the equation below (Gray, 1990).  

     tKla

os

ts e
CC

CC
E )(




     (5-24) 

Where , tC  is DO concentration (mg/l) at time t, 
sC  is as described above, 

oC is initial 

DO concentration (mg l-1) and aK l  is volumetric mass transfer coefficient. 

Temperature adjustment was done following the equation 5-25; 

     
2020

)(
)(




T

Tl

l

aK
aK


    (5-25) 

Where,   = Temperature correction factor for oxygen transfer coefficient taken as 

1.024, T= Average temperature of the experiment-considered 20oC in the current 

study. All experiments were repeated three times to estimate the standard error. Here 

an average error of 12.12% in oscillated flow and 11.96% in steady state flow is 

reported. Figure 5-33 shows the graph plotted for the measurement of aK l  for steady 

state flow and oscillatory flow respectively. It is clear from the Figure 5-33 that aK l  is 

higher for oscillatory flow than that of steady state flow.  

 

Figure ‎5-33 kla model used for oscillatory flow and steady state flow 
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Figure 5-34 shows the bar chart for aK l  values for the oscillatory flow and steady state 

flow. It is clear that at each flow rate aK l  for oscillatory flow is higher than the steady 

state flow.  

 

Figure ‎5-34 Comparison between Kla20 measured under oscillatory flow and steady state flow 

It is interesting to note in Figure 5-35 that with increase in flow rate from 40-60 l min-1, 

improvement in aK l  by oscillatory flow has increased gradually.  

 

Figure ‎5-35  Percentage improvement for 40-100 l min
-1 
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highest observed for 60, 90 and 100 l min-1. It is very interesting to notice that aK l  for 

oscillatory flow at 60 l min-1 is approximately equal to aK l  for 100 l min-1 under steady 

state conditions which means same amount of mass transfer could be achieved using 

oscillated flow at much lower gas flow rates. This shows the increase in mass transfer 

using fluidic oscillator and its potential application in separation process. Since all 

other operational parameters were kept constant, the increase in aK l  for oscillatory 

flow could be attributed towards the presence of larger number density of 

microbubbles in the system. Also, one of the reasons explaining higher efficiencies at 

higher flow rate is the higher frequency of oscillation at higher flow rates. Frequency of 

oscillation is inversely proportional to the feedback loop length. Since, the feedback 

loop length used in the experiment was the shortest one, frequency of oscillation 

would be higher and hence higher density of microbubbles will be  produced at higher 

flow rates.  

Increase in mass transfer at higher flow rates has been explained on the basis of 

reduction in diffusion layer thickness of the bubbles by the wake of the rising bubbles 

from eddy current. The gas hold up increases at high flow rates hence increasing the 

gas-liquid interfacial area as well as the rate of mass transfer (Konsowa, 2003). The 

diffuser membrane material used in this study could have also helped in the bubble 

break off mechanism. Since it is constructed from a flexible membrane with pore size 

of approximately 600 µm when fully inflated, it could cause opening and closing of the 

pore to help pinch the bubble off at smaller size than the steady state flow.  

In Figure 5-36, it is interesting to observe that, to the naked eye, the bubble size and 

turbulence generated by both oscillatory and steady flow appeared to be the same. 

However when bubble sizing was carried out using ABS, it clearly shows that the 

density of microbubbles is high in oscillatory flow compared to steady flow. This could 

prove to be doubly advantageous when process is to upgrade to industrial scale. 

Higher turbulence will maintain high degree of mixing and hence homogenous 

conditions throughout the liquid column/container and yet full advantages from higher 

mass transfer could be exploited.  
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Figure ‎5-36 Gas flow through diffusers under oscillatory flow and steady state flow 

5.4.3 Bubble size distribution  

Bubble sizing was carried out in the flow range of 40-100 l min-1 to measure the bubble 

size distribution. It was done to observe any reduction in the bubble size with the 

oscillatory flow which could validate the enhancement in mass transfer and hence 

higher aK l . Hydrophones would measure the size of the cloud of bubbles passing 

between them. Bubbles were seen coming out from the whole surface of the 

membrane. However, bubbles converged to the centre as they rise in the water. Two 

competing mechanisms, at this point, are involved on the surface of the bubble. As the 

bubble rise, oxygen inside the bubble would transfer from the bubble to the 

surrounding liquid causing the bubble to shrink. Also, hydrostatic head is reduced with 

the bubble rise causing bubble to expand. The final size of the bubble is determined by 

the equilibrium point between these two forces. 

