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Atmospheric pressure plasma is non-thermal at millimeter to micrometer separations. 

It represents an alternative low exergy initiator of many chemical reactions. In many 

instances heat, light or sound are not efficient providers of the necessary energy to 

overcome chemical activation barriers. The focus of this research is applying dc 

nonthermal plasma for gas and liquid chemical processing. The sub-millimeter 

dimensions offered by microtechnology are utilized to activate the majority of the gas 

or liquid stream. This enhances conversion, product yield and process efficiency. 

 

The first reported sustained dc emission from arrays of micro-emitter electrodes is 

contained within this thesis. This is the first formation of constant dc microcorona fields 

at atmospheric pressure in air and hydrocarbon gases.   
 

Methane is chemically converted in several microchannel devices to higher value 

products. A discovery that may lead to improved recoverability of stranded natural gas 

in our current energy cycle. Methane conversion to either C2 or C3 hydrocarbons of up 

to 80% with high selectivity are demonstrated. A finite element chemical engineering 

mathematical model for the hydrocarbon coupling reaction is developed. 

 

Plasma microreactors can also dry reform methane to synthesis gas. The feasibility of 

microplasma carbon dioxide dry reforming in a microreactor with a dc sustaining 

voltage under 1kV has been demonstrated. More than 60% conversion is achieved in 

the unoptimized reactor with nearly complete selectivity to synthesis gas.   

 

A plasma microchannel device can completely degrade representative trace toxic 

organic contaminants in a single pass. Rhodamine B is a colorimetric dye used as an 

example organic compound. A G50% factor, which represents the energy required to 

remove half of the starting contaminant, is tabulated for both a batch reactor and 

microchannel device. The plasma electrochemical activation of advanced oxidation 

chemistry converts from E-6 to E-11 moles per joule of input energy.  
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Chapter 1- Introduction  

1.1 ï Thesis Goals  

 

The objective of this study is to demonstrate the activation of chemical reactions using 

nano or micro-sharp electrodes for the formation of non-thermal plasma in high 

pressure air and a condensed phase. Understanding non-thermal plasma chemical 

activation of these reactions opens new chemical synthesis pathways that previously 

required thermal excitation or catalysts to supply the activation energy for a reaction. 

The advantage of driving chemical reactions electrically rather than through light, 

thermal or catalytic stimulus will contribute to higher conversion, selectivity and 

process efficiency. 

 

The first goal is to catalog the energy savings that arise from reducing the size of the 

plasma to the microscale. This tends to soften the plasma electron energy distribution 

toward lower electron energy. Part of this goal is also to quantify the conditions which 

are necessary in order to create microscale fields of dc plasma emitter electrodes. These 

fields of emitters allow a dense uniform emission of electrically parallel microcoronas 

to be activated in a single continuous flow device for use in chemical processing. This 

is the first report of an active field of dc coronas in a microchannel device in electrical 

parallel at atmospheric pressure in air or other gases. The current-voltage characteristic 

of several nano and micro-emitters is identified. Native electrochemically fabricated 

metal microstructures and nanostructures, grown via thermal chemical vapor 

deposition on an electrodeposited metal catalyst, have been tested for reliability in 

flow-through microreactor conditions. Material constraints are identified and 

subsequently addressed. The stages of corona, spark, glow discharge, and pulsed 

discharges are identified and applied to the gases of interest for the generation of stable 

non-thermal plasma at 100ɛm, 150ɛm, 250ɛm and 400ɛm electrode separation 

distances. The characteristics associated with electrical transport within atmospheric 

pressure gas are catalogued with respect to applied potential. The current is measured 

continuously and the microplasma discharge is spectroscopically monitored through 

transparent reactor components. 
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The second goal of the atmospheric pressure plasmas employed in a microreactor is to 

hydrocarbon couple methane feeds to valuable higher molecular weight feedstocks. 

This is performed using microgaps which enables high conversion to be achieved over 

one or many paralleled emitters at the necessary ultrafast residence times. This first 

step is a platform from which to efficiently examine the possibility of generating non-

thermal plasma environments in plasma microchannel devices for sustainable 

chemistries. Dry reforming of methane with carbon dioxide is also studied to examine 

the practicality of extending this microreactor plasma conversion to other reaction sets.  

 

The third goal is to characterize the hydrocarbon coupling microreactor in detail and 

model the probable reactions as a finite element model that is fit using kinetic data. 

This model is then used to predict a second set of data from the same reactor under 

different conditions. The second set of data can be produced by parameterizing any 

other process variable. The robustness of the model indicates the correctness of the 

assumptions made regarding the plasmas reactive size and energy distribution. 

 

The fourth goal is the degradation of trace organic toxins in ppm concentrations. A goal 

which is represented by the decoloration of Rhodamine B. The application of an 

identical pulse network to both a stirred cuvette reactor and a flow-through plasma 

microchannel reactor will be used to demonstrate that microcorona discharges can 

completely decolor Rhodamine B in the length of a single microchannel. The ability to 

drive efficient dc microplasmas in the liquid phase is developed as a platform to remove 

trace organic contaminants from groundwater. This advanced oxidation process is 

proved to be effective at reducing representative contaminants from ppm to ppb levels. 