Bubble size distribution was measured by ABS. ABS measures bubble size density and 

void fraction in real time in a single capture or continuous mode. One of the 

advantages of using this technique is its insensitivity to particulate matter in the liquid 

phase which might interfere with the actual measurements. Figure 5-37 and Figure5-

38 show the bubble size distribution measurement at different flow rates. It was found 

that the bubble density for oscillatory flow is higher than that for the steady flow. 

However, at 40 l min-1, the difference between the bubble densities for two types of 

flow is not significant compared to the other flows used in the current study as shown 

in Figure 5-37 (A). This is because 40 l min-1 is the minimum flow rate at which the
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Figure ‎5-37 Bubble size distribution for (A) 40 l min
-1

 (B) 50 l min
-1

 (C) 60 l min
-1

 (D) 70 l min
-1
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Figure ‎5-38 Bubble size distribution for (E) 80 l min
-1

 (F) l min
-1

 (G) l min
-1

 (H) combined result
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fluidic oscillator starts oscillating the fluid and hence the difference between the 

bubble densities is not considerable. As the flow rate is increased, the bubble density 

for oscillatory flow becomes higher as seen in Figure 5-37 (B, C and D). It is also 

noticeable that highest density for microbubbles lies between the range of 80-120 µm 

which is shown in Figure 5-38 (H). It could be based on the fact that single feedback 

loop length was used in all experiments. As mentioned earlier frequency of oscillation 

is a function of feedback loop length, so it is expected that highest bubble density 

would peak for a particular size distribution which is favoured at that frequency of 

oscillation.  

It could also be noted that total volume of all bubbles (as shown in Figures (5-37 and 5-

38) does not match with corresponding air flow rates (40-100 l min-1) used in the 

experiments because this study is focused on the production of microbubbles so 

frequency of ABS was set such that bubbles between the size distribution of >80-450 

µm could be monitored. However, more hydrophones for different frequency ranges 

could be utilised to measure fine bubbles as well. 

Experiments for both measurement of aK l  and bubble size distribution indicate that 

microbubbles could reliably be generated by the use of fluidic oscillator. As shown in 

chapter 2 in Figure 2-6 in section 2.5.2 dissociation products from plasma micro-

reactors would come out in the form of microbubbles. Using oscillatory flow, along 

with microbubble generation, enough mixing could be obtained to keep level of 

oxygen same in the water column. Hence oxygen from the microbubble could be 

assumed to constantly transfer from microbubble to water outside at steady rate. The 

bubble bursting at the water surface would then release hydrogen rich gas. Using a 

fluidic oscillator, a very conservative estimate of improvement of mass transfer 

coefficient of 55% could be expected. Additionally, fluidic oscillators can be retrofitted 

in any industrial mass transfer limited process such is the simplicity of its installation. 

5.4.4 Oxygen removal efficiency  

Utilising the same data used to calculate aK l , oxygen separation efficiency can be 

calculated as shown in Figure 5-39. The maximum oxygen removal efficiency is found 

to be 24%. It seems from Figure 5-39, that the efficiency of oxygen removal is 

decreasing with the increasing flow rate from 40 to 100 l min-1. However, it was noted 
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in section 5.4.2 that increasing flow rate results in higher value of aK l . The 

contradiction between the two results can be explained on the basis of the fixed 

volume of water used in the experiments. It must be noted that in all experiments 

volume of water was kept constant. However, the air flow rate was varied from 40-100 

l min-1. Only a certain amount of oxygen can be dissolved in water (saturation 

concentration of oxygen in water) which is a function of water temperature.   

 

Figure ‎5-39 Oxygen removal efficiency at different flow rates for Oscillatory and steady state flow 

Since volume of water was kept constant, oxygen removal efficiency is a function of 

saturation concentration of oxygen in that volume of water at that particular 

temperature. However, with increase in flow rate of air from 40-100 l min-1, the 

amount of oxygen coming in the water has increased so oxygen removal seems to have 

diminished. A better representation of the results can be shown as Figure 5-40. Again, 

at each flow rate only a certain amount of oxygen can be removed. However, with 

increase in flow rate from 40-100 l min-1, the saturation limit has been reached quickly. 

For 100 l min-1, the saturation has been achieved below 200 s. However, it has taken 

more than 800 s for the water to get saturated. Also, at every value of flow rate, 
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saturation concentration has been reached quicker with oscillatory flow than with 

steady state flow.  

 

Figure ‎5-40 Oxygen absorbed at different flow rates under oscillatory and steady state flow conditions 

 5.5 Application of reactive separation on plasma-chemical process  

5.5.1 Measurement of aKl  

Similar procedure as discussed in section 5.4.2 was used to measure aK l . The value of 

aK l  has been measured for both oscillatory and steady flow using MBD-600 diffusers. 

A standard error of 3% was observed in experiments measuring aK l . The results are 

shown in Figure 5-41. The value of aK l  has been reported in s-1 units to compare with 

reaction time scale ( ) calculated in chapter 3.  
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Figure ‎5-41 Kla for oscillatory and steady flow 

It was assumed and has been noted in section 5.3.1 that the time scale for producing 

steady state concentration of hydrogen and ozone is in the order of 10-2s. Figure 5-41 

shows aK l  values for both oscillatory and steady flow is in the order of 10-3s which 

indicates oxygen is dissolving in water an order of magnitude quicker than at what 

hydrogen is being produced in plasma micro-reactor making reactive separation 

possible on plasmo-chemical reaction. This higher separation rate should drive the 

equilibrium towards production of more hydrogen and oxygen, hence, higher yield of 

products could be expected. However, there are two possible barriers needed to be 

overcome before this approach could be applied. First is the flow rates of the water 

vapours and Ar gas (reactants in general) should be such that the residence time of the 

products in diffuser section is higher than both rate of formation of products in the 

plasma micro-reactor and also separation time scale of gases in water. This would, 

essentially, require multiplexing the plasma micro-reactors into one relatively larger 

unit where higher flow rates could be utilised. Multiplexing micro plasma reactors, in 

addition to solving this problem, yield higher concentration. It is worth noting that 

multiplexing of plasma micro-reactors has already been shown in literature 

(Zimmerman et al., 2010). The other barrier to overcome is selection of proper 

material to be used as a diffuser. The diffuser section has to be very thin such that the 

residence time of products in the diffuser is negligible compared to the reaction time 

scale ( ) and separation time scale ( aK l ). Diffuser material needs to have very fine 
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pores, be homogenously distributed, plasma resistant and commercially available. 

However, reactive separation will only be truly applicable if production and separation 

could occur simultaneously. There should not exists an intermediate stage between 

production (plasma micro-reactor) and separation (diffuser and water column) 

processes. An ideal plasma micro-reactor would have very fine pores at the outlet such 

that products coming out from the reactor could enter into the water column without 

have to pass through the diffuser. Plasma filled micro-bubbles, in this case, will enter 

into the water column. At the bubble interface, oxygen (products) will start dissolving 

in the water column and since the rate at which it is dissolving in water is faster than 

the reaction time scale of plasmolysis occurring inside the microbubble, the 

equilibrium will be shifted in the forward direction.  

The other important result shown in Figure 5-41, is similar values of aK l  for oscillatory 

and steady flow. This result is unexpected and also contradictory to establish theory of 

enhanced mass transfer by higher surface area offered by microbubbles. This can be 

explained by comparing the residence time of microbubbles in the water tank with the 

time required for microbubbles to transfer oxygen to water and reach mass transfer 

equilibrium. Since microbubbles have very high surface area, they start transferring the 

oxygen as soon as emerge out of diffuser and reach mass transfer equilibrium. This 

mass transfer equilibrium could be achieved at a length scale of  approximately 3 

diameter lengths of microbubbles (Private communication with Professor William 

Zimmerman of Department of chemical & Biological Engineering, The University of 

Sheffield, UK). Since the microbubbles reach equilibrium very quickly, they spend rest 

of their time in the tank without transferring oxygen to the water. However, fine 

bubbles being large in the size (>1 mm), having small surface area transfer oxygen 

slowly to the water and reach mass transfer equilibrium near water surface later than 

the microbubbles. Hence, similar values of aK l  are achieved for both oscillatory and 

steady flow. This effect is very predominant in smaller flow rates like what has been 

used in the current section (5.5.1). On the other hand, at larger flow rates (40-100 l 

min-1) used in section 5.4.2 the fine bubbles have high velocity and thus very little 

residence time. They rise quickly and reach surface without reaching equilibrium 

causing a significant reduction in mass transfer as was observed in section 5.4.2.  
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5.5.2 Bubble size distribution 

Figure 5-42 shows bubble size distribution for steady and oscillatory flow. It can be 

observed that the number density of microbubbles produced under oscillatory 

condition is significantly higher for 20 micron diameter. The higher number density of 

microbubbles is a function of frequency of oscillation which is governed by length of 

feedback loop as discussed in section 5.4.3. Efficient generation of microbubbles by 

fluidic oscillation has already been discussed. However it is worth noting that density 

of microbubbles produced by oscillatory flow is similar to steady state flow for the size 

distribution of 20-40 µm and 40-60 µm.  