 

These goals are unique to this dissertation. The ability to use micro-emitter arrays to 

process and perform synthetic chemistry in a dc corona microreactor has not been 

accomplished prior. Two groups world-wide have studied non-thermal plasma using 

nanostructures to achieve improved results in power consumption. These studies use 

dielectric barrier discharge at the half millimeter scale in a gas phase and dc high power 
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discharges generated at nanotube probes for chemical sensing in aqueous medium. No 

study has attempted to miniaturize low energy stable, pulsed dc or constant dc corona 

discharge to the scales required to treat microreactor flows in the liquid or gas phase 

with nano or micro-emitter electrodes. The microscale allows non-thermal plasma to 

activate at much lower potentials; thereby achieving better reactivity per input energy 

per fluid volume and while activating the fluid uniformly at the emission site.  

 

The corona discharge produces an intense electric field at the interface of the plasma-

liquid boundary. Solvated electrons from the intense field theorized to generate 

hydroxyl radicals directly at the interface of the corona and the condensed phase.1 Short 

application of the waveform results in energy savings because the lifetime of the most 

active degradation species are limited in duration to several microseconds. Time must 

be allowed to make full use of as many active species as possible before applying 

another pulse to maximize advanced oxidation process efficiencies. The dc voltage was 

applied continuously and pulsed while performing these studies on plasma 

microreactors. The pulse speed varies from several hundred microseconds to 

nanoseconds in duration. Either a high power dual spark gap with charging circuit or 

IGBT solid state switch is employed to generate the applied waveforms. A signal 

transformer is coupled to an oscilloscope in order to sample waveforms at 2Gs/s and 

nanosecond resolution. The dc discharges are measured in several gases and above a 

liquid as described in each of the goals sections. 

 

 

1.2 ï Primary Objective  

 

The ability to drive reactions in a plasma microreactor for energy production and clean 

water is the primary objective that will be supported upon completing each of the goals 

mentioned in this dissertation. It must be understood whether plasma microreactors 

have the potential to perform C1 to C2 conversion chemistry at high efficiencies or if 

plasma microreactors can produce syngas from carbon dioxide, methane mixtures. 

Microcorona flow-through microchannel devices have never been studied for advanced 
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oxidation of trace toxic organic contaminants. The ability of the corona discharge to 

completely decolor a dye in a single pass through a microchannel device is reported. 

Reactions that are included in this study are hydrocarbon upgrading, methane dry 

reforming and liquid dye decoloration. These reactions are analyzed using Fourier 

transform infrared attenuated reflectance (FTIR-ATR), optical spectroscopy, high 

performance liquid chromatography, gas chromatography thermal and helium 

ionization detectors (GC-TCD/HID) and mass spectroscopy (MS).  

 

The gas phase data indicates conversion of methane in dc microplasma filaments to 

higher molecular weight hydrocarbons that are successively dehydrogenated. Attempts 

to chemically catalog the conversion, selectivity, and efficiency of the plasma process 

are performed through the use of gas chromatography.  

 

The experimental liquid phase oxidation of organics in aqueous phase is conducted 

with dyes as the chemimetric that represents many possible toxic organic contaminants 

and demonstrates the efficiency of the plasma microreactor process. Dyes have 

frequently been treated in literature using other advanced oxidation processes in order 

to provide a useful tool for cross-comparison. One unique aspect of this liquid phase 

study is that the same power application technology is applied to fundamentally 

different types of plasma reactor configurations to evaluate their performance in a 

single study. In addition, this is the first study to treat nonthermal plasma from 

microcorona discharges to plasma microchannels. The majority of the data is compiled 

using uv-vis spectrophotometry. The effect of process parameters such as pulse 

duration, frequency, power, feed concentrations, flow rates and chemical 

concentrations are monitored, parameterized and reported. Conclusions were drawn 

regarding reaction rate and pathway using the traditional chemical engineering toolset. 

 

A finite-element solution is developed so that the four coupled partial differential 

equations describing plasma systems in air can be simplified to reaction engineering 

rates and reaction volumes. These are applied to design better plasma microreactors. 

The computation time and requirements for the developed models are reported. Kinetic 
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parameters and flow profiles are used to inform meaningful engineering decisions. The 

most important contribution may be the application of microplasma technology for 

chemical synthesis and clean water at the microscale. The ability to separate mass 

transport from previous plasma technologies is only possible at the microscale. This 

allows this dissertation to generate kinetics without mass transport limitations. New 

generations of ultra-efficient devices are enabled through the hypothesis addressed in 

this dissertation. 

 

 

1.3 ï Literature Review  

 

The advent of recent advances in nanoparticle and micro-catalysis offers chemical 

engineers new catalysts with extremely high surface areas per mass. These catalyst 

improvements reduce the need for large quantities of expensive and rare catalytic 

materials.  

 

Microreactor development efforts seek to house these nano and micro-heterogeneous 

catalysts in a reactor that affords both maximum productivity and processing rate. This 

can be accomplished when the surface to volume ratio is very high. Many microreactors 

can be designed with surface to volume ratios of 10,000. That is a large number when 

compared to conventional chemical tanks which may only have a surface to volume 

ratio of 3. Design and manufacturing fundamentals allow microreactors to be adapted 

not only to catalysts but to other surface activated or surface transport dependent 

reactions. The microreactor platform is also a useful tool for reaction kinetics extraction 

and for enhanced control of chemical processes. A benefit of microreactors is improved 

kinetic measurement and mass and heat transport by offering reduced length scales. 

Microlength scales and their incredible surface to volume ratio often improve the 

reaction conversion efficiency of reactions that are surface mediated, such as when 

using solid-phase heterogeneous catalysts or when excellent heat transfer can safely 

remove the maximum concentration limits for safe chemical processing. This increase 

in yield is typically accompanied by enhanced productivity. Production rate can be 
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increased by increasing the number of the devices operating in parallel with each other. 

In this way, the processing capability of microreactors can match any product demand. 

ñNumbering upò is the term used for increasing production in a microreactor process. 

 

 

 

Figure 1: A microreactor design by Oregon State University (CBEE).2 

 

The advantages of microtechnologies certainly necessitate exploration and their 

intelligent design requires a thorough understanding of this technology platform. Many 

microreactors can reduce reaction times of 1hr to 10s.3 This is due to enhanced surface 

mediated reactions by improving concentration gradients near the surface. The micro-

width in a microreactor accelerates the diffusion in its shorter dimensions. This leads 

to uniform residence times and extraordinary product selectivity by eliminating non-

uniform concentration profiles which have the potential to aggravate competing 

reaction pathways. This homogenization is in the direction of the smallest dimensions, 

allowing the fluid to be converted to product as it proceeds down the length of the 

reactor. This sequential treatment of the fluid element improves the conversion 

efficiency since regions of low concentration do not mix with regions of high 

concentration as in a batch or mixed flow-through reactor. Low concentration fluid at 

the faster center of the microchannel is prevented from interacting with slower moving 

high concentration fluid at the wall by microreactor designs which distribute the 
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velocity of the fluid through geometric path lengths. This allows each flow path to 

achieve an equal residence time, improving controllability and maximizing the 

concentration driving force for the rate laws.4 In this way, yield can be enhanced over 

batch processing due to controlled flow uniformity that maximizes concentration 

gradients. Temperature controls allow even higher concentrations of potentially 

explosive chemicals to be used safely. This increase in concentration makes reactions 

begin more rapidly. In conclusion, the even residence time offered by microreactors 

improves product selectivity by eliminating side reactions that would occur in larger 

scale reactors that do not have excellent flow uniformity or heat uniformity.   

 

In this dc corona microreator study, the electrode gap required to access certain 

desirable plasma states at atmospheric pressure is only possible at sub-mm separations. 

Essentially, this means that microtechnology is the only reactor sized to the scale of the 

plasma. It is demonstrated in this study that the plasma regimes accessible previously 

only at low pressure are achieved at high pressure using microemitters and microgaps. 

These microplasma reactors possess unique reaction products based on the uniform 

residence time, uniform concentration profiles and the reduced electron energy of 

microplasmas. These unique facets of plasma microreactors result in high selectivity, 

conversion and energy efficiency. The distribution of electron energies in a plasma 

determines probabilistically which reactions of the possible several hundred are 

strongly activated. Microtechnology is necessary to control the plasma discharge 

energy density itself based on electric field and charge density conditions. This results 

in new possibilities for controlling the chemical product type and yield of a reactor. 

 

The reactivity of a microplasma diminishes rapidly from the point of initiation. It is 

therefore useful to treat microplasmas within a microreactor platform that fully utilizes 

the plasma surface to fluid volume ratio. Atmospheric pressure plasma can drive very 

useful reactions to high conversion at remarkable efficiencies if it is applied at the 

microscale. This dissertation contains the first demonstration of large field activation 

of multiple atmospheric pressure dc microplasmas in series in air and other gases. 

These large fields are used to activate hydrocarbons, carbon dioxide and water. 
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It is commonly known that in a methane feed the degree of ionization is determined by 

the reduced electric field. This degree of ionization is controlled by the electron energy 

distribution present. The amount of methyl radicals and the degree of dehydrogenation 

is, in this way, easily controlled by the scale of a dc discharge. The flow velocity 

through the discharge is another parameter that strongly determines the yield of specific 

products. For example, the residence time for ñsuccessive dehydrogenationò of ethane 

to ethylene and then to acetylene is ~10-6 ï 10-5s and 10-4 ï 10-3s respectively.5 Rapid 

flow induced cooling or addition of oxygen can suppress successive dehydrogenation 

and higher hydrocarbon formation. 