 

Figure ‎5-42 Bubble size density distribution for MBD 600 diffuser under oscillatory and steady flow 

This result could be attributed to the hydrophilic nature of the diffuser used in the 

experiment. As discussed in section 2.5.3, hydrophilic surfaces assist the bubble 

formation mechanism. Hence it could be concluded that using oscillatory flow by 

fluidic oscillator is a cost effective method to generate microbubbles by using ceramic 

and membrane diffusers which is a key step in applying separation approach in the 

current study.  

5.5.3 Ozone generation experiments  

Figure 5-43 shows the results of ozone generation by changing the positions of 

external electrode to generate plasma at different position along the length of plasma 

micro-reactor. Indigo solution was decolourised (spectrophotometer showed zero 
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absorbance reading) in 18 seconds when external electrode was placed below the 

diffuser section. However, it took 36 seconds to completely decolourise the indigo 

solution when external electrode was placed at the bottom position. The result could 

be attributed to few reasons. Firstly, placing the external electrode below the diffuser 

would have given a chance for ozone to react instantaneously with indigo solution. If 

the reaction between ozone and indigo solution is faster than the rate of production of 

ozone in plasma channel, this would shift the equilibrium of reaction in plasma channel 

in the direction of ozone production.  

 

Figure ‎5-43 Ozone concentration produced by placing electrode at top and bottom position of plasma micro-
reactor 

Hence, it could be concluded that reactive separation could have occurred as 

hypothesised in chapter 1. However, at 1 l min-1 of air used in the experiment the 

residence time of products in diffuser section is 6.6 x 10-2 s. Looking into the flow rate 

analysis done in section 5.4, flow rate of 1 l min-1 was chosen. Higher flow rates, 

though would have increased residence time, were not chosen as significant reduction 

in ozone concentration has been observed at higher flow rates. At lower ozone 

concentration it would have been difficult to compare the data for two different 

positions of plasma ignition. The residence time is of similar order to reaction time 

scale and separation time scale. So the extent to which reactive separation has a role 

play in producing an increased ozone concentration could not be quantified. 
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Secondly, there exists other oxidizing species in air plasma such as OH radicals because 

of the presence of moisture in it. As discussed above, air even dried to have a dew 

point of -60oC would still have 10 ppm (Yagi and Tanaka, 1979). Along with OH radicals, 

other species like O could also exist in air plasma. These species have a very short life 

spans. Putting electrodes below the diffuser might have given enough time for these 

species to react with indigo and cause more oxidation. However the life span of 

excited radicals like OH and O is of the order of less than a microsecond. Considering 

the residence time of gases in plasma chamber and in diffuser section, these radicals 

would not have enough time to reach the indigo solution and decolourise it. Also, 

diffusers have significantly high surface area so the chances of OH, O or any other ionic 

or excited species reaching indigo solution are very limited. Again, an increased 

concentration of produced ozone could not be solely attributed to the existence of 

these species. A third reason could be the dissociation of ozone by colliding with wall 

of reactor and/or by colliding with another molecule of ozone. Again it is difficult to 

assume that half of the ozone produced at lower position (13 cm away from diffuser) 

of plasma channel being destroyed by colliding with the walls of the plasma micro-

reactor or with another ozone molecule. Industrial scale ozone generators are 

equipped with cooling system to control the temperature. Ozone production has been 

known to decrease with increasing temperature. Since no cooling system was used in 

the experiment to control the temperature of outer electrode, a reduction in ozone 

concentration could be attributed to an increase in temperature. However, reaction 

conditions are the same in both experiments so temperature would have effected in 

similar fashion. Also, each experiment was only run for 3s, hence no significant 

increase in the temperature of the electrode is expected. However, a definite 

conclusion could be made that igniting plasma below the diffuser (top position in 

Figure 4-10) has produced twice as much ozone as it did when plasma was ignited 

away (bottom position in Figure 4-10) from the diffuser.   
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5.6 Summary  
[ 