 

Microplasma can be used to deposit metallic or dielectric films, nanotubes or 

nanoparticles. In the future, these processes may fuel the 3d printing of circuit 

architecture. These chemistries can operate at atmospheric conditions. Typically, the 

chemistry involved in these depositions is primarily oxidative. For example, in 

depositing SiO2 morphologically pure amorphous films on a substrate, a gas precursor 

such as BPTEOS (silane or siloxane) is passed over the surface of the material which 

is to be coated with silicon oxide. Non-thermal atmospheric pressure plasma is highly 

reactive when compared to low pressure analogs. High conversion of dilute streams 

containing the silicon precursor is possible. A one weight percent siloxane in air is 

sufficient for growth rate to be very rapid (0.1 to 1µm/min).  

 

The mechanism for fracturing silanes (which depends on if it is ion or electron 

mediated-but is most likely ozone mediated under these conditions) results in methyl 

or siloxane radicals being formed. In air, carbon tends toward CO2 and H2 tends to 

convert to H2O which forms while silicon is oxidized to SiO. 

 

Plasma discharges into aqueous mixtures of alcohol form smaller molecules tending 

towards lower molecular weight alcohols, methane, and hydrogen and provide an 

inexpensive route to fuel a hydrogen economy from transportable fischer-tropsch fuels.  
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For aqueous environments, plasma discharge is a promoter of radical generated 

peroxides in aqueous environments. It is desirable to determine the reaction 

engineering fundamentals of microplasma hydroxyl mediated chemistry. A dye can be 

used to extract pure kinetics from microreactors which unlike their mixed flow-through 

reactor counterparts are not hindered by mass transfer limitations which strongly dictate 

the perceived kinetics that are often reported. Without plasma microreactor studies the 

potential to reach ultra-high conversion efficiencies is unguided. Using microplasma at 

the microscale with dc plasma discharges to degrade a common tracer, the author is 

removing misconceptions about the maximum achievable efficiencies for advanced 

oxidation processes that utilize plasma. The overall reaction is described by a 

mechanism which progresses largely via hydroxyl-radical scavenging peroxides for 

severely mass transport limited systems. At the interface of the plasma and the liquid, 

hydroxyl radicals themselves persist long enough to directly react with dye. Mass 

spectrometry can be used to detect the completeness of the mineralization of the dye 

while uv-spectroscopy detects the destruction of the electron conjugation along the 

backbone of the main part of the photoactive organic molecule.  

 

Atmospheric pressure plasma can be either self-sustaining or made up of short transient 

bursts.6 There are five major types of atmospheric pressure plasma. The type of dc 

plasma generated is dependent on the current density, pressure, distance and reduced 

electric field. The lowest current regime is the dark regime which is composed of 

Townsend streamers. These streamers can be constant or pulsating. The next regime 

with a higher current density is the corona regime, in which the discharge does not form 

a complete conduction filament. Following the corona regime is the spark discharge 

regime. Sparks are intense bursts which are rarely prolonged. After the current density 

(or distance is diminished) is increased further, the glow discharge region is reached. 

This region has a very flat current-voltage relationship for gaps less than 1mm.7 As 

opposed to a glow, an arc discharge is thermally intense and operates at high currents. 

Plasma can be generated using dc electric potentials, ac electric potentials, ac 

inductively coupled fields, microwave gigahertz technologies and even triggered or 

excited by lasers.  
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Below are illustrations of a variety of atmospheric pressure plasma types (dc corona, 

ac DBD, an ac plasma jet and spark). 

 

  

 

       

 

 

 

 

 

 

 

Figure 2: Images of example high pressure plasma. A corona discharge at reduced dimensions (top-

left).8 An ac electric potential driven dielectric barrier discharge plasma at large separation (top-right).9 

A plasma jet (bottom-left)10 and a spark discharge (bottom-right).11 

 

Each of these types of plasmas appear to be visually equivalent but actually can possess 

very different properties. The structure of each plasma can be fundamentally different 

based on the driving electric fields. The locations of the plasmas most energetic 

electrons can be in a physically different locations. For example, only gigahertz plasma 

creates an oscillating field so fast that heavy charged plasma ions are confined to a 

narrow zone near the conductor. 
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All these types of plasma can be encountered in modified combinations depending on 

the energy input mode. For example, alternating current can be applied to a bare 

electrode and a shielded electrode in order to supply the needed electric field for plasma 

formation. While these discharges (termed dielectric barrier discharges) appear to be 

unlike their dc current counterpart, they actually consist of Townsend streamers that 

transition to diffuse glow discharges as the waveform for the applied potential changes. 

At atmospheric pressure, these discharges happen many times a second at the kilohertz 

frequencies used for most ac plasmas. These rapid but discrete discharges appear to be 

single silent unique glow-like plasma while in actuality they are plasma which is 

continually transitioning between the similar types of plasma found in dc discharges. 

Atmospheric pressure rf plasmas are plasmas undergoing restructuring of the plasma 

at radio frequencies. Microwave plasma can activate microplasmas from a distant 

energy source beamed to resonant electrodes. Even more interesting is the superior 

performance for simple plasma systems when waveforms combining dc and ac modes 

are employed. 

 

  

 

Figure 3: A microwave microplasma array (left) 12 is shown through a protective grating. Improvements 

in synergy between plasma excited with dc and ac signals have been recorded in literature for a few 

limited systems (right). 13 

 



12 

 

 

Plasma can also be formed at atmospheric pressure by thermally populated higher 

energy levels, by using chemicals whose rapid reactions invert the electron distribution 

or by stimulated light emission from coherent monochromatic light amplification 

technology. 

 

Formation of stable dc non-thermal plasma requires extensive engineering even if 

microscale and nanoscale emitter electrodes are used. For this reason, non-thermal 

plasma has almost exclusively been generated in noble gases. Stable plasma is 

generated at atmospheric pressure above metal holes at fields as low as 109V/ɛm. A 

natural observation, which regards the transition to microscale reaction engineering, 

points out that flow can be added to remove the heat generated during discharge that 

causes instable glow to arc transitions. The erosion of the electrodes during dc rather 

than pulsed dc operation is reported during observation of metal vapor lines from the 

cathode emitter electrode on optical intensity spectra.14 

 

Figure 4: Spectra of argon microdischarge array at 150Torr operates in parallel without individual 

resistive ballast. 

 

One group is able to take their hot 1000K plasma system and sustain room temperature, 

non-thermal plasma at pressures up to atmospheric at reduced voltages in Air, Ar, H2 

and H2/CH4 for novel lithography electrode microscale systems.15 The spectral 

emissive lines of microplasma in a variety of mediums and their spatial distribution in 

dc pulsed microplasmas are reported.16, 17 

 



13 

 

 

 

 

Figure 5: The microplasmas at 20ɛm, 30ɛm, 75ɛm and 100ɛm in Ar/N2 use the same applied electric 

potentials from Reference [17] (© [2013] IEEE). 

 

It has been accurately observed that a single electrode point defines macroscopic 

breakdown, but collective one-dimensional nanostructures use flux-convergence-

effects to intensify local electric fields which interact with lesser space scales through 

a gain factor which relates the field intensity at the surface to the macroscopic field 

intensity.18 Uniform glows 1 cm2 in area are sustained at 300V to a Paschen minimum 

of 0.1Torr-cm. Apparent diffuse discharge in an inhomogeneous electric field is easy 

to realize in atmospheric pressure air, nitrogen, and other gases with voltage pulse 

durations ranging from nanoseconds to several tens of nanoseconds.19 During the last 

decade, microplasma has continued to astound the scientific community with advances 

in the understanding and applications of microplasma at a rapidly reducing scale and 

improving pressure limitations. The driving research towards stable microplasma 

designs in micrometer spacing have demonstrated Penning ionization in plasma at 

scales of 5ɛm and below. 
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Figure 6: RF voltage plasma microchannel is directed along an ionization path by a sub-picosecond 

KrF laser at University of Illinois (right). A 760Torr microplasma completely fills the 50 separate, 50ɛm 

silicon microchannels (left). 20 

 

Low voltage atmospheric pressure plasma can be activated in even smaller microgaps 

that are placed near larger electrode gaps. Afterglow initiation charge carriers from the 

smaller microgaps stimulate reduced discharge potentials in the large gaps. Stable 

atmospheric pressure discharge at 270ɛm is possible at electric potentials below that 

predicted by Paschenôs curve. A 10ɛm gap seeding plasma in the larger gap produces 

turn-on electric potentials at 400V and sustaining potentials from 200-300V. 

 

 

 

Figure 7: Parallel electrodes separated by distance B are seeded by microdischarge gap A which 

provides substantially reduced minimum sustaining voltages. 21 
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CA1 and CA2 are the two cathodes which are shown next to the anode. Figure is from 

Reference [21]. Discharge is identified in the 10ɛm gap before the 270ɛm channel is 

seeded and discharges. The smaller gap is pulsed out of phase with the larger electrode 

gap in order to continuously seed the larger electrode gap. The initiation of non-thermal 

plasma is demonstrated to occur through the formation of a spark streamer during dc 

discharge. The current versus voltage characteristic has been reported for 50ɛm 

separations between cathode and anode emitter electrodes. The slightly negative 

voltage response for increasing current during breakdown shows hysteresis if the flat 

glow regime is traced backward from the subnormal glow regime towards a corona 

discharge. The electric field for sustained generation of atmospheric non-thermal 

plasma from rounded wire tips is reported as 7V/ɛm.22 The stability of the discharge 

depends on the external reactance of the circuit. The stability translates into operating 

in a different regime of discharge while at the same current and voltage effectively 

shifting the current versus voltage characteristic. The transition from corona to glow 

and glow to arc modes for non-thermal plasma has been studied using nanosecond 

pulses at several distances and temperatures even upwards of the electron temperature. 