Minimum breakdown voltage for water vapours flowing at 1 atm was found to be 3.5 

kV, 3 mA at 36.73 kHz. Water vapour plasma was characterized by optical emission 

spectroscopy. An electron density, 1.765 x 1017 m-3 and Debye length 3.24 µm has been 

estimated. Electron, excitation, rotational and vibrational temperatures was 

calculated. The temperatures calculated showed the order Te(0.77eV)> Texc(0.53eV)> 

Trot(0.067eV) which confirms the non-LTE environment of the plasma. Analysis based 

on the decomposition rate suggests an energy yield of 10 g/kWh for water vapour and 

20 g/kWh for water vapour and Ar which is on a par with electrolysis. Energy efficiency 

and thermodynamic efficiency for water vapour plasmolysis along with Argon was 

found to be 78.77% and 79.16%. This shows that hydrogen could potentially be 

produced by water vapour plasmolysis, as hypothesised in chapter 1. A discussion is 

presented on the identification of optical emission spectral peaks in the region 

between 317-400 nm.  

It is identified that the O3 generation could be used instead of H2 generation to 

optimise the operational parameters of plasmolysis. The rationale for this assumption 

has been discussed. Pressure and flow rate of the air, electrode material, length of 

external electrode and its configuration, applied power and frequency have been 

optimised. It was found that at higher pressure, raising the pressure to 1 barg, ozone 

concentration is reduced to half. The optimum flow rate is found to be around 1 l min-1 

. It was found experimentally that ozone formation is favoured at around time scale of 

order of 10-2s hence validating the assumption that time scale for ozone formation and 

time scale for hydrogen formation is similar. This time scale is in agreement to the time 

scale found in chapter 3 by kinetic modelling. Both electrode materials for internal and 

external electrodes and two configurations (sheet and mesh) were not found to affect 

ozone formation significantly. At constant frequency of 37 kHz, ozone concentration 

was found to increase with the increase in voltage from 3.4 kV to 4.8kV. However, 

when frequency was varied between 28-40 kHz, the maximum ozone was produced at 

frequency ~ 28 kHz and voltage ~3.4 kV. 
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A novel approach has been presented to separate hydrogen produced by water vapour 

plasmolysis by exploiting the difference between solubilities of hydrogen and oxygen 

in water. For all values of flow rate aK l  has been found to be higher for oscillatory 

flow than steady flow with highest improvement of ~55% observed at 60, 90 and 100 l 

min-1. Bubble sizing was done using acoustic bubble spectrometer for 40-100 l min-1. At 

every flow rate, the bubble density for microbubbles was higher under oscillatory flow 

conditions which validate the production of microbubbles using fluidic oscillator. It has 

been identified that the fluidic oscillator could be used to produce oscillatory flow for 

the separation of hydrogen from the products.  

For application of reactive separation on plasma-chemical reaction, aK l  has been 

measured for the MBD-600 diffuser to measure the separation time scale. The value of 

aK l  for steady state and oscillatory flow was found to be 0.0017 s-1 and 0.0019 s-1 

respectively. Comparison of reaction time scale   from chapter 3 and aK l  shows that 

using an ideal plasma micro-reactor, reactive separation could be used to change the 

reaction equilibrium and improve reaction efficiency. Experiments were conducted to 

observe any change in ozone formation by air plasma by changing the position of 

plasma micro-reactor relative to diffuser section. Experiments showed twice as much 

ozone as is produced when plasma was ignited near the diffuser.  
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6.1 General conclusions  

Energy plays a pivotal role in socio-economic development by raising standard of 

living. It is becoming gradually accepted that current energy systems, networks 

encompassing everything from primary energy sources to final energy services, are 

becoming unsustainable. Currently, energy-related GHG emissions, mainly from fossil 

fuel combustion for heat supply, electricity generation and transport, account for 

around 70% of total emissions including carbon dioxide, methane and some traces of 

nitrous oxide. During the past two decades, the risk and reality of environmental 

degradation have become more apparent. In recent years, public and political 

sensitivities to environmental issues and energy security have led to the promotion of 

alternative energy resources. Realizing the exigency of reducing emissions and 

simultaneously catering to energy needs of society, researchers foresee the alternative 

energy resources, which are independent of fossil fuel, as the promising entrant to 

overcome these challenges. Hydrogen as a fuel could contribute significantly towards 

reduction in both the consumption of fossil fuel and in the reduction of greenhouse 

gases.  