This demonstrates that no spark formation occurs during nanosecond pulses and offers 

great promise for plasma discharge in condensed phases.23 The flow rate of gas passing 

over the emitter electrode affects the regime of discharge for non-thermal plasma with 

higher flow shears injecting instability in the discharge.24 The distance is not the only 

defining parameter for inception electric field. The emitter material is subject to 

cathode column and surface emission barriers which for platinum yield onset potentials 

of 277V and for copper 370V.25 Light emission has been reported in silicon metal 

microgaps of 2-15ɛm at potentials as low as 30V. Erosion of the cathode and deposits 

on the anode were reported for silicon surfaces and are thought to vaporize or sputter 

surface material from interface to interface. Rf plasma has been studied as electrode 

gap diminishes in size. The electric field of the sheath and bulk are compared to 

determine for any frequency when the glow regime is reached. An intense increase in 

sheath electric field is attained somewhere between 102 to 318ɛm. The sheath thickness 

occupies nearly the entire 102ɛm gap almost completely eliminating the bulk thickness. 

RMS voltage is greatly reduced for substantially higher current densities.26 This 
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microplasma regime clearly delineates itself from what is observed with larger 

atmospheric pressure plasmas. This does not however exclude rf from generating large-

area cold atmospheric pressure microplasmas in air at low powers in low flows of inert 

gas. Rf plasma has been generated between stainless steel mesh and copper plates at 

13.56MHz for 3mm separation gaps in open air for tube to plate configuration.27 At the 

microscale, plasma inevitably encounters the boundaries of the electrodes and in that 

spatial confinement loses charge density which must be resupplied to sustain discharge. 

This can be provided by nanostructured field emission from the cathode if the electric 

fields are high enough.28 Unstable glow discharge to arc transition is reported at 

voltages from 300 to 600V for silicon-metal or silicon-silicon electrodes.29 Non-

thermal plasma also produces solids from the vapor phase. Carbon monoxide is 

reported to produce suboxides on the surface of the emitter.30 The stability of the non-

thermal microplasma results in a balance of thermal ionization in spots of locally 

increasing current density and is typically accomplished by reducing the size of the 

separation or providing external reactance to counter and smooth rapid internal changes 

in the plasma. Parallel parasitic capacitance is offered as a tool to govern the thermal 

characteristics of the plasma through changes in the electric field during discharge 

which are associated with ionization.31 Microscale and larger scales of dielectric barrier 

discharge are contrasted and compared in terms of discharge potential, current, 

reactivity and gas throughput.32, 33 The stability of nanofibers other than carbon 

nanotubes has been explored and their resulting current versus voltage characteristics 

reported. Emission over 1 hour records no change at 13.6V/ɛm.34 The minimization of 

electrode erosion during direct current film deposition is critical for various 

applications. The analysis of a H2 plasma jet describes the possible sputter processes in 

low temperature plasma. EDX is used to identify impurities based on changes in the 

electrode geometry and SEM determines the presence of microclusters of iron from the 

stainless steel electrode which are deposition primarily through high speed neutrals and 

H chemical etching.35 Studies in ignition using transient plasma have determined that 

electrode geometry does more to influence discharge than polarity of the discharge. 

Streamers were observed to consistently leave the electrode with higher electric field 

even after polarity reversal.  
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Electrode damage hinders many applications especially during spark discharge. 

Electrode damage is not observed during nanosecond pulsed plasma used for reactive 

ignition of a mixture. This leads to the conclusion that nanosecond pulsed transient 

plasma is non-thermal and will be very useful in many industrial applications including 

combustion.36 Nanosecond impulses produce stable macroscopic glow discharges 

using either controlled pulse durations or duty ratios. Correspondingly, the minimum 

pulse duration for this behavior in a microplasma discharge should be studied. Also, 

the frequency of that discharge should be parameterized since a more rapid frequency 

with yet the same pulse width will certainly affect charge transport in the intracavity 

region. 

 

 

 

Figure 8: Nanosecond pulses from a dual spark gap transformer at 65kV for wires 4cm apart.37 

 

A dielectric barrier non-thermal atmospheric pressure plasma jet has also been ignited 

from a smaller dielectric barrier parallel ring discharge. More than 56% of the system 

energy is consumed by the first discharge in the dielectric barrier discharge and the 

time required to develop the peripheral plasma jet depends upon the applied electric 

potential. Rapidly-pulsed dielectric barrier plasma from the first discharge generates 
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the plasma jet from which detaches a plasma bullet traveling away from the parallel 

rings of the dielectric barrier discharge source in the direction of the helium gas flow. 

The plasma frequency, which is related to pulse duration, is different in that it describes 

the repetition rate of the pulses and in part defines a pulse duration. Pulse duration is 

the time for which a single pulse is applied and does not indicate the pulse repetition 

frequency. The frequency response of dc and ac breakdown processes in micro and 

nano gaps is of interest for high speed electronics operating at the GHz to THz range 

and has implications in microplasma generation applications. Traditional vacuum 

relationships between frequency and distance between electrodes do not hold for 

atmospheric pressure microplasmas. At very high frequencies the breakdown voltage 

is usually three times lower than predicted. This is an effect of trapped ions whose low 

drift velocity cannot transverse the distance of the gap within the time frame of the 

rapidly reversing field. Nitrogen for example commonly displays dc breakdown 

voltages of 130V at 19ɛm with copper electrodes and has its predicted critical 

frequency at 6.3GHz.38 

 

It is also possible to replace one of the plasma electrodes with conductive water. A 

potential can be applied to the fluid with one electrode in the fluid and the other a 

charged column of plasma or by two immersed electrodes both in the liquid. An electric 

potential difference in a liquid drives plasma electrochemistry. How rapidly the electric 

potential changes its peak intensity defines the electric overpotential and the 

electroactive species that will be generated in largest quantity.  