The objective of this study was to develop a method for simultaneous production and 

separation of hydrogen by integrating micro-plasma technology with fluidic oscillation 

for microbubble generation. Hydrogen production by water plasmolysis has been 

considered as an expensive method so far. In this study, a method of simultaneous 

production and separation of hydrogen has been proposed and developed. 

Literature has been surveyed to develop basic understanding of the related subjects, 

make a basis for further modelling and experimental work and identify the needs of 

production of hydrogen by a cost effective method. Conventional hydrogen production 

techniques like steam methane reforming, pyrolysis and gasification are dependent  on 

fossil fuel. Plasma fundamentals have been studied in detail. Applied principles and 

plasma chemistry in the current project have been reviewed in the chapter two. A 

detailed discussion on plasmolysis of water vapour has been carried out identifying the 

major mechanisms involved in water plasmolysis. Recent studies on hydrogen 

production using plasma from different feed stocks have been reported. Finally, a brief 
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comparison between plasmolysis and electrolysis has been carried out as both 

technologies utilise electricity. It was concluded that there exists a need to develop a 

method for simultaneous production and separation of hydrogen. It was identified that 

ozone generation could be used to optimise the operational parameters of 

plasmolysis. The rationale for this assumption is discussed in detail in analysis and 

discussion chapter. However, to understand the assumption kinetics of ozone 

formation and its decomposition in aqueous phase has been studied. Different 

technologies for hydrogen separation have been discussed briefly. Microbubble 

mediated mass transfer produced by fluidic oscillation has been identified a cost effect 

method to separate hydrogen from the product gases. Reactive separation has been 

studied and its application on plasma-chemical process has been identified. 

I. Kinetic modelling  

A kinetic model has been formulated to understand the kinetics of hydrogen 

formation from water vapour plasmolysis under nonthermal plasma conditions. A pure 

stream of water vapours was considered as feedstock. The concentration of water 

vapours was calculated using the ideal gas law. A kinetic scheme of one hundred and 

seventy six reaction pathways with thirty six different species was identified for kinetic 

modelling. Kinetics was studied using reaction engineering laboratories-COMSOL 3.5a. 

Different pathways of decomposition such as, dissociation reactions, electron 

dissociative attachment of electrons, dissociative ionisation reactions, ionisation 

reactions and dissociative excitation reactions were included along with the other 

pathways for different species produced and consumed in water vapour plasmolysis. 

Dissociation reactions were found to dominate the water vapour plasmolysis followed 

by dissociative attachment of electron reaction being the other important kinetic step. 

Reaction time scales and concentrations of hydrogen and the other species were found 

to be in direct relation with electron density and reached their respective highest 

values 
2Hn = 9.64 x 1024 m-3 at reaction ~ 10 ms. The time scale for reaching 99% of 

hydrogen production (steady state concentration of H2) was found to be around 10-2 s. 

Recombination reactions of H-H atoms were not found to be significant for the 

production of H2. The key step for the generation of H2 was the reaction between H 

and HO2. Finally, a mechanism consistent with the kinetically important steps is 
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proposed. Reaction time scales indicate that hydrogen could be produced at lower 

power if plasma is tuned according to the kinetics of formation of hydrogen. Reactions 

time scales found by kinetic modelling were used to determine applicability of reactive 

separation in chapter 5.   

II. Experimental work 

After gaining the understanding of kinetics of formation of hydrogen 

production, a DBD-corona hybrid discharge reactor was designed and fabricated. 

Experimental work was carried out to: 

a) Feasibility of hydrogen production by water vapour plasmolysis 

Experiments were conducted to find out the feasibility of hydrogen production 

by water vapour plasmolysis and to characterise the water vapour plasma by optical 

emission spectroscopy. Voltage-current (VI) characteristic has been plotted and 

discussed in detail. Different parameters measured were electron density, 1.765 x 1017 

m-3, Debye length 3.24 µm and electron, excitation, rotational and vibrational 

temperatures. Rotational temperatures were calculated from both the first positive 

system of N2 (0.640 eV) and the OH (A-X) band (0.067 eV). The temperature calculated 

showed the order Te(0.77eV)> Texc(0.53eV)> Trot(0.067eV) which confirms the non-LTE 

environment of the plasma. No H2O2 was produced in the experiment. An effort was 

made to detect hydrogen by online and offline GC. The analysis suggests that a 

pressure is built up in the reactor by attachment of gas collection bags which changes 

the reaction chemistry and hence the percentage of hydrogen and oxygen was found 

to vary with the type of sampling vessel attached. Head space analysis showed no DO 

or hydrogen in the liquid phase. The energy yield was calculated to be 10 g of H2 kWh-1 

for water vapour plasmolysis and 20 g of H2 kWh-1 for plasmolysis of water vapour and 