 

A schematic that demonstrates the most common electric discharge configuration is 

shown below. The reactor consists of a metal tank. An electrode is charged to the 

opposite polarity of the liquid. Plasma forms at the interface and can penetrate into the 

liquid once the peak applied voltage is sufficient for streamer propagation. The gas 

head space overhead is frequently charged with oxygen or argon or air. The electrode 

itself is often sharp in order to reduce breakdown voltages. The liquid itself is well 

mixed in terms of stable chemical species. 
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Figure 9: A commonly studied reactor type for liquid interface plasmas is the mixed flow tank reactor. 

 

Energy efficiency is typically reported in terms of the energy required to remove a 

certain percentage of contaminant. A G factor of G50% indicates that 50% of the starting 

concentration of an organic toxin has been degraded. In the case of an organic dye, it 

is usually colorimetrically deactivated.  

 

There are a variety of combined systems which have high reported efficiencies.39, 40 A 

reasonable point of division between different non-thermal plasma technologies is due 

to the differing types of air/water interfaces. Jets, bubblers, droplet exchangers can 

replace the plasma interface and affect surface discharge mass transport or even the 
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discharge type itself. Examples of discharge types are immersed glow discharge 

electrolysis, gliding arc discharge, corona discharge, interfacial glow discharge, 

dielectric barrier discharge, and immersed electric discharge and plasma jets. The 

reaction kinetics associated with pulsed partial discharge in the direct injection 

configuration achieved 4.3 g/kWh-1 using a 57kV peak impulse and ferrous sulfate and 

carbon particles.41, 42 Pulsed corona discharge, which is typically more efficient than 

discharge electrolysis, has been surpassed by a non-pulsed diaphragm glow discharge 

reactor in which conductive solution is separated from anode to cathode by a high 

dielectric diaphragm with microscale hole. The 200ɛm deep hole allows discharge at 

the microscale with conductive water on either side of the diaphragm acting as the 

electrodes so that there is no damage to the actual electrodes.43 Pulsed signals would 

likely have caused discharge from the real electrodes since there is an effective 

macroscopic time delay for charge to move from the metal electrode to the discharge 

diaphragm unless the discharge could be limited by pulse duration. Glow discharge has 

been improved by the addition of multiple anodes.44 The direct mineralization of certain 

sulfonates has been demonstrated.45 Fentonôs reaction has been studied with respect to 

glow discharge and the COD was found to decrease rapidly.46 A vapor sheath typically 

forms around the discharge at the platinum electrode which is responsible for the metal 

vapor emission spectra which are orange-red. 

 

 

 

Figure 10: Contact glow discharge electrolysis is depicted at a platinum electrode with fully developed 

vapor sheath surrounding the electrode. 
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The discovery of contact glow discharge electrolysis was made in liquid ammonia and 

is one of the first studies that summarizes quite well the phenomena of contact 

electrolysis.47 

 

 

Figure 11: The frame by frame development of a noble gas discharge above and entering the liquid from 

the reverse electrode at 25Hz frame rate. Figure is from Reference [50]. 

 

The gas-liquid reactors are treated thoroughly in literature. Typically one electrode is 

in the gas above the liquid.48 The generation of peroxide is recorded and monitored 

during operation of non-thermal plasma in an air/water system.49 An excellent study 

which shows dc glow discharge extending throughout the gas and liquid even records 

the formation of the glow at the electrode using a 25Hz frame rate.50 The 

desulfurization process has been performed using pulsed plasma in a quartz tube gas-

liquid packed bed.51 The kinetics of non-thermal plasma desulfurization are explored 

at reduced temperature.52 Several atypical reactors have been developed and some 

possess a very high efficiency. Non-thermal plasma electrospray pin to plate electrode 



22 

 

 

configuration separated by 4cm and discharging with G factor of 2.5g/kWh can 

completely remove phenol. This is the highest reported G factor in literature 

currently.53 A wetted-wall reactor attempted to incorporate carbon nanotubes for 

improved phenol degradation using non-thermal discharges.54 Drupe shaped discharges 

were studied in a non-thermal plasma suspended capillary drip discharge reactor.55 Air 

bubbles, injected into discharge capillaries, provide stable low voltage discharge at 

microscale anode-to-cathode separations. The discharge current is 0.6mA and the 

discharge voltage is 500V. The typical energy per pulse is 60nJ.56 The study of sodium 

emission spectra seems to require large amounts of vaporized fluid for long discharge 

times.57 The ability to generate plasma in condensed phase at low power is largely due 

to the application of pulsing technology. The yields of peroxide using 0.3 microsecond 

pulse technology can be much lower than at larger scales wherein the formation of gas 

on the emitter during the onset of slower pulses of applied voltage made possible 

streamer formation within the gas bubbles. The GH2O2 factor of 8.2E-9mol/J has been 

achieved at large and microscale electrode gaps using 20kV peak waveforms with 3ɛs 

pulse durations involving gas/liquid systems at microsecond pulse durations. The 

gradient in radical concentration drops off very rapidly from the discharge streamer. 

Researchers have endeavored to determine if streamers can be widened so that their 

produced electrons can reach higher efficiencies in the production of free radicals. The 

energy yield for plasma reactors ranks pulsing, air/water mediums, and reduced scale 

(thin films of water) as the most critical when improving efficiency.58 Microtechnology 

employs scales which are on the order of normal discharges which promotes efficient 

utilization of non-thermal plasma. Mass and heat transfer improvements increase the 

reaction rate and reduce electrode damage. This not only means a shorter space 

residence time but longer performance lifetime. The majority of plasma applications in 

microreactors pertain to purely gas phase studies.59 The design of microreactor plasma 

systems depends on the flow, non-thermal plasma interaction, material constraints and 

separation distance of the anode and cathode. The distribution of ozone in a gas liquid 

microreactor is performed for reactivity.60 Very recently, the benefits of 

microtechnology been realized with regard to plasma formation at the microscale; 

however, the successful application of the technology at high efficiencies was not.61 
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The lifetime of an unprotected sharp metal emitter is typically 10 to 20 minutes.62 The 

slow microsecond discharges are fast enough to prevent arc formation by preventing 

the streamer from propagating the full distance between the cathode and anode before 

the applied voltage is removed. This can be seen best in a time resolved image of a 

pulsed electrode. The separation distance is specifically selected for the 600 ns pulse 

duration using a Marxbank generator so that the discharge was just beyond the anode. 

The arc does not form and the fluid is treated entirely.63 If the scale is reduced to say 

microscale, it is obvious the pulse duration must decrease linearly since the plasma 

velocity fronts for streamer formation are linearly related to distance.64 The negative 

discharge is much slower than the positive discharge and would most likely be very 

useful at the microscale if larger voltages are needed for non-thermal plasma formation 

on short non-arcing time scales since voltage like gap distance also affects streamer 

propagation speed. 

 

 

 

Figure 12: The time scale for discharge in water at macroscopic scales shows slightly different 

development rates for reversed polarity discharge from sharp electrode points. 65 

 

The electric potential for streamer formation at 10mm separation gaps is approximately 

5kV. The corresponding point for 100mm is 20kV. The brightness of the discharge is 

proportional to the water resistivity.66 

 

A detailed experimental study of non-thermal plasma generated between two tungsten 

filaments specifically focuses on the growth and compression of the bubble formed 

during discharge in aqueous media. The study relates well to laser induced chemical 

reactions that produce bubbles by clearly describing partition energies throughout each 
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phase of bubble development. Accurate monitoring of radiative waveform from 

photodiode and hydrophone with simultaneous 10MHz sampling and high-speed 

camera records at frame rates near 3000frames/s allows a clear picture of the discharge 

event to be characterized energetically. Small and large bubbles behave differently. 

During the growth phase, intense heat is generated as the optical intensity rises. Internal 

temperatures are deduced from the Stefan-Boltzmann Law regarding surface 

temperature and thermal radiation. Estimates of this surface temperature peak at 

18,000K which is relatively low compared to most studies. Temperatures and energy 

partitions during each phase are reported.67 

 

 

Figure 13: The image of a bubble at its first maximum radius of 51.5mm from Reference [67]. 

 

Pulsed plasma formation in water can be enhanced by the addition of carbon nanotubes 

within the condensed phase for pulses of 300 ns duration during 40kV peak applied 

electric potentials. The streamer is twice as long as when no nanofiber is present subject 

to the same impulse potential.68 

 

Not frequency but duration of the pulse controls the development of the non-thermal 

plasma. The frequency causes interaction between pulses by chemical means since it is 

not on the time scale of the phenomena of interest. The pH, radical concentration or 

local temperature may affect the next pulse but does not provide a direct effect on the 

electronic emission. For pulse times much less than 50ns, it can be observed from 

previous work that the discharge can be highly localized around the emission point to 
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a distance of 600ɛm for a 20mm separation using a 32kV peak electric potential. In 

fact, it might be stated that the complete environment of the emitter is bathed in a 

controlled homogenous glow. 

 

 

 

 

Figure 14: Sharpened point discharge shows glow characteristics at confined temporal scale. Secondary 

mode branching of multiple streamers occurs after 90ns. 69 

 

Research performed independently and concurrently with Oregon State has produced 

similar findings. In 2008, the Drexel group began studying non-thermal plasma around 

very sharp tips for spectroscopy.70 Later that year, it is observed that ñfield-emission-

initiated negative coronas require nanoscale electrodes and are not observed when 

macroscale electrodes or positive polarities are used.ò 71 Supporting photographs of the 

emission are supplied. The non-thermal plasma is generated with greatly reduced 




































































































































































































































