Ar. The energy yield for plasmolysis of water and Ar is equal to that of electrolysis. The 

energy efficiency and thermodynamic efficiency for water vapour plasmolysis along 

with Ar was found to be 78.77% and 79.16% respectively. A discussion is presented on 

the identification of emission lines in the region 317-400 nm. Lastly, water contact 

angle with glass slides was increased by 42.90 after plasma treatment which shows 

significant alteration in the surface properties of glass with plasma treatment. 

 

 



Chapter 6   Conclusions and Future Study  
 

161 
 

b) Optimisation of plasmolysis 

The objective of optimising the reaction condition has been achieved by using 

ozone generation. It is identified that the time scale to reach steady state ozone 

production and hydrogen production is similar hence it could be assumed that if a 

reactor is optimised for ozone production, similar values of operational parameters 

could be used to produce hydrogen. The ozone was produced in a plasma micro-

reactor using air at room temperature. The ozone concentration was measured using 

the standard indigo method. The pressure and flow rate of the air, electrode material, 

length of external electrode and its configuration, applied power and frequency were 

optimised. It was found that at a higher pressure (1 barg) ozone concentration is 

reduced to half. The optimum flow rate is found to be around 1 l min-1. Both electrode 

materials used as internal and external electrodes and configuration of external 

electrodes were not found to affect ozone formation significantly. The ozone 

concentration was found to increase with higher power at 37 kHz using 3 cm of 

electrode. However, when frequency was varied, maximum ozone was produced at 

lower frequency (~28 kHz) and low voltage (3.4 kV). 

c) Separation of hydrogen from product gases 

A novel approach to separate hydrogen and oxygen based on microbubble 

dynamics is presented. The approach utilises the difference between solubilities to 

separate mixtures of gases. A fluidic oscillator containing no moving parts was used to 

generate microbubbles for the separation processes. aK l  has been calculated for 

oscillatory flow and steady state flow in the range of 40-100 l min-1. At every flow rate 

aK l  was found to be higher for oscillatory flow with highest improvement of ~55% 

observed at 60, 90 and 100 l min-1. Bubble sizing was done using ABS for 40-100 l min-1. 

At every flow rate, the bubble density for microbubbles was higher under oscillatory 

flow conditions which validate the production of microbubbles using a fluidic 

oscillator. The results suggest that fluidic oscillators could be used for providing 

sufficient mixing in order to keep conditions homogenous, having better mass transfer 

coefficient which in turn could be used to separate hydrogen and oxygen efficiently. 

d) Assessment of reactive separation on plasma-chemical process  

A ceramic based diffuser- MBD 600 was used to measure aK l . Comparison of 

reaction time scale  and aK l  shows that reactive separation could be used to change 
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the reaction equilibrium and improve reaction efficiency. However, an ideal plasma 

micro-reactor to achieve this objective will have to be designed. The ozone was 

produced using air plasma. The plasma was ignited at two different positions to 

observe the effect of reactive separation. Experiments showed that concentration of 

ozone produced was twice when plasma was ignited below the diffuser. Finally, a 

discussion is done on possible factors causing an increased ozone concentration when 

plasma was generated below diffuser. 

It has been identified by modelling and experiments that hydrogen could be produced 

by water vapour plasmolysis using lower power than what was previously thought. A 

power supply designed to give specific range of optimised value of power and 

frequency would reduce both its cost and the size. Hydrogen produced could be 

separated by the difference between the solubility of hydrogen and oxygen. Fluidic 

oscillation was used to generate microbubbles for a separation process. Better design 

of a plasma micro-reactor, it's multiplexing, with careful selection of materials for and 

diffuser can make reactive separation applicable on plasma-chemical processes. 

8.2 Recommendation of future studies  

The current study proves that hydrogen could be produced from water vapour 

plasmolysis at competitive prices. However, there still remains a margin of 

improvement in the techniques. 

A direct method for identification of hydrogen could not be identified in the current 

study. The fact, that attaching gas sampling bag or any other gas collection container 

creates pressure and alters the kinetics of plasmolysis, hindered hydrogen detection by 

direct methods for instances gas chromatography. So, there still remains a need to 

establish/identify a direct method for hydrogen detection in the current experimental 

set-up. This could be done by changing the reactor design to avoid pressure build-up in 

the reactor. One of the solutions is to multiplex plasma micro-reactor. The multiplexed 

plasma micro-reactor would be able to generate significant amount of hydrogen. This 

design should avoid any pressure build-up when gas sampling bags or any other vessel 

is attached so that hydrogen could be detected  by a hydrogen sensor or gas 

chromatography.  
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The experimental investigations are necessary to identify a better dielectric material 

for the plasma micro-reactors. Experiments for optimisation of plasmolysis parameters 

could not be conducted below 20 kHz and above 4.8 kV because of the limited 

dielectric strength of  dielectric material used in the current study. It is important to 

highlight that the optimum value of different parameters may exist below 20 kHz or 

above 4.8 kHz. So, it is very important to identify better dielectric material and an 

extended experimental investigation regarding optimisation of plasmolysis parameters 

is recommended. 

In the current study, the focus was on the identification of cheaper electrode material 

e.g., brass and stainless steel etc., However, a more detailed experimental 

investigation involving conventional electrode material such as platinum is required to 

compare the effect of electrode material on plasmolysis efficiency.  

Based on experimental results from optimisation experiments, a model could be 

proposed which could correlate the variables studied (pressure and flow rate of air, 

voltage and frequency of power used, length, material and configuration of electrodes) 

and  predict the effect of varying them on plasmolysis efficiency.   

This study identifies fluidic oscillation as cost effective method to produce 

microbubbles for hydrogen separation from product stream. However, further  

experiments could be conducted with a standard mixture of hydrogen, oxygen and 

argon to analyse separation performance. Although, the experiment would require 

safety precautions but it could be conducted while remaining within the flammability 

limits of hydrogen (4-75%).   

The kinetics of water vapour plasmolysis has been studied in detail in chapter 3 using a 

homogenous kinetics model. However, a more robust model considering spatial effects 

on plasmolysis is recommended. The model should incorporate the effects of walls of 

the reactor in order to simulate quenching effect of wall and the extent to which it can 

affect plasmolysis. The model should help in monitoring the changes in plasma 

properties such as electron density or surface charge density by varying parameters 

like voltage or frequency on water vapour plasmolysis. Eventually a simulation of 

water vapour plasmolysis could help in optimising the operational parameters. 
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The reaction time scale calculated by kinetic modelling and volumetric mass transfer 

coefficient by bubbling air in water indicates reactive separation can occur in plasma-

chemical reaction. Also, ozone concentration was found to increase when plasma was 

ignited below the diffuser. However, in order to draw a firm conclusion on the 

application of reactive separation process, more detailed experimental investigation is 

required. An ideal reactor needs to be designed in which plasma micro-reactor for 

hydrogen production and water column for separation could be integrated into one 

stage.  

Based on the results from direct detection and measurement of hydrogen and 

optimisation studies a small sized hydrogen generator could be built such that it could 

be used in small scale applications. 
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Appendix-I 
 

The model is checked by running the model with initial water number density of 1 x1025 m-3 

calculated at 1000 oC by Van der Vaal’s instead of 1.93 x 1025 m-3 using ideal gas law. The 

number density of H2 produced was dropped from 9.64 x 1024 m-3 to 6.62 x 1024 to m-3. 

However, more importantly, the behaviour of the concentration profiles doesn’t change. A 

snapshot of the concentration profiles is shown in Figure 7-1. 
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Figure ‎0-1 Concentration profiles of species using water  vapour concentration  at 1000C using Van der Waal's equation of state 
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Appendix-II 
 

 

Figure ‎0-2 GC analysis of one of the samples collected in standard gas collection bags 
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Figure ‎0-3 GC analysis of one of the samples collected from the top of the condenser 
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Figure ‎0-4 GC analysis of one of the samples collected in glass tube 
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Figure ‎0-5 GC analysis of one of the samples collected in glass syringes 
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Appendix-III 

 

Figure ‎0-6 Bubble flow regime at relatively lower flow rates ( 1 l min
-1

) in the current study 

 

 

Figure ‎0-7 Heterogeneous flow regime at higher flow rates (2-5 l min
-1

) in the current study 
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Figure ‎0-8 Different types of electrode (A) Aluminium Tape, (B) Aluminium sheet, (C) Mesh 1 (squared hole mesh) 
and (D) mesh 2 (punched hole mesh) 
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